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This dissertation will show successful development and characterization of 

amorphous boron carbide-amorphous silicon heterojunction device with potential for 

neutron detection. 

 The amorphous hydrogenated boron carbide (a-BC:H) has been extensively 

researched as a semiconductor for neutron voltaic device fabrication. Naturally occurring 

boron contains 19.8% of boron isotope B10 that has a high absorption cross section of 

thermal neutrons at lower energies, and boron carbide contains 14.7% of that B10 isotope. 

Therefore, as a semiconductor compound of boron a-BC:H has the ability to absorb 

radiation, generate charge carriers, and collect those carriers. 

Previous work on a-BC:H devices investigated the fabrication of homojunction, 

heterojunction and heteroisomeric devices from the polymeric precursors ortho-carborane 

(p-type) and meta-carborane (n-type) using plasma enhanced chemical vapor deposition 

(PECVD). However, the metal contact formation with a-BC:H has not been previously 

studied with respect to its possible effects on device performance. The metal/a-BC:H 

contact investigation was performed, producing contact resistance for an Ohmic contact 

formation of Ti on n-type a-BC:H. The resistivity of the n-type a-BC:H in the direction of 

the device current flow was also investigated. However, a metal that forms an Ohmic 

contact the p-type a-BC:H has not been identified. 



 

 

 

 

The p-type a-BC:H  made from ortho-carborane has high resistivity and doping 

limitations, so p-type single crystal silicon with n-type a-BC:H grown from meta-

carborane has been previously studied and shown to produce the most optimal device 

performance compared to different a-BC:H device structures. As single crystal silicon has 

well known electrical and material properties, with X-Ray Photoelectron Spectroscopy 

(XPS) and Spectroscopic Ellipsometry measurements, electronic properties at the 

heterojunction interface of a-BC:H/c-Si is obtained by calculating valence band offset.  

 However, as single crystal silicon degrades over time due to radiation induced 

damage to its crystalline structure, p+-type hydrogenated amorphous silicon (a-Si:H) is 

investigated as a potential layer in the formation of the a-BC:H heterojunction device. From 

the characterization of a-BC:H/c-Si and a-BC:H/a-Si:H devices, the a-BC:H/a-Si:H device 

shows potential in fabricating a novel neutron voltaic device.
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Chapter 1 - Introduction 

Neutron detection is an increasingly important research topic due to its 

applications in nuclear physics, reactor instrumentation, radiation safety, chemical, 

medical and materials analysis research [1] as well as applications in space exploration 

[2]. 

Previous research has been performed developing various types of neutron 

detectors. Plastic, liquid, and glass scintillators are used for fast-neutron detection due to 

their response and low cost [3-5]. Proportional counters filled with BF3 and He3 work on 

the principle of measuring incident energy of radiation by producing an output 

proportional to the energy of radiation absorbed by the detector. As the nuclear reaction 

that takes place in these gases is exothermic and releases energetic particles into the gas, 

the ionization produced by these particles initiates the multiplication process that leads to 

detection [3,6]. Similarly, fission chambers are a variation of the proportional counters as 

they detect neutron radiation in fissionable materials coated on the inner walls of the 

chamber [3,7], such as boron (B10) lined fission chambers that can detect neutron 

radiation based on the reaction of boron with thermal neutrons [3,8,9]. As gas counters 

and fission chambers become more cumbersome to produce with reduction and shortage 

of resources, primarily helium [10], and operation of these detectors being encumbered 

by high voltage operation (~1000V), large device footprint, high pressure, sensitivity to 

microphonics [11], semiconductors could provide the cornerstone of the next generation 

neutron detectors. 

There are two main types of semiconductor neutron detectors: electronic devices coated 

with neutron reactive material (e.g., common pn-junction or Schottky devices coated with 
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B10, LiF6 or Gd [12,13]), and detectors made from semiconductors composed of neutron 

reactive materials such as: silicon carbide, cadmium zinc telluride, boron carbide, or the 

combination of lithium indium phosphorus and selenium [11, 14-17] that have been 

reported as the next generation materials in semiconductor neutron detectors. The main 

difference between the two types of neutron detectors is the internal process of 

“detecting” incident radiation. 

The thin film coating absorbs neutrons and emits reaction products with specific 

energies. Those products can then reach the semiconductor device surface and produce 

electron-hole pairs i.e., induced current charge carriers that correspond to a voltage 

output of the device [18]. As neutrons may interact anywhere within the reactive film and 

reaction products lose energy as they move throughout the reactive film coating, some of 

the energy transferred to the semiconductor device surface will be inherently lost. This 

limits the thickness of the reactive film coating (thicker the coating, larger the area of the 

reaction products to interact with), which in turn limits the neutron absorption area [19] 

and decreases detector efficiency. 

However, neutron detectors made from semiconductors composed from neutron 

reactive materials can absorb neutrons and generate the same reaction products as coated 

device detectors, but also have the ability to generate electron-hole pairs within the same 

material. This eliminates the losses within the coating materials as was the case with 

coated neutron detectors and provides the potential for higher efficiency detectors. 

Additionally, this provides the option of developing and structuring semiconductor 

detectors. Because of the semiconductor detector’s ability to both absorb neutron 

radiation and generate charge carriers, as well as the material resource availability, there 
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are possibilities of developing cost-effective, high efficiency, scalable in size, passive or 

active neutron detectors [11,12, 20]. 

The main difference between passive and active detectors is the ability to process 

information in real time. In long range monitoring efforts such as neutron radiation 

monitoring of the spacecraft LEO in 2001 [21] or low radiation monitoring of research 

equipment operation [22], processing information after a certain period of time is 

acceptable. However, when discussing day to day operation of nuclear reactors, unknown 

exposure to various forms of radiation in low-Earth orbit or deep space, as well as combat 

zones, active detectors with capabilities of processing information in real time are 

necessary. Various semiconductor materials have been used for development of thermal 

neutron detectors like CdZnTe and SiC [14,15, 23, 24], but due to the limited availability 

and higher cost of materials [25-27], developing detectors using these materials is 

expensive. 

However, semiconducting hydrogenated amorphous boron carbide (a-BC:H) has 

been widely researched as a low-cost alternative to these materials in the development of 

neutron detectors. Naturally occurring boron contains 19.8% of boron isotope B10 that has 

a high absorption cross section of thermal neutrons at lower energies, and boron carbide 

contains 14.7% of that B10 isotope. Additionally, due to its amorphous structure and the 

presence of hydrogen, a-BC:H has high resistance to radiation damage with immense 

potential for developing low-cost thermal neutron detectors with high absorption of 

thermal neutron radiation [27-31]. The following sections will discuss in detail neutron 

interaction with matter, how materials absorb neutrons and why a-BC:H is an attractive 

material for development of neutron detector devices.  
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1.1 Neutron interactions with matter and energy ranges 

When interacting with matter, neutrons differ from electrons, protons, and ions, as 

they only interact with atomic nuclei. Because they are neutral, unlike other particles that 

interact primarily with atomic electrons, neutrons do not interact with electrons (or 

nuclei) electromagnetically [32]. In vacuum without any interactions half-life of neutrons 

is τ1/2 = 613.9s, however in air or solids it can be milliseconds as neutrons can be 

absorbed by various nuclei. There are numerous interactions of neutrons with other nuclei 

depending on the neutron energy. 

In elastic scattering, the neutron bounces off the nucleus elastically and the nucleus 

recoils without getting internally excited to a different state, carrying off some energy in 

the process and reducing the neutron energy. Inelastic scattering occurs when the nuclei 

have internal excited states from few eV to MeV, so when incident neutrons with 

energies in the keV range interact with those nuclei, the probability of excitation of the 

nuclei to a different state increases. As the inelastic interaction occurs, neutrons put the 

nuclei in an excited state [32]. 

The third common process, the one that is of most interest when discussing neutron 

absorber materials and neutron absorption, is the process of capturing neutrons by the 

nucleus into an excited state of the compound nucleus. In turn, that excited state decays 

by emitting gamma radiation in less than nanoseconds, which is commonly called 

radiative capture [32]. The absorption cross section defines the probability of the neutron 

being absorbed by the nucleus, measured in barns (metric unit of area equal to 10-28 m2) 

and is most noted as σγ because of the capture with only gamma energy in the final state 

[32,33]. 
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Neutron energy is commonly defined based on the neutron reactions and its 

consequences in that energy range, more than the characteristics of the energy range 

itself. Table 1 shows the common naming standard of the neutron energy ranges. 

Table 1 Neutron energy ranges 

Energy Range Name 

0-0.025 eV Cold 

0.025 eV Thermal 

0.025-0.4 eV Epithermal 

0.4-0.6 eV Cadmium 

0.4-1.0 eV Epicadmium 

1-10 eV Slow 

10-300 eV Resonance 

300 eV-1 MeV Intermediate 

1-20 MeV Fast 

>20 MeV Relativistic 

Neutrons at thermal equilibrium with their environment have a Maxwell-

Boltzmann distribution of energy with mean energy kT. At room temperature that energy 

is 0.025eV, and so neutrons at this energy are called thermal neutrons. Cold neutrons 

have energies lower than thermal neutrons, while epithermal are more energetic than 

thermal. However, energies from 0.4eV-0.6eV are defined by neutron capture reaction in 

cadmium isotope Cd113. Because cadmium has a large cross section below 0.5eV with a 

sharp decrease as energies increase, 0.5eV is referred to as the “cadmium cutoff”. 

Cadmium is chosen here for nomenclature as it is a commonly used as a selective 

absorber because of its large absorption cross section at low energies that peaks at 55000 

barn at 0.17eV, but at 0.5eV is at 1150 barn which is between B10 and He3. Additionally, 
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because of its sharp drop off and absence of resonance (until 18eV), cadmium is very 

useful in separating low energies neutrons below 0.5eV and higher energy neutrons [32]. 

In addition to cadmium, B10 isotope of boron, He3, Gd157 are also considered good 

absorbers that can be utilized in neutron detection of low energy neutrons.  
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1.2 Neutron absorber materials 

Neutron absorber materials are very important as a safety measure in potentially 

fatal or hazardous neutron rich environments. If enough neutrons escape a nuclear 

reactor, they can be hazardous (or fatal) to humans or destructive to electronic equipment 

[32,34,35]. However, due to the interactions with surrounding material, neutrons are most 

often scattered enough to have an energy spectrum of a moderated neutron gas, i.e., the 

low energy range [32]. In case that neutrons have not been moderated to low energies by 

the surrounding materials, they can be passed through polyethylene, water, or moist 

concrete which are all low-Z materials effective in moderating neutron radiation [32]. 

To further remove neutrons, they can be passed through good neutron absorber 

materials that have a high absorption cross section at low energies. Table 2 shows some 

of the favored neutron absorbers used to remove low-energy neutrons due to their large 

thermal cross section. 

Table 2 Neutron absorber isotopes and thermal cross sections 

Target Isotope 
Target isotope 

abundance (%) 

Thermal 

cross section (barn) 

Gd157 15.7 254000 

Cd113 12.22 20600 

He3 1.38E-4 5333 

B10 19.9 3838 

Li6 7.5 941 

The potential of boron for high quality detectors stems from its naturally occurring 

isotope B10. It is one of the few elements along with He3 and Li6 that is employed in 

development of neutron detectors because one or more charged particles are the output of 

the neutron capture reaction. Those charged particles are relatively easy to detect with 

common means [32,34].  
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1.3 Boron as a neutron absorber 

Even though cadmium and gadolinium isotopes have larger absorption cross 

section at lower energies than B10 (Table 2), and both Gd157 and B10 produce charged 

particles in their final state, there is higher potential for B10 in developing low-cost 

neutron detectors [32]. 

Primarily, boron is abundant and relatively inexpensive as a material, as it is 

occurring in approximately 19.9% of natural boron [32,34,35]. There is a 10% difference 

in mass between the B10 isotope and natural boron, making it relatively easy to separate 

the two, which is why there are tons of B10 produced annually for use in the nuclear 

industry [32,34]. 

As B10 has high absorption cross section (~3840 barns) at lower neutron energy 

range (~0.025eV) [32,34,35], the neutron absorption of natural boron is sufficiently high 

at approximately 760 barns at lower energies, as 19.9% of B10 is responsible for neutron 

absorption of natural boron [32,34,35]. As previously discussed, cadmium and materials 

like silver and indium have an abrupt decrease in absorption cross section as neutron 

energy increases [32,34-36]. However, in boron, absorption cross section decreases 

monotonically with increasing neutron energies, but remains sufficiently high at 1 barn 

for 1MeV neutrons [34,35]. Additionally, absolute values of the absorption cross section 

throughout the entire energy spectrum are of sufficient magnitudes to make boron an 

effective neutron absorber in both the intermediate and fast energy range (Table 1) 

[32,34,35]. 



9 

 

 

 

When a neutron absorber material proceeds through a neutron capture process, a 

reaction occurs. Silver produces cadmium isotopes; indium produces tin isotopes and 

cadmium its own isotopes (Equation 1-4) [37]. 

Equation 1: 𝐴𝑔107 + 𝑛 →  𝐴𝑔108  →  𝐶𝑑108 + 𝑒− 

Equation 2: 𝐴𝑔109 + 𝑛 →  𝐴𝑔110  →  𝐶𝑑110 + 𝑒−   

Equation 3: 𝐼𝑛115 + 𝑛 →  𝐼𝑛116  →  𝑆𝑛116 + 𝑒− 

Equation 4: 𝐶𝑑113 + 𝑛 →  𝐶𝑑114 

These reactions can be unstable and their products radioactive, however boron has the 

advantage of producing stable non-radioactive isotopes of helium and lithium as its 

reaction products (Equation 5) [32,34]. 

Equation 5: 𝐵10 + 𝑛 → 𝐿𝑖7(0.84𝑀𝑒𝑉) + 𝐻𝑒4(1.47𝑀𝑒𝑉) + 𝛾(0.4𝑀𝑒𝑉) 

The combination of large cross section required for effective neutron capture, stable 

reaction products that eliminate emission of nuclear radiation, thermal conductivity that 

prevent reaching excessive temperatures as well as high melting point [34,36,37], give 

boron and its compounds high potential for various application. Boric acid is used as a 

chemical shim that produces a spatially uniform neutron absorption when dissolved in the 

water coolant. It is used in the moderator/coolant of research reactors as well as being 

mixed with concrete in the construction of reactor buildings. Boral (BC in aluminum 

matrix), bocasil (BC in silicon rubber), and polyboron (boric acid in polyethylene) can be 

used as neutron shields in reactors, material storage and instrumentation [34]. Natural and 

B10 enriched boron, as well as boron carbide can be used in developing neutron detectors 

[34]. 
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1.4 Boron carbide for neutron detection 

As a compound of boron, boron carbide has a combination of attractive properties: 

high melting point, extreme abrasive resistance, chemical inertness, thermal stability, and 

radiation resistance. With that combination of properties boron carbide can be used as a 

thermal semiconductor in hostile environments with high levels of radiation [34,37-40]. 

Materials whose prime constituent is boron are called boron-rich solids and of the 

atoms in boron carbides, boron comprises 81-91 atomic percent. As previously discussed, 

the abundance of B10 isotope in natural boron facilitates neutron absorption in these 

materials. There is a commercially available B10 isotope with over 90% isotropic purity 

and utilizing boron compounds that are enriched with B10 maximizes neutron absorption 

in boron-rich solids like boron carbide [34,38-40]. 

There are wide ranges of stable compositions of boron carbides with wide 

distributions of boron and carbon atoms (~8-20 at. % C). Particularly, BC grown from 

icosahedral hydrogenated molecular precursors via plasma enhanced chemical vapor 

deposition (discussed in detail in the following chapter) have been shown to produce 

amorphous hydrogenated structures of B5C (a-BC:H) boron carbides. Amorphous 

hydrogenated boron carbide as a boron-rich solid has a building block of icosahedral 

structure that is based on the ability of elemental boron to form caged structures in 

varying sizes [41-43]. The icosahedra of boron carbide are effectively two pentagonal 

pyramids bonded together on a 12-atom unit where atoms are positioned at the vertices of 

an icosahedron (Figure 1) [38,41,42]. 



11 

 

 

 

 

Figure 1 Structure of boron carbide icosahedra unit 

Because of unconventional bonding in this material, each cluster is bonded 

together through metallic bonding. While metallic bonding is electron-deficient internal 

bonding, each of the atoms also bonds covalently to an atom outside of its cluster to a 

hydrogen atom [41,44,45]. Additionally, boron clusters have the affinity to often add 

electrons in their internal states, so in solids this means that these clusters can accept 

electrons, atoms, or larger structural units as donors [45]. Even though their metallic 

bonding differentiates these boron clusters from their environment, their covalent 

bonding is even stronger than their internal bonding resulting in a tough material with 

high melting temperatures above 2000ºC [33,34,45]. 

One of the most important features of boron carbides, both crystalline and a-BC:H 

is their tendency to resist radiation. When a crystalline material is exposed to heavy doses 

of ionizing radiation, it is expected that a material will exhibit condensation of defects 

and amorphization that is expected from large densities of point defects [45,46]. Neither 

amorphization nor amalgamation of defects was found in nitrogen ion bombarded, large 

lithium-ion bombarded boron carbides, nor boron carbides irradiated with high doses of 

1MeV electrons in an electron microscope [45]. Additionally, no expected changes occur 
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with electron bombardment of boron carbides at low temperatures, suggesting that the 

self-healing that seemingly occurs with recombination of vacancies is not thermally 

activated. This means that when fission fragments moving through the lattice knock host 

atoms from their equilibrium position and create vacancies, those vacancies tend to 

spontaneously recombine [38,45], resulting in minimized degradation due to radiation 

damage. As radiation tolerance is not present in borides with conventional bonding, like 

boron nitride [47], and is not dependent on temperature activation, the self-healing 

property of boron carbides, i.e., recombination of vacancies created by irradiation, could 

be attributed to the unusual icosahedral structure of the semiconducting boron carbides 

[45].  

Combining the self-healing property of a-BC:H, strong covalent bonding, 

amorphous structure, and presence of hydrogen that improves electronic properties in the 

amorphous structure, development of thin film a-BC:H devices for neutron detection is 

widely researched. There are disagreements in literature whether all-boron carbide 

devices can be developed as neutron detectors due to confusion between dielectric and 

semiconducting BC polytypes [8,17]. However, previous research proposes that all a-

BC:H neutron detectors can be developed from semiconducting polytypes of BC [38-

40,49-54].  
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Chapter 2 - Background and Experimental Procedures 

2.1 Boron Carbide Thin-Film Growth 

2.1.1 Molecular precursors 

Amorphous hydrogenated boron carbide thin films are developed by decomposition 

of boron carbide molecular precursors: closo-1,2-dicarbadodecaborane (ortho-carborane, 

C2B10H12) and closo-1,7-dicarbadodecaborane (meta-carborane, C2B10H10) [1-9]. Both 

semiconducting polytypes are compositionally similar as they are composed of the 12 

atom icosahedra units previously discussed (Figure 1). The compositional difference 

between the two is the orientation of the carbon atoms on the icosahedra as shown in 

Figure 2 [2,3,10]. The icosahedra units are “surrounded” by hydrogen atoms bonded to 

both boron and carbon in their polymeric precursor form Figure 3 [10]. 

 

Figure 2 Ortho-carborane (left) and meta-carboran (right) icosahedra units 

 

Figure 3 ortho-carborane (left) ad meta-carborane (right) with bonded hydrogen 
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 As ortho-carborane and meta-carborane are structurally similar the electronic 

structure is expected to be similar as well, with calculated ground state molecular orbitals 

and their level ordering shown in Figure 4 [9,11]. 

 

Figure 4 Calculated ground state molecular orbitals and their level ordering for ortho-carborane 

(left) and meta-carborane (right) 

However, when photoemission and inverse photoemission studies were performed 

on adsorbed ortho-carborane and meta-carborane on metal surfaces, it was found that for 

meta-carborane the lowest unoccupied molecular orbital (LUMO) is significantly closer 

to the Fermi level, forming an n-type insulating thin-film [9,11]. For ortho-carborane the 

same studies showed the p-type characteristics of thin-film adsorbed on metals [9,11], 

showing that ortho-carborane and meta-carborane have intrinsic differences that are not 
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evident when doing the simple ground-state calculations [9,11] that could be dependent 

on the position of the carbon atoms in the icosahedral structure.  

Ortho-carborane and meta-carborane molecular precursors come in the form of a 

polymeric powder produced by Sigma Aldrich company among others. As previously 

stated, borides like boron carbide are produced with abundant B10 isotope with 98% 

purity and molecular weight of 144g/mol. Before the process of deposition is performed, 

sealed glass bottles of precursors are kept in the refrigerator at 2-8ºC and handled in an 

inert environment when transporting it into the evaporation vials that are sealed in 

nitrogen or argon environments. The inert environment will significantly reduce the 

presence of water molecules and oxygen in the evaporation vials. The presence of oxygen 

and water molecules during evaporation of boron carbide precursors would significantly 

affect the as-deposited thin-film quality. 
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2.1.2 Plasma enhanced chemical vapor deposition (PECVD) 

Extensive research has been completed since the early 1990s in optimizing the 

boron carbide thin-film deposition process. Physical vapor deposition (PVD) and 

chemical vapor deposition (CVD) have been used for boron carbide preparation in the 

laboratory. The PVD process is often expensive and difficult to control as it utilizes 

boron carbide targets, however CVD offers better controlled deposition of well defined, 

high purity single phase boron carbides [2]. Between classical CVD and plasma enhanced 

CVD (PECVD), the PECVD process is widely used for depositing a-BC:H films at lower 

temperatures and pressures than CVD processes. Plasma induced gas phases and surface 

interactions contribute to deposition mechanisms almost equally [2]. Therefore, the 

PECVD process is used to grow a-BC:H thin-films from o-carborane and m-carborane 

precursors in developing an a-BC:H neutron detector device. 

In the PECVD process, plasma is generated from introduced gases by the electric 

field between two electrodes, either capacitively or inductively coupled. The difference 

between the two is shown on Figure 5, where in a capacitively coupled system, energy is 

transferred by the electric component of the RF field while in an inductively coupled 

system, energy is transferred by the electric field produced by the oscillating RF magnetic 

field [12-17]. 

 

Figure 5 Capacitive coupled (left) and inductive coupled (right) plasma 
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Capacitively coupled plasma systems are commonly used when growing films via 

PECVD as there is a need to control the power deposition per unit area and the transport 

of gases in an out the reaction zone [13]. 

Reactions between neutral gas-phases of precursor components are often required 

for PECVD processes, so discharge pressures are much higher (0.1-1 Torr) than in the 

plasma etching process. This makes the mean free path small (0.003-0.3mm), and plasma 

densities in the range of 109-1011 cm-3 with fractional ionization in the range of 10-7-10-4. 

Deposition is limited by either gas flow rate, pressure, temperature, or discharge power. 

Therefore, the film properties such as composition, stress, morphology, adsorption rate of 

films are strong functions of these parameters, where temperature is optimized along with 

pressure, gas flow rate and power to produce desired film properties [13-17].  

Deposition via PECVD can be done in a single chamber high vacuum system. The 

system used for this work is shown in Figure 6, with the schematic outline shown in 

Figure 7. 

 

Figure 6 High vacuum deposition system 
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Figure 7 High vacuum system schematic 

The plasma is produced by a 13.53MHz RF source driving the substrate. This 

specific frequency is most commonly used with RF sources because it was allotted by 

international communication authorities as it is the frequency which allows for radiation 

of a certain amount of energy without interfering with communications [15]. The 

substrate can be placed on either the grounded electrode or the driven electrode. The 

main difference between the two is the shape of the generated plasma above the substrate 

shown in Figure 8, and the voltage drop between the substrate and the plasma [15-17].  

 

Figure 8 Plasma for grounded substrate (left) and driven substrate (right) 
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When a substrate is grounded, the applied RF voltage at the electrode driving the 

plasma is applied to the parallel plate capacitively coupled electrode above the substrate 

[14]. If that is the case, the plasma generated is in the shape of a “ball” between the 

biased electrode and grounded substrate (Figure 8 left). The region formed between the 

plasma and the electrodes (grounded substrate and driving electrode) is the sheath region. 

Because electrons are rapidly expelled from the region over which the negative potential 

is dropped and since that reduces the electron impact excitation reactions that lead to 

fluorescent emission, the sheath region does not glow as much as the plasma bulk. 

Therefore, the substrate is surrounded by a relative dark space, which may be a few µm 

to a few mm in size depending upon the plasma conditions [14-18]. When the substrate is 

grounded (Figure 9) the sheath potential formed between the plasma and the substrate 

will be equivalent to the plasma potential which is generally small [14]. 

 

Figure 9 Grounded substrate plasma system schematic 
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However, if the substrate electrode is driven (Figure 10), the plasma moves closer 

to the substrate and the sheath (dark space) is formed around the substrate (Figure 8 right) 

[16].  

 

Figure 10 Driven substrate plasma system schematic 

Driving the electrode with a constant RF applied voltage causes “self-biasing” of 

the substrate electrode. Self-biasing occurs when the electrode switches between positive 

and negative driving potential. As electrons require less potential to conduct a given 

current than positively charged ions, more electrons are drawn to the electrode during the 

positive cycle than positively charged ions during the negative cycle. Therefore, during 

the positive voltage cycle of the RF supply, voltage at the electrode will decay towards 

zero much faster, as opposed to during the negative cycle. At high frequencies, the cycle 

of higher number of electrons than positive ions being drawn to the substrate electrode 

will be repeated, displacing the substrate electrode towards the negative potential (Figure 

11) [15].  
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Figure 11 Driven substrate voltage waveform 

The result of self-biasing is a constant negative dc-offset voltage forming at the 

substrate with the average approximately half the peak-to-peak magnitude of applied 

source voltage [15]. Unlike the grounded substrate where the sheath voltage of the 

substrate was equivalent to the plasma voltage, the sheath voltage of the driven substrate 

is the difference between Vb and the plasma voltage. As the plasma voltage is small, the 

voltage between the plasma and the substrate is equivalent to the negatively self-biased 

electrode. Therefore, the negative sheath voltage at the substrate can be a significant 

fraction of the peak applied RF voltage, with a small amount of time in the positive 

range, causing constant ion bombardment. . 

The advantage of driving the substrate electrode is concentrating the plasma 

reaction zone closer to the substrate, effectively decreasing the distance between where 

the precursor breakdown occurs and where it needs to be deposited. This improves the 

film’s uniformity and porosity. While the same type of deposition occurs for both 

grounded and driven substrate case, the biased electrode drives the plasma towards the 

substrate increasing the area of the reaction zone of the polymeric precursors and the 

plasma, resulting in evenly distributed deposition reactions occurring throughout the area 

of the substrate. 
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Another advantage of the driven substrate is the minimized losses of the 

introduced precursor molecules. As the reaction zone is much closer to the substrate, 

precursor reactions tend to be closer to the desired deposition area, where in the grounded 

substrate case, the plasma is “spread” out between the two electrodes with reactions 

occurring throughout the plasma zone. This increases the probability of reaction products 

being lost within the system (adhesion to the chamber walls, interactions with 

contaminants, etc). 

 For PECVD, a turbomolecular or turbopump is the optimal pumping mechanism 

used to maintain the appropriate base pressure in the system as well as the appropriate 

operating pressures during depositions. Turbopumps (Figure 12) operate on the principle 

of multi-slotted fast spinning rotor blades at high velocities of 20000-30000 rotations per 

minute, that impart a preferred direction of molecular motion: they physically blow gas 

out of the chamber [14,19]. 

 

Figure 12 Leybold 450 series turbomolecular pump 
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The high velocity of the rotor blades would not be able to maintain the large 

pressure differential between vacuum and near atmospheric pressures, as the air on one 

end would create too much drag to allow for the blades to spin up to the required speed 

[14,19]. To avoid this, the turbo pump is backed up by a backing mechanical pump or a 

forepump (Figure 7)  that will remove the gases pumped out by the turbopump. The back 

pressure of the turbopump is generally maintained in the range of 1-50 mTorr [14]. 

Additionally, to ensure the proper operation of the turbo pump and its ability to spin up, a 

secondary mechanical pump is connected to the system in order to reduce the base 

pressure from atmospheric 760 Torr to below 50 mTorr. Once that pressure is reached, 

the secondary mechanical pump is “gated off” from the system and the turbo pump is 

then opened to the system for high vacuum pumping through a gate valve (Figure 7). 

 To maintain the operating pressure higher than 1 mTorr during deposition with 

reduced contaminants (oxygen, water vapors, etc) in the system, the base pressure of the 

system before deposition needs to be in the 10-7 Torr range. Once the pressure in the 

range of 10-7 Torr is reached the pressure in the system can be increased for deposition 

conditions. 

Temperature affects both pressure in the system, as well as film growth. In CVD, 

boron carbide film growth is thermally activated. However, in PECVD systems, plasma 

induced gas-phases and surface reactions contribute almost equally to the deposition 

process. Under the PECVD conditions of applied frequency of 13.56 MHz and pressures 

higher than 1 mTorr, electron and positive-ion densities are between 109-1012 cm-3 and 

the electron energies average 1-10 eV. This facilitates an energetic discharge 

environment sufficient to decompose gas molecules, reducing the temperature of the 
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chemical reactions compared to CVD processes [13,17]. The synthesis temperature of 

boron carbide reduces from 1000ºC during CVD to the range of 250-450ºC in PECVD 

[3]. 

 As the driven substrate plasma enhanced chemical vapor deposition is 

advantageous for thin-film deposition of boron carbide, it is a preferred method of a-

BC:H film growth. The effect of each parameter of the PECVD process on boron carbide 

thin-film growth will be further discussed in the following section. 
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2.1.3 Boron carbide thin-film growth via PECVD 

When the substrate electrode is driven, uniform plasma is formed that covers the 

entire electrode surface. This results in more uniform film deposition compared to a 

grounded substrate deposition. The difference between two samples is shown in Figure 

13. A sample deposited on a grounded substrate is shown on the left, while the sample 

deposited on a driven substrate is shown on the right. The effect of the driven substrate is 

the reduced thickness gradient. 

 

Figure 13 Deposited a-BC:H with the grounded substrate (left) and driven substrate (right) 

 Experiments showed that the optimal deposition substrate electrode bias for boron 

carbide films to be 150V. Varying the range of voltage bias produced either no deposited 

film or poor-quality films. The icosahedra units of the precursors need to be broken down 

from their hydrogen bonds in order to induce crosslinking between boron and carbon 

units, therefore the energy of the plasma and the reactions within need to be sufficient to 

induce complete crosslinking. If the voltage is too low, in the 50-100V range the 

deposition is not uniform since the fraction of precursor that is decomposed is low, 

causing porosity of the films as well as poor structural quality. If the applied voltage is 

too high, 200V, the argon ions in the plasma become an etching mechanism that removes 
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deposited film from the surface of the substrate faster than the deposition can occur. 

However, at 150V there is a balance between the etching mechanism and deposition rate 

where film is steadily deposited. 

During the PECVD process for boron carbide thin-film growth with the driven 

substrate the operating pressures are between 180-230 mTorr. Higher operating pressure 

concentrates the plasma (Figure 8) around the substrate, reducing the distance between 

collisions, i.e., mean free path of the molecules. With higher pressure, the density of 

gases in the plasma is higher facilitating the breakdown of the icosahedra units in the 

molecular precursors for a-BC:H deposition to occur. However, there is an optimal 

pressure as well. Too high of an operating pressure (higher than 250 mTorr) could reduce 

film quality by introducing high quantity of molecular precursor resulting in deposition of 

unbroken precursor units, and lower pressure (below 150 mTorr) would reduce the 

number of collisions and reactions in the plasma, causing slow deposition of the a-BC:H 

film, introducing porosity into the film. 

Experiments showed that the optimal deposition temperature for boron carbide 

films was in the range of 250ºC -350ºC. At room temperature there was no film growth 

on metallic, single crystal silicon or silicon dioxide substrates. The precursor does not 

break down at that temperature. At a temperature of 200ºC there is poor quality film 

growth with delamination quickly occurring in the atmosphere. At 250-350ºC the 

deposition of a-BC:H films is constant, repeatable, and stable, with no delamination, high 

abrasion resistance (scratches with a diamond tip pen only), and uniformity under an 

optical microscope. 
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The PECVD parameters for the a-BC:H thin-film deposition i.e., temperature, 

pressure, and RF voltage bias, used in the experiments are shown in Table 3. 

Table 3 Boron carbide deposition parameters 

Base pressure 1-5x10-7 Torr 

Operating pressure 180-230 mTorr 

Argon gas flow 50 sccm 

Substrate temperature 
350ºC (c-Si, metals substrate) 

250ºC (a-Si:H substrate) 

Precursor manifold temperature 100ºC (o-carborane) 75ºC (m-carborane) 

Precursor gas flow 10-14 sccm 

Precursor temperature 93-97ºC (ocarborane) 55-60ºC (m-carborane) 

RF voltage substrate bias 150V 

RF power pre-deposition 12-15W 

RF power during deposition 22-25W 

Different substrates can be used when growing thin-film a-BC:H. Depending on 

the ultimate purpose of a-BC:H films they can be single crystal silicon, sapphire, SiO2, or 

various metals. Regardless of the substrate, preparation of its surface requires processing 

before a-BC:H deposition is performed to reduce the number of surface contaminants to 

facilitate effective adhesion of a-BC:H and produce an effective interface at the physical 

boundary. Single crystal silicon is processed by a hydrofluoric acid (HF) bath to remove 

the native oxide layer formed at the surface as well as other contaminants. Other 

substrates do not require strong processing with HF acid but are all processed by a 

methanol sonic bath for 15-20 min to remove any particles from the surface. The 

substrates are placed on the substrate stage inside the main chamber of the system via a 
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load locked transfer arm visible in Figure 6. The load lock is pumped by its own 

molecular turbo pump, which allows the low-pressure maintenance of the main system to 

be in the range of 7x10-8 to 5x10-7 Torr pressure. This facilitates a low-contaminant 

environment for deposition as well as efficient transfer of samples from atmosphere to 

vacuum, reducing time between depositions. Once the stable deposition conditions are 

met i.e., plasma, pressure and temperature inside the system, evaporation vial temperature 

is raised to the range for evaporating either ortho-carborane or meta-carborane 

precursors. The a-BC:H thin-film deposition process is performed by introducing the 

carborane molecular precursor in gaseous form carried by an inert gas (Ar) into the 

system. Ortho-carborane sublimes in the temperature range of 85-100ºC and meta-

carborane in the temperature range of 45-60ºC. The precursor evaporation manifold 

apparatus is shown in Figure 14 and the schematic in Figure 15, and it is connected to the 

vacuum chamber via a valve at the position labeled in Figure 7. When not in use, the 

precursors are maintained at room temperature in sealed evaporation vials wrapped in 

temperature-controlled heating tape. 

 

Figure 14 a-BC:H evaporation manifold 
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Figure 15 a-BC:H evaporation manifold schematic 

When the temperature is stable, the vials are opened to the manifold that is always 

pumped by a mechanical pump (Figure 15). The manifold is always pumped to maintain 

low pressure (10-3-10-4 Torr) before connecting it to the main chamber. When the flow of 

precursors with the carrier gas is stabilized within the manifold, the mechanical pump is 

isolated, and the manifold is opened to the system via a valve. The carrier gas (Ar in this 

case) carries the evaporated precursors through the manifold and into the system for 

deposition. As the precursors are introduced into the system, the plasma density increases 

(it visually becomes brighter) and the power is increased from its pre-deposition value 

due to the introduction of the precursors that raise the power by interacting with the 

formed plasma (Table 3). With the introduction of the gaseous precursor into the plasma 

reaction zone, steady deposition occurs on the substrate, with icosahedra molecules being 

broken down and crosslinked to produce a-BC:H thin films. 

 The operating pressure is achieved by partially gating off the turbopump valve, 

and that pressure is stable before the precursors are introduced into the system. The 
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chamber pressure will gradually increase as the gaseous precursors are steadily 

introduced into the system over time, requiring continuous monitoring of the deposition 

process. Additionally, the growth rate of the a-BC:H films depends on the evaporation 

mechanism and transport of the molecular precursor. With the quantity of the precursor 

present in the evaporation vials and the inherent temperature gradients in the 

transportation system, the introduction of the precursors into the system can vary between 

depositions. Therefore, both the pressure and the RF power need to be monitored during 

the deposition process in order to control the growth rate of the a-BC:H films. 

Introducing a high partial pressure of precursors into the chamber results in deposition on 

chamber walls, and poor deposition on the substrate. The resulting film tends to be 

porous and delaminates from the film substrate. Electronically, these films have shown 

higher resistivity and inconsistent results at different locations on the film, while 

structurally they are not as scratch resistant as properly deposited films. Samples shown 

in Figure 16 are the extreme end of a failed deposition with high delamination rate over 

time. 

 

Figure 16 Delaminated a-BC:H films on a Chromium substrate 
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 Additionally, if the partial pressure of precursor molecules introduced in the 

system is low, the deposition of a-BC:H is effectively “too slow” as the plasma etches the 

surface of the substrate faster than the films can be deposited. 

The optimal deposition process is achieved through the balance of the parameters 

previously discussed, with the values of each parameter listed in Table 3. To monitor the 

film growth and understand the growth rate, in-situ ellipsometric measurements were 

performed using an M2000 J.A. Woollam ellipsometer with fixed angle and 380-1100nm 

wavelength range, shown mounted on the deposition chamber of the system in Figure 17. 

 

Figure 17 M2000 J.A. Woollam ellipsometer mounted on the system chamber 

Detailed discussion about ellipsometric characterization of a-BC:H films is 

included in a later chapter, but for purposes of film growth it is important to understand 

that an ellipsometric model was used to fit measured data in real-time as deposition is 

occurring. Multiple depositions and real-time thickness monitoring with in-situ 

ellipsometry can be used to correlate deposition time with thickness, as well as correlate 

how thickness corresponds to color when deposited on a given substrate. The color is the 
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result of the dielectric or “waveguide” effect of the film deposited on a given substrate. 

Some examples of a-BC:H films of various thickness deposited on chromium are seen in 

Figures 18-21. 

 

Figure 18 a-BC:H 140nm film 

 

Figure 19 a-BC:H 172nm film 

 

Figure 20 a-BC:H 190nm film 

 

Figure 21 a-BC:H 348nm film 
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As much as in-situ ellipsometric collection of data is powerful, it eliminates the 

ability to rotate the samples on the substrate stage. Rotation of the samples during 

deposition affects the uniformity of the films as the flow of the gaseous precursors is at 

an angle on the side of the chamber (Figure 7). With rotation the a-BC:H film is 

deposited evenly and more uniformly on the substrate, producing a larger uniform area 

for characterization and metal contact deposition. The effect on the sample with and 

without rotation of the sample stage is shown in Figure 22 

 

Figure 22 a-BC:H deposition without rotation (left) and with rotation (right) of sample stage 

As it is extremely difficult to align the sample on the rotation stage for the 

ellipsometric beam to reflect off the sample and be perfectly aligned on the detector while 

rotating Therefore, visual recognition of sample thickness is substituted for in-situ 

ellipsometric data when rotating the sample during deposition. As previously stated, there 

is an effective color coding of a-BC:H films that provides a fairly accurate approximation 

of film thickness. Even though it is not a perfect method for monitoring a-BC:H film 

thickness, it is an optimized solution for the ability to grow uniform films. 

Deposited metal dots can be seen on the samples in Figures 18-22. This will be 

discussed in a later chapter. It is important to note on these samples about the a-BC:H 

films, the color differences between samples of varying thickness and the difference in 

uniformity with rotation of the sample stage.  
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2.2 Metallization via physical vapor deposition (PVD) 

Metal thin-film deposition is intended for various applications. For this work it is 

used primarily for electrical contacts in device fabrication. Metal films for electrical 

contacts are grown via sputtering, a physical vapor deposition process. During sputtering, 

incident ions physically remove atoms from the surface of a solid target of the desired 

material. Removed atoms or clusters of atoms then ballistically flow to and are deposited 

on a substrate [13,17]. The sputtering deposition process can be glow-discharge 

sputtering, ion beam sputter deposition, reactive sputter deposition, ion-assisted 

deposition, DC magnetron sputter deposition or RF sputter deposition [20]. 

DC magnetron sputtering is most commonly used for metal thin-film deposition as 

it is easily controlled, low cost and an efficient method to deposit metal film coatings or 

thin films onto a substrate. It is a process operated in a high vacuum system, in an 

environment without atmospheric gases, water vapors and contaminants. 

The system in Figure 6, previously discussed for the PECVD process, is used for 

DC magnetron sputtering as well as PECVD. A simple schematic of the DC sputtering 

chamber is shown in Figure 23 [13].  

 

Figure 23 DC magnetron sputtering process schematic 
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When the system is evacuated of the contaminant gases, an inert gas (Ar) is 

introduced into the system, and atoms ionized by the applied DC voltage bombard the 

negatively charged target physically removing atoms from the target surface. The ionized 

Ar atoms, electrons and target atoms then flow towards the positively charged substrate 

and form a thin film over time. 

To increase the efficiency of the deposition process by creating a dense plasma 

directly in front of the target surface, magnets are introduced behind the negatively 

charged target (Figure 23). The resulting magnetic field traps the electrons at the target 

surface increasing the plasma density at the target. This increases the rate at which the 

atoms are removed from the target surface via ion collisions, increasing the deposition 

rate. The dense plasma forms a doughnut shaped plasma in front of the target, resulting in 

non-uniform target erosion resembling a “racetrack” (Figure 24) [3,13,17,20,21]. 

 

Figure 24 Titanium (left) and copper (right) dc magnetron sputtered targets with the "racetrack" 

 As DC magnetron sputtering is an easily controlled, economical and repeatable 

process of depositing metal films, it is used for depositing electrical contacts while 

developing a-BC:H devices and performing contact resistance investigation at the 

metal/a-BC:H boundary. 

 Metal contacts are grown in the high vacuum AJA system shown in Figure 6. 

Low pressure in the deposition chamber is achieved by previously discussed evacuation 
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of atmospheric gases using a turbomolecular pump shown in Figure 12. For a more 

efficient transfer process, a load lock is utilized with a magnetic transfer arm and 

evacuated by a secondary turbomolecular pump. This isolates the high vacuum chamber 

from being exposed to atmosphere before every deposition and provides the ability to 

produce multiple samples in a short period of time. The system can hold four different 

targets at the same time as it was designed with four sputter guns. Argon is used for 

generating a glow discharge environment. As the guns are positioned at an angle the 

height of the rotation stage is calibrated to produce uniform films at the center of the 

substrate holder while the sample is rotating during deposition. Aluminum, silver, 

chromium, and titanium are the most commonly used metals for device contact 

fabrication. The DC sputtering deposition parameters are shown in Table 4.  

Table 4 DC sputtering deposition parameters 

Base pressure 1-5x10-7 Torr 

Operating pressure 2-4 mTorr 

Argon gas flow 40 sccm 

Substrate temperature Room temperature 

Rotation (rpm) 20-25 

DC current (A) 
Al Ag Cr Ti 

0.350 0.200 0.360 0.280 

Deposition time (min) 
Al Ag Cr Ti 

30 15 45 45 

The applied current and deposition time are calibrated based on the different 

sputter rates of the targets, height of the stage, and operating pressure. For metal contacts 

it is important that the thin films are thick enough to produce a “short” i.e., film of low 

resistance, in the range of 0-5Ω. The parameters in Table 4 produce films approximately 

200-300nm thick that exhibit the desired low resistance.  
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2.3 Boron carbide devices and fabrication 

There has been extensive research in the development of neutron detector devices, 

both conversion layer devices developed by depositing a neutron reactive film on a 

semiconductor device, as well bulk solid-form devices made from neutron reactive 

semiconductors. The difference between the two will be discussed in the next section, as 

well as the development of all-boron carbide devices that was topic of controversy due to 

the confusion between the dielectric and semiconducting polytypes (ortho-carborane and 

meta-carborane previously discussed). However, as ortho-carborane and meta-carborane 

molecular precursors produce p-type and n-type a-BC:H films respectively via PECVD, it 

is possible to produce the boron-carbide and all-boron-carbide junction devices. Reported 

in literature, there are three different types of boron carbide devices that have been 

developed [2-7,22-28]: 

1. Homojunction devices developed by transition metal doping boron carbide n-type 

or p-type [23,26-28]. 

2. Heterojunction devices from boron and boron carbide; single crystal silicon and 

boron carbide; as well as from two different types of boron carbide [4,23,25]. 

3. Heteroisomeric devices made from the decomposition of chemically similar but 

structurally different semiconducting boron carbides [2-7,22]. 

The following subsections present an overview of the conversion layer, bulk 

semiconductor, homojunction, heterojunction, and heteroisomeric devices. Among the 

various heterojunction devices there is an emphasis on single crystal/ a-BC:H devices, 

amorphous Si/ a-BC:H devices and their fabrication. 
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2.3.1 Thin-film coated devices and solid-form (bulk) devices 

The distinguishable categories of neutron detectors are thin-film-coated detectors 

and bulk detectors [29]. As both devices release detectable ionizing radiation by utilizing 

neutron induced reactions, the fundamental difference between the two types is the 

location where those reactions occur within the detector device [29]. For thin-film-coated 

devices the neutron reaction occurs in the thin-film layer adjacent to the semiconducting 

diode, while for the bulk detector the reactions occur within the detector. 

A simple thin-film-coated device is shown in Figure 25. It is fabricated by 

growing a boron film on a semiconductor diode.  

 

Figure 25 Simple thin-film-coated neutron detector 

As neutron absorption occurs, the reaction ion must reach the depletion region of 

the diode. To do so, the reaction range of the reaction product ion must be greater than 

the distance between the interaction location and the interface between the thin-film and 

the semiconductor diode [29]. Once the reaction ion reaches the depletion region of the 

semiconductor diode, charge carries i.e., electron-hole pairs are created. As the operation 

of detectors is generally in reverse bias, generated electron-hole pairs will drift to their 
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respective electrodes: holes from n-side to p-side and electrons from p-side to n-side – 

shown on the band diagram in Figure 26 [29,30]. This drift of charge carriers will induce 

a signal within the semiconductor device that can be quantified as neutron detection. 

 

Figure 26 Reverse biased p-n junction band diagram 

 Even though the conversion layer detectors are efficient low-cost devices made 

from naturally abundant neutron reactive coatings (boron, lithium) and single crystal 

silicon diodes, a significant drawback of this type of neutron detector is the damaging 

effect of neutron radiation on single crystal structures [31,32]. Crystalline semiconductors 

are highly dependent on the lattice structure and high energy particle bombardment 

damages the lattice throughout the material by introducing defects, regions where atoms 

are knocked from their sites in the lattice and placed in interstitial positions [32]. The 

defects produce energy levels in the band gap of the semiconductor and change the 

electrical properties of the semiconductor [32]. Additionally, localized damage regions 

occur because of the high energy of primary atoms that are knocked from their sites. 

These localized regions are clusters of defects introduced throughout the silicon structure 

causing decrease in carrier mobility [31-33]. Therefore, over time nuclear radiation 
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induces damage to the silicon structure and its electronic properties making the 

conversion layer detectors not an effective long-term active detector. 

Bulk semiconductor devices use neutron reactive materials i.e., boron carbide as 

their layers. These devices can absorb neutrons within the detector without the need for a 

boron (or other neutron reactive material) conversion layer. As the reaction products, 

ejected He and Li ions, are released directly within the detector, and electron-hole pairs 

are generated within a semiconductor (Figure 27) [29].  

 

Figure 27 Simple bulk semiconductor neutron detector diode 

This reduces the losses that can occur within the neutron reactive (conversion) 

layer, as well as losses at the interface of the conversion layer and the semiconductor 

diode. Additionally, as vacancies created by fission fragments in amorphous boron 

carbide tend to spontaneously recombine resulting in a self-healing property of the 

material unlike the single crystal silicon. Therefore, over time bulk semiconductor 

detectors developed from amorphous boron carbide have minimal degradation due to 

radiation damage. The charge carriers generated within the neutron reactive boron 
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carbide (or similar material) can then be captured by the internal electric field of the 

semiconductor device, resulting in a current flow proportional to the generated charges. 

Similar to the conversion layer devices the semiconductor detectors are operated in 

reverse bias, and as charges generated drift towards their respective electrodes, the signal 

is induced within the detector that can be quantified as neutron detection. Therefore, the 

bulk semiconductor detector made from boron carbide possesses the ability to both 

generate and capture generated charges, and along with minimized degradation due to 

radiation damage over time, makes it a powerful semiconductor for producing various 

types of neutron detector devices.  



51 

 

 

 

2.3.2 Boron carbide homojunction devices and doping 

Homojunction devices are formed from two layers of the same type of 

semiconductor, with the same band gap. However, to form a p-n junction diode the two 

layers of the homojunction are doped differently [30,34,35]. The p-n homojunction band 

diagram under equilibrium is shown on Figure 28 [30,35]. 

 

Figure 28 Homojunction band diagram in equilibrium 

A depletion region is formed at the junction of p-type and n-type semiconductors 

[30,35]. The Fermi energy level (Ef) must remain aligned throughout the junction, so 

band bending shown in Figure 28 must occur. For band bending to occur, charge carriers 

(electrons) must transfer from n-type to p-type layer and holes from p-type to n-type 

layer, leaving behind ionized donors and acceptors respectively [30,35].  

 

Figure 29 p-n junction depletion region 
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Ionized dopants produce a positive and negative space charge at the junction shown 

in Figure 29, resulting in a built-in electric field (ε) [30,35]. The electric field is in the 

direction from the n-side to p-side of the junction and serves to sweep free charge carriers 

across the space charge region, depleting the region from free carriers. Hence why the 

region is called the “depletion region” [35]. 

All-boron carbide homojunction devices have been fabricated by layering undoped 

and doped a-BC:H films deposited from one molecular precursor, ortho-carborane 

[23,26-28]. The film structure of a doped film is shown in Figure 30, small circles 

representing the evenly distributed dopants throughout the a-BC:H film [11]. The 

possible molecular schematic model of the icosahedra bonding with the introduced 

dopants is shown in Figure 31 [11]. This is not the exact representation of how each 

dopant will bond with the a-BC:H icosahedra, but an example of how structurally a-BC:H 

could be bonded when doped. 

 

Figure 30 a-BC:H doped film structure with dopants (black circles) bonded throughout the film 

 

Figure 31 Possible molecular schematic of a-BC:H icosahedra and dopant bonding 

B (green), C (grey), H (white), dopant (red) 
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Dopants like transition metals are able to dope a-BC:H films [25-28]. Homojunction 

devices are developed in sequential process of depositing an a-BC:H film from ortho-

carborane doped during deposition with either Co from cobaltocene, Ni from nickelocene 

or Fe from ferrocene [25-28], on a metal substrate; then depositing an undoped a-BC:H 

layer from ortho-carborane with metal top contacts. The structure and corresponding V-I 

curve for an a-BC:H homojunction device is shown in Figures 32 and 33 [27]. As 

discussed, a-BC:H films grown from ortho-carborane exhibit p-type behavior as 

deposited. In fabricating a homojunction device, ortho-carborane is the molecular 

precursor used to grow both a-BC:H layers. 

 

Figure 32 Structure and V-I characteristic of a-BC:H homojunction device via Co doping 

 

Figure 33 Structure and V-I characteristic of a-BC:H homojunction device via Ni doping 
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 However, the resulting V-I characteristics of these devices clearly exhibit p-n 

junction device behavior. As previous attempts at developing a homojunction device by 

using meta-carborane as the precursor have failed [27], it can be deduced that the 

transition metals are n-type dopants for a-BC:H films. Additionally, the effect of 

transition metal doping of a-BC:H appears to have type converted the a-BC:H layer 

deposited from ortho-carborane. As a-BC:H from ortho-carborane produces as-deposited 

p-type a-BC:H films, doping appears to convert the a-BC:H layer from p-type to n-type 

during deposition [25,26], making it possible to produce an all a-BC:H p-n homojunction 

devices. 
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2.3.3 Boron carbide heterojunction devices 

Heterojunction devices are formed by layering two dissimilar semiconductor 

materials [35-39]. Dissimilar usually means that the two semiconductor materials have 

different bandgap energies, doping concentrations, dielectric permittivities (εs), work 

functions (qϕs) and electron affinities (qχ) [38,39]. Work function is defined as energy 

required to remove an electron from the Fermi level to the position just outside of the 

material (vacuum level), while the electron affinity is defined as the energy required to 

remove the electron from the bottom of the conduction band to the vacuum level [38,39]. 

 

Figure 34 Types of heterojunction band structures: type I (top), type II (middle), type III (bottom) 
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 As the material properties are different between the two layers, there is a 

discontinuity in the band structures depending on the differences in band energies and 

electron affinities. The Fermi level needs to be continuous, so there will be 

discontinuities at the junction boundary that are dependent on the valence and conduction 

band energies differences (ΔEc, ΔEv), electron affinities and doping. Based on these 

differences, the band structures formed can take form in three different types shown in 

Figure 34 [39]. Therefore, a large variety of heterojunctions can be formed by layering n-

n, p-p, p-n, n-i (intrinsic) type materials. 

 There have been various heterojunction devices reported that utilize a-BC:H as 

one of the device layers. Initially a-BC:H was used to develop p-n junctions with single 

crystal n-type or p-type silicon [25,36] (discussed in the following section). 

Subsequently, boron (Figure 35) [4], boron carbide from icosahedra precursor closo-1-

phospha-2 carbadodecaborane (1,2-PCB10H11) (Figure 36) [40] and silicon carbide 

(Figure 37) [41] were investigated as layers for producing an a-BC:H heterojunction 

device.  

 

Figure 35 Boron/ a-BC:H heterojunction device V-I characteristics 
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Figure 36 V-I characteristic of a-BC:H heterojunction device made from 1,2-PCB10H11 and 

ortho-carborane precursors 

 

Figure 37 V-I characteristics of a-BC:H (p)/SiC(n) heterojunction device with Au metal contacts 

at varying temperatures 

 The boron/ a-BC:H device is advantageous as boron has high neutron absorption 

cross section and layered with a semiconducting a-BC:H as a compound of boron would 

have a higher neutron absorption rate than most devices. As previously discussed with 

boron conversion layer devices that utilize single crystal semiconductors for collecting 

generated charge carriers, radiation damage in single crystal structure reduces the 

longevity of these devices. As amorphous boron carbide has minimized degradation due 

to radiation damage over time, boron/ a-BC:H heterojunction devices have potential for 
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effective neutron absorption devices. However, amorphous boron carbide has much 

higher resistivity than a single crystal semiconductor like silicon, which produces a 

limited current output (1μA at ~2.7V) in these heterojunction devices that can be seen in 

Figure 35. 

 Both heterojunction devices made from n-type 1,2-PCB10H11 and p-type ortho-

carborane precursors and devices made from a-BC:H and SiC have not been developed 

enough to clearly understand their behavior. As n-type 1,2-PCB10H11 has phosphorus in 

its structure, it should produce lower resistivity films as reported in [40], however the 

current output of the device is in the nA range at 3V bias (Figure 46). The a-BC:H/SiC 

heterojunction device reported in [41] is produced with the purpose of developing 

detectors that operate at higher temperatures. As gold is used as the contact, which 

exhibits Ohmic behavior with SiC at temperatures higher than 150ºC [41] and Schottky 

behavior at lower temperatures, the device V-I characteristics at lower than 150ºC would 

have the effect of the Schottky contact contributing to the device behavior (Figure 37). 

The fabrication process of single crystal silicon/a-BC:H heterojunction device is 

discussed in the following section. It is developed as a foundational device for 

understanding a-BC:H in forming a heterojunction device and discussed in detail in the 

results chapter. Because single crystal Si is a well-known and understood material, 

starting from the c-Si-a-BC:H devices: band structure, interface, contacts, and device 

performance can be investigated before device fabrication of heteroisomeric or other 

heterojunction devices. However, as single crystal Si cannot be used in neutron detection 

due to its crystalline structure, the hydrogenated amorphous silicon is then examined as a 

substitute in producing a heterojunction neutron detector device.  
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2.3.4 Single crystal Si/a-BC:H device fabrication 

Compared to previously discussed heterojunction devices that utilize either boron, 

SiC or another type of carborane precursor with a-BC:H to produce neutron detectors, 

single crystal silicon as a semiconductor is understood the most. It has the most optimal 

semiconductor features (mobility, low resistivity, bandgap, etc) for producing a higher 

quality (larger output and lower turn-on voltage) p-n heterojunction device with a-BC:H. 

Single crystal silicon-amorphous BC heterojunction devices were reported in literature 

[23,34] as well as experimentally developed in the laboratory by depositing n-type a-

BC:H from meta-carborane on p-type single crystal silicon and p-type a-BC:H from 

ortho-carborane on n-type single crystal silicon. The single crystal silicon was prepared 

by hydrofluoric acid bath to strip oxides and organics from the surface for better contact 

interface with metal and a-BC:H. 

It has been determined that the order of the a-BC:H deposition and the post-HF 

acid bath affects the interface between the silicon and metal contact and potentially the 

single crystal Si and a-BC:H contact interface as well. When the metal contact (e.g., Al) 

is deposited on the rough side of a silicon wafer first, it forms an Ohmic contact at the 

metal-Si interface. When the wafer is then transferred out of the system and metal 

deposited on the smooth side of the silicon wafer, a Schottky contact forms at the metal-

Si interface. 

Figure 38 shows the V-I characteristic of an Al-Si(p)-Al structure developed by 

depositing Al on the rough side of the p-type single crystal Si immediately after the HF 

acid process and Al top contact deposited on smooth side after the transfer process. In 

this procedure, there was no secondary HF acid processing of the smooth side of the 
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wafer, only deposition of Al after the rough side was metalized. This order of 

metallization produced a diode V-I curve characteristic of this structure, indicating the 

formation of a native oxide layer on the smooth side of the single crystal wafer during the 

transfer process. 

 

Figure 38 Al-Si(p)-Al V-I characteristic (Al on rough then shinny side deposition post-HF acid 

process 

However, when the metal contact is deposited on the smooth side first, 

immediately post-HF acid processing, and then a metal contact deposited on the rough 

side, both metal-Si boundaries exhibit Ohmic behavior. Shown in Figure 39 are V-I 

characteristics of the Ohmic behavior for Al-Si(p) contact on both smooth and rough side 

of the Si wafer. Kapton tape was used to mask the middle of wafer to produce a gap 

between metal contacts for testing the V-I characteristics.  

 

Figure 39 V-I characteristic of Al contact on smooth side (left) and rough side (right) of single 

crystal Si(p) post-HF acid processing 
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The exact reason why this occurs is unclear, aside from the assumption that the 

native oxide on the smooth side is formed more rapidly than on the rough side of the 

wafer during the transfer between the two metal depositions processes. 

It is important to understand this behavior before developing Si/ a-BC:H 

heterojunction devices as growing a-BC:H films on single crystal Si with a native oxide 

layer will produce a poor interface at the boundary due to the presence of oxygen. 

Therefore, the device fabrication process is designed as illustrated in Figure 40. All the 

single crystal Si/ a-BC:H devices investigated were fabricated following this process. 

 

Figure 40 Procedure for single crystal Si/a-BC:H device fabrication  
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2.3.5 Heteroisomeric a-BC:H/a-BC:H device 

Heteroisomeric devices are a different class of diode compared to previously 

discussed homojunction and heterojunction diodes. They are developed by layering p-

type and n-type a-BC:H films, that are grown by decomposition of semiconducting boron 

carbide molecular precursors ortho-carborane and meta-carborane, previously discussed. 

Even though these semiconducting boron carbide polytypes are compositionally similar, 

they are electronically different, as ortho-carborane produces p-type and meta-carborane 

produces n-type a-BC:H films. The resulting devices do not make a conventional 

homojunction nor a heterojunction diode, but a heteroisomeric diode [3,7,21].  

There are certain advantages to developing a-BC:H/a-BC:H heteroisomeric 

devices compared to previously discussed conversion layer and heterojunction devices. 

As both layers in the device are boron rich semiconductors consisting of B10 isotope that 

has a large neutron absorption cross-section (section 1.3), heteroisomeric devices should 

exhibit improved detection sensitivity as well as longevity as amorphous a-BC:H is more 

resistive to degradation due to radiation damage (section 1.4). Because boron carbides 

have been shown to exhibit wide depletion regions [1,7], increasing thickness of the a-

BC:H layers should make the heteroisomeric diodes opaque to epithermal neutrons 

increasing sensitivities to thermal neutrons. Additionally, as the devices are fabricated by 

PECVD and without transition metal dopants unlike homojunction devices (section 

2.3.2), absence of activatable transition metals can eliminate false positive detection 

readings. Furthermore, B10 enrichment of a-BC:H can be performed without introducing 

added contaminants to the films during deposition [7]. To fabricate a heteroisomeric 

diode, p-type and n-type a-BC:H films are grown in sequence, in-situ, on a metal 
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substrate. The order of p-type or n-type a-BC:H deposition is determined by the metal 

substrate of the specific device structure, e.g., if Ti produces an ohmic contact with n-

type a-BC:H and Schottky with p-type a-BC:H, the order of a-BC:H device layer 

deposition would be n-type a-BC:H deposition on the Ti substrate followed by p-type a-

BC:H deposition on the n-type layer forming the heteroisomeric p-n device. The V-I 

characteristic of a heteroisomeric device is shown in Figure 41. 

 

Figure 41 V-I characteristic of a-BC:H heteroisomeric device 

 The disadvantages of the heteroisomeric devices are rooted in high resistivity of 

the a-BC:H films grown from ortho-carborane and meta-carborane. Increasing the 

thickness of a-BC:H layers can produce opaqueness for the epithermal neutrons, but 

thicker a-BC:H films would be highly resistive to the flow of generated charges from the 

neutron absorption reactions. Doping of a-BC:H would generally solve this problem, but 

as it was previously discussed in section 2.3.2, a-BC:H films produced from ortho-

carborane precursors type convert from p-type to n-type when doped, which is the basis 

for fabricating a-BC:H homojunction diodes. However, a-BC:H grown from meta-

carborane can be doped by 3d transition metal dopants, which would produce less 

resistive a-BC:H films but would introduce the higher probability of false positive signals 

previously discussed.  
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2.3.6 Amorphous hydrogenated Si/a-BC:H device and fabrication 

Hydrogenated amorphous silicon (a-Si:H) similar to single crystal silicon is a well 

understood material, whose properties and growth have been widely researched over the 

years in the photovoltaic device fabrication field [42-49]. There are certain key factors 

that provide higher potential for hydrogenated amorphous silicon to be incorporated into 

the neutronvoltaic heterojunction device structures than its single crystal counterpart. 

First, a-Si has a comparable electron affinity of 3.92eV to single crystal silicon 

4.0eV [42]. In theory, this should provide a similar behavior when forming a 

heterojunction with a-BC:H to c-Si. Unlike c-Si, due to its lack of crystal structure, a-

Si:H is more resistive to radiation, which provides potential for conversion layer device 

fabrication as well as heterojunction diode fabrication. 

However, a-Si as a semiconductor is undesirable for device fabrication as it has 

too many dangling bonds, i.e., unsatisfied valences in its amorphous structure that exist in 

the order of 1019cm-3. These unsatisfied valences act as recombination centers that reduce 

carrier lifetimes and pin the Fermi energy level so that neither n-type nor p-type doping is 

possible [45]. By introducing hydrogen during a-Si growth process, the level of these 

defects is reduced by orders of magnitude (1016cm-3) for 10% of hydrogen incorporation 

during deposition [44,45,47]. The differences between c-Si, a-Si, and a-Si:H are 

illustrated in Figure 42 [41]. Introduced hydrogen combines with the dangling bond, 

reducing the defect density and improving the doping ability of a-Si [42,43]. 

Additionally, a-Si:H has potential for operation in environments with higher radiation 

than c-Si, as well as higher temperature environments due to its temperature insensitivity 
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[42-50]. Finally, a-Si:H is easy to produce via PECVD and it is easily doped during the 

growth process [45].   

 

Figure 42 Crystaline silicon (a), amorphous silicon (b), hydrogenated amorphous silicon (c) 

The combination of these attractive properties makes a-Si:H a low-cost, 

reproducible material worth investigating for fabrication of heterojunction devices with a-

BC:H for neutron detection. In collaboration with National Renewable Energy 

Laboratory, p-type a-Si:H films were used to fabricate and investigate a-Si:H/ a-BC:H 

neutron detectors. The device fabrication process is illustrated in Figure 43. 

 

Figure 43 a-Si:H/ a-BC:H heterojunction device fabrication procedure  
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2.4 Metal/a-BC:H contact resistance 

Metal contacts are an integral part of device fabrication, as devices require 

electrical contacts to be deposited on the device or used as a bottom contact substrate 

over which a-BC:H films are grown. Therefore, it is important to understand the metal/a-

BC:H junction. 

Contact resistance is defined as the additional resistance to an ideal contact formed 

at the metal-semiconductor interface. It can be visualized as an ideal contact in series 

with a resistor. This allows for either theoretical or experimental derivation of the contact 

resistance that provides the correction term for the actual losses at the metal-

semiconductor boundary [51]. Additionally, resistivity of a semiconductor material can 

be mathematically obtained from the contact resistance experimental measurements 

based on Ohm’s law and the relationship between the bulk semiconductor resistance and 

contact resistance. Utilizing Ohm’s law therefore requires the metal-semiconductor 

contacts to exhibit linear (ohmic) behavior, where carriers can flow freely between the 

semiconductor and the metal [28,51-53]. 

Therefore, to optimize a-BC:H devices, it is important to differentiate metals that 

form Schottky contacts and Ohmic contacts with the a-BC:H and understand and quantify 

the effect of contact resistance on device performance. 

A study of contact resistance as a function of metal and a function of a-BC:H 

doping has not been performed previously. The process was developed to determine 

contact resistance of various metals with a-BC:H and resistivity of a-BC:H. 
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2.4.1 Ohmic and Schottky contacts 

The development of any semiconductor device requires understanding of the metal-

semiconductor contact behavior, especially devices that utilize semiconductors with 

larger resistivity like boron carbide. In theory, metal-semiconductor contacts for device 

fabrication should be ideal with no resistance or losses at the boundary between metal 

and the semiconductor, so electrons can freely move across that contact. However, in 

practice, a junction exists at the contact boundary. 

The metal-semiconductor devices that exhibit nonlinear V-I characteristics in the 

forward and reverse bias region are referred to as the Schottky barrier devices and are 

used as rectifying devices [28,51,52]. When the metal-semiconductor contact exhibits 

linear or quasilinear current-voltage characteristics they are referred to as ohmic contact 

devices (Figure 44). 

 

Figure 44 Schottky vs Ohmic contact V-I characteristics 

The actual V-I characteristics of the ohmic contact does not have to necessarily be 

linear, but it must produce a voltage drop across the boundary that is much smaller than 
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the voltage drop in the active region. That additional resistance at the boundary can be 

imagined as a resistor in series with the ideal contact [51,52]. This signifies a contact that 

can supply required current to the device that is necessary for normal operation. 

The contact between the metal and the semiconductor is dependent on the metal 

work function ϕM, semiconductor work function ϕS and the type of semiconductor, i.e., 

doping. The metal work function is a constant value of the specific metal and is the 

energy from the Fermi level EF to the vacuum level E0 (minimum energy the electron 

must possess to free itself from the material). The semiconductor work function is 

dependent on the electron affinity χ and the difference between the conduction band 

energy and the Fermi energy level as shown in Equation 6 [28]. 

Equation 6: 𝜙𝑠 = 𝜒 + (𝐸𝐶 − 𝐸𝐹)  

When the metal and semiconductor form a contact the metal work function and 

electron affinity of the semiconductor are unchanged by the formation of the contact and 

remain constant. The Fermi energies of the metal and the semiconductor are not equal at 

the formation of the contact and under equilibrium Fermi level needs to be independent 

of the position. For the Fermi energy levels to align, transfer of electron occurs from the 

semiconductor to the metal or vice-versa depending on the work function differences, 

causing band bending and the formation of the potential energy band barrier that 

electrons encounter in case of the Schottky contact and no barrier in case of Ohmic 

contact formation. Figure 45 shows the energy alignment and formation of the barrier for 

the metal and n-type semiconductor contact for the case of ϕM > ϕS and band alignment 

without the potential barrier when ϕM < ϕS where the potential barrier is the difference 

between metal work function and the semiconductor electron affinity ϕB = ϕM − χ [28]. 



69 

 

 

 

 

Figure 45 Energy band diagrams for metal-semiconductor contact an instant after the contact is 

formed (a) and (b) and under equilibrium conditions (c) and (d) 

Metal-semiconductor contacts can be defined based on the difference between 

metal and semiconductor work functions depending on the type of semiconductor (Table 

5). 

Table 5 Electrical nature of metal-semiconductor contacts 

Work function 

relationship 

n-type 

semiconductor 

p-type 

semiconductor 

ϕM > ϕS rectifying ohmic 

ϕM < ϕS ohmic rectifying 

However, the first principle theoretical prediction of contact type (Table 5) is 

generally inaccurate as a result of interface states/defects at the metal-semiconductor 

boundary. Therefore, contact type/resistance is experimentally determined.  
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2.4.2 Contact resistance measurement – transfer length method 

The transfer length method or transmission line method (TLM) is a technique 

used for obtaining contact resistance through experimental measurements and calculation 

at the metal-semiconductor boundary, as well as calculating the resistivity of the 

semiconductor.  

 

Figure 46 Metal contact bars with varying separation length on a semiconductor 

The transfer length method is performed by depositing metal contact bars with 

varying separation lengths L in the micrometer range, on a single semiconductor film of 

width W and thickness t, as shown in Figure 46. The transfer length method can be 

utilized for the ohmic metal-semiconductor contacts as it is dependent on the linear 

relationship between total resistance of the metal-semiconductor-metal structure and the 

separation length of the contacts. The total resistance between two metal contacts can be 

modeled as three resistors in series, as the current flowing through the structure in Figure 

46 (right) is passing through two metal-semiconductor contacts and the semiconductor 

between the contacts, which has a known sheet resistance. In the Equation 7 total 

resistance as a function of separation length L is shown, where ρS is the resistivity of the 

semiconductor, RC is the contact resistance, and A is the area of the metal that is in 

contact with the semiconductor. The contact resistance is expressed in units of Ωcm2. 
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Equation 7: 𝑅𝑇 = 𝑅𝑠𝑒𝑚𝑖 +
2𝑅𝑐

𝐴
= 𝜌𝑆

𝐿

𝑡𝑊
+

2𝑅𝑐

𝐴
   

The total resistance is measured between multiple metal contacts separated by at 

least three different separation lengths L, in a descending or ascending order, and plotted 

as a function of the separation length. Extrapolating the linear approximation of the total 

resistance to the point where separation length approaches zero, the semiconductor 

resistance Rsemi term in Equation 7 approaches zero and total resistance becomes equal to 

twice the contact resistance term over the area of the contact.  

 

Figure 47 Example graph for total resistance (R) as a function of separation length (L) 

 Once the contact resistance is obtained, Equation 7 can be solved for resistivity of 

the semiconductor shown in Equation 8, where L can be chosen from any of the total 

resistance measurements. Solving for resistivity using every separation length should 

produce approximately identical results. 

Equation 8: 𝜌𝑆 =
𝑡𝑊(𝑅𝑇−

2𝑅𝑐
𝐴

)

𝐿
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 The transfer length method is a very powerful technique for understanding metal-

semiconductor contacts, and it has been widely used in various research to understand 

losses that can occur at the metal-semiconductor interface [51-53]. 

 However, for the transfer length method to successfully obtain accurate contact 

resistance values, the resistivity of the semiconductor cannot be so large such that the 

semiconductor resistance between the contacts obscures the contact resistance (see 

Equation 7). For highly doped single crystal silicon with resistivity in the range of 0.01-

3Ωcm, sheet resistance will be in the single digit Ohms range, allowing for the effect of 

contact resistance to be calculated accurately. For highly resistive materials such as a-

BC:H where resistivities are in 10kΩcm range, the transfer length method is not viable, 

as the resistance of the a-BC:H would be much higher than the contact resistance term in 

Equation 7, removing any sensitivity to the contribution of the contact resistance towards 

the total resistance measurements. 

An example of the calculation of relative resistance of the semiconductor and the 

contacts if it is assumed that the thickness of the semiconductor film is 300nm, width of 

the contact bars 2cm and resistivity of the a-BC:H film is 1x106 Ωcm, with the separation 

length of 1μm, is shown in Equation 9.  

Equation 9:  𝑅𝑇 = 106𝛺𝑐𝑚 ×
1×10−4𝑐𝑚

3×10−5𝑐𝑚×2𝑐𝑚
+

2𝑅𝑐

𝐴
= 𝟏. 𝟔𝟕 × 𝟏𝟎𝟔𝛺 +

2𝑅𝑐

𝐴  
 

The semiconductor resistance term dominates the total resistance measured value 

as it is much larger than the contact resistance. This renders the transfer length method 

ineffective even for a-BC:H resistivities in the range of 104 Ωcm.  
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2.4.3 Contact resistance measurement – spreading resistance model 

As previously discussed, the transfer length method is ineffective for obtaining 

contact resistance when high resistivity semiconductors are investigated. The alternate 

method for contact resistance and resistivity calculation is utilizing the spreading 

resistance approximation model for a round metal contact on a semiconductor [54]. 

 

Figure 48 Metal-semiconductor contact structure for spreading resistance model, top view (left), 

cross section view (right) 

When a round metal contact of radius a is deposited on semiconductor film of 

thickness b as shown in Figure 48, the spreading resistance can be simplified if the radius 

of the metal contact area is much bigger than the thickness of the semiconductor film. As 

the thickness of the a-BC:H films are in the range of 100-500nm and the radius of the 

round metal contact area from 1-2mm, the spreading resistance through the 

semiconductor film becomes linearly dependent on film thickness [54], shown in 

Equation 10. 

Equation 10:  𝑅𝑆 = 𝜌𝑆
𝑏

𝜋𝑎2
 
 

b – film thickness, a – contact radius, ρs – resistivity of a-BC:H 

Comparable to the transfer length method, the total resistance between two 

contacts of the structure in Figure 49 can be modeled as the sum of the semiconductor 
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resistance or spreading resistance expressed in Equation 10, and the two contact 

resistance terms divided by the area of the contact (Equation 11). 

 

Figure 49 Metal-semiconductor structure for spreading resistance model 

Equation 11: 𝑅𝑇 = 𝑅𝑆 +
2𝑅𝑐

𝐴
= 𝜌𝑆

𝑏

𝜋𝑎2
+

2𝑅𝑐

𝐴  
 

As total resistance is linearly dependent on the semiconductor film thickness b, to 

obtain contact resistance of the metal-semiconductor contact multiple films of varying 

thicknesses are fabricated and total resistance calculated from the V-I characteristic 

measurements of each structure.  

 

Figure 50 Example graph for total resistance as a function of semiconductor film thickness 
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The total resistance is plotted as the function of semiconductor film thickness and 

the linear approximation of the total resistance is extrapolated to the point where film 

thickness approaches zero, the spreading resistance RS term in Equation 11 approaches 

zero and total resistance becomes equal to twice the contact resistance term over area of 

the contact, shown in Figure 50. 

Once the contact resistance is obtained, Equation 11 can be solved for resistivity 

of the semiconductor as shown in Equation 12, where any film thickness b can be chosen 

from any of the total resistance measurements. Solving for resistivity using every film 

thickness should produce approximately identical results. 

Equation 12: 𝜌𝑆 =
𝜋𝑎2(𝑅𝑇−

2𝑅𝑐
𝐴

)

𝑏
 

As previously discussed, the transfer length method is limited when examining 

semiconductors with high resistivity. However, the spreading resistance model utilized 

the same approach as the transfer length method but instead of depositing contacts with 

varying separation lengths in the micrometer range that result in high semiconductor 

resistances, the total resistance is modeled as a function of film thickness that can be 

deposited in orders of magnitude less than the separation length in the TLM. 

Additionally, spreading resistance model examines contact resistance in the direction of 

the device current flow, which is significant in cases where there is a directional 

resistivity difference between horizontal and vertical current flow in the device. 

To illustrate the difference between the TLM and the spreading resistance model 

calculations, Equation 13 shows the example for a semiconductor film with high 

resistivity. If thickness of the semiconductor film is 300nm, radius of the round metal 
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contact is 1mm and resistivity of the a-BC:H film is 1x106 Ωcm, the semiconductor 

resistance term is orders of magnitude less than the same resistance term in Equation 9. 

Equation 13: 𝑅𝑇 = 106𝛺𝑐𝑚 ×
300×10−7𝑐𝑚

𝜋×(0.1𝑐𝑚)2
+

2𝑅𝑐

𝐴
= 𝟗𝟓𝟓. 𝟒𝟏 𝛺 +

2𝑅𝑐

𝐴  
 

Compared to the TLM, the spreading resistance model is suited for investigating 

contact resistance and resistivity of semiconductors with high resistivity because the 

semiconductor resistance term that contributes to the total resistance of the metal-

semiconductor-metal structure is orders of magnitude smaller than the same term in the 

TLM. This results in the ability of the spreading resistance model that is linearly 

dependent on the semiconductor film thickness to be sensitive to the contact resistance 

contribution. As boron carbide is considered a highly resistive semiconductor film, the 

spreading resistance model has been used to investigate contact resistance of metals 

reported in literature as device contacts by depositing a-BC:H films of various thickness 

forming a structure illustrated in Figure 49. 
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2.4.4 Fabrication of metal/a-BC:H spreading resistance structures 

To investigate contact resistance at the metal/a-BC:H boundary, the previously 

discussed spreading resistance model [54] is used to extrapolate contact resistance and 

calculate resistivity of BC from V-I characteristic measurements of the structure 

illustrated in Figure 49. 

 To investigate various metal contacts, a-BC:H films from either ortho-carborane 

or meta-carborane were grown on metal substrates via PECVD process discussed in 

section 2.1.3. The bottom and top contacts were deposited via DC magnetron sputtering 

processes previously discussed. The deposition procedure steps for forming the metal/a-

BC:H/metal structures are illustrated in Figure 51.  

 

Figure 51 Procedure for metal/a-BC:H/metal structure fabrication 

Although the order of the deposition is illustrated to show the procedure, the 

metal and a-BC:H film thicknesses relative to each other are not shown to scale. As 

previously discussed, the top metal contact area is much larger than the a-BC:H film 

thickness for the spreading resistance model to be utilized correctly. The metal top 
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contact is illustrated as two contacts deposited on the a-BC:H films, but as the top view 

illustration in Figure 52 shows, there are four such round contacts on the actual film. The 

shadow mask used to deposit top metal contact is made to produce four as identical as 

possible metal dot contacts of same diameter and same distance from each dot to test 

reproducibility of the metal/a-BC:H contacts as well produce multiple V-I characteristic 

measurements for error testing. Figure 52 shows the top view of the metal/a-BC:H/metal 

structure in its final form. For consistency, repeatability of measurements and data 

collection, metal contact dots were always numbered in a manner presented in Figure 52. 

 

Figure 52 Top view of the metal/a-BC:H/metal structure  

  

  



79 

 

 

 

2.5 Device characterization 

2.5.1 V-I characterization 

When the completed devices are fabricated their behavior under bias is 

characterized by collecting the current output of the device over a voltage range. This is 

done by the 4-wire resistance measurement method using a Keithley series 2400 source 

meter (Figure 53) [55]. 

 

Figure 53 Keithley 2400 series source meter 

 The connections illustrations for a source voltage sweep measurement and the 

internal circuit schematic of the source meter are shown in Figure 54 and 55. 

 

Figure 54 4-Wire connections on the Keithley 2400 source meter 
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Figure 55 Internal circuitry schematic of the 4-wire connection 

 For device testing the HI and LO leads are connected at each end of the device as 

illustrated in Figure 54. For easier connection to the, device the probe station in Figure 56 

is used where pins are making contact to the bottom and top metal contacts of the device 

illustrated in Figure 52. 

 

Figure 56 4-Wire measreument probe station 
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 To collect the V-I characteristics of the devices, voltage sweeps and data 

collection is completed via a computer using the Keithley LabTracer software. The 

resulting V-I curves provide immediate insight into the behavior of the device. 

A commercially available silicon diode was used to test the accuracy of the 4-

Wire measurements, with its V-I characteristic shown in Figure 57. The silicon diode V-I 

curve results are as expected, with the exponential extrapolation R2 value of 0.9975 and 

the turn-on voltage at 0.7V which is typical of a silicon diode, where the turn-on voltage 

refers to the required applied voltage across the diode for the current to be conducted in 

the forward direction. The turn-on voltage can be obtained from the V-I characteristic 

curve by linear extrapolation as seen in Figure 57. Additionally, by testing the diode, 

polarity of the probes was designated as shown in Figure 56, which is important to note 

when biasing p-n junction devices. 

 

Figure 57 The V-I characteristic of a commercially available silicon diode 
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2.5.2 X-Ray Photoelectron Spectroscopy (XPS) 

Characterization via X-Ray Photoelectron Spectroscopy (XPS) is crucial to 

understand a-BC:H film growth and device structure formation. As a spectroscopic 

characterization method, it utilizes the photoelectric effect for detection of all elements 

(except hydrogen and helium), and bonding state information with depths in the 

nanometer region [56]. In XPS, samples are irradiated by photons of characteristic energy 

that interact with core electrons of atoms in the sample. This results in ionized states that 

are created and a photoelectron that is emitted with the kinetic energy of the difference 

between the incident photon energy and the core electron binding energy (Equation 14) 

[56,57].  

Equation 14: 𝐸𝑒 = ℏ𝜔 − 𝐸𝐵  

The measured spectrum of the released photoelectron is a direct measure of the 

binding energies at different atomic electron levels, and the higher the binding energy the 

lower the kinetic energy of the emitted photoelectron, generally expressed in electron-

volts (eV) [56]. 

 The XPS characterization is performed in an ultra-high vacuum system that is 

comprised of an X-Ray source, electron energy analyzer with a detector, an auxiliary ion 

gun, and an x-y-z sample rotation stage [56]. The ultra-high vacuum is considered in the 

range of 1x10-10 Torr and is achieved using a combination of mechanical and 

turbomolecular pumps previously discussed in section 2.1.2. The X-Ray sources 

commonly used have either Mg or Al anodes and produce energies of 1253.6eV and 

1486.6eV respectively, because they possess high enough energies to excite core level 

electrons but sufficiently low line width below 1eV to produce XPS spectra with 
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desirable resolution [56]. As XPS is a surface characterization technique, the ion gun in 

the XPS systems has a crucial role for surface cleaning and depth profiling of samples. 

This is important in order to understand the bulk sample composition as surface 

contaminants will affect the XPS spectra. Additionally for layered structures and 

interface investigations, depth profiling is utilized to perform XPS measurements at 

vertical points in the film. The ion gun in the XPS generally has 500-3000eV source 

energy with high current densities on the order of 1mA/cm2 and is rastered over a wide 

area of several centimeters [56]. A schematic of a typical XPS system is shown in Figure 

58 [56]. 

 

Figure 58 An XPS system schematic 

For characterization of a-BC:H and the various devices fabricated from it, XPS is 

utilized at different stages of a-BC:H device development due to its versatility including: 

1. Optimization of film growth – oxygen presence detection throughout the film 

by depth profiling; atomic percentage composition of B and C. 

2. Interface investigation – oxygen presence at the interface of substrate/a-BC:H. 

3. Valence band and conduction band offset calculation from XPS valence band 

and core level spectra. 
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Figure 59 The Thermo-Scientific XPS/UPS system 

The system used to characterize the a-BC:H films and devices is the Thermo-

Scientific K-alpha+ XPS/UPS System shown in Figure 59. The characterization process 

is done by performing an XPS survey over an energy spectrum, as well as specifying 

which elements to individually scan for during the measurement process. For a-BC:H 

films scans are performed for oxygen, carbon, boron, and whichever material a-BC:H is 

deposited on (metal, silicon, etc). The parameters for the standard XPS survey scan are 

shown in Table 6 and example XPS scan spectra shown in Figure 60. 

Table 6 XPS survey parameters 

Source gun type Al Kα (1486.6 eV) 

Spot size 400 μm 

Analyzer mode CAE: Pass energy 200 eV 

Energy step size 1 eV 

Number of scans 5 
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Figure 60 Example XPS survey, and boron, carbon and oxygen scan 

As an extremely abrasive resistant and hard material, the depth profiling of a-

BC:H requires longer etching time for each analyzed layer than some softer materials, 

and combined with analyzing each layer it can take hours to sputter through the a-BC:H 

film to investigate the interface. For an a-BC:H film with the energy of the ion gun at 

3000eV and a 90s etch time per layer, the sputter rate averages to approximately 

0.0926nm/s. An example XPS depth profile survey is shown in Figure 61. 
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Figure 61 Example depth profile XPS survey 

 

Figure 62 Example XPS valence band scan with depth profile 

Additionally, XPS can be used to measure the valence energy spectra (Figure 62) 

by focusing its scans at the low binding energy range. The resolution for the valence 
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scans of a-BC:H is increased to 20 scans per layer and 0.05eV energy step, as the 

increased resolution is necessary to obtain valence band maximums of different bulk 

layers in the device structure. The valence band along with the core level data of each 

element can be used to calculate valence and conduction band offsets that will be 

discussed in the following chapter [58-60]. The versatility of the XPS data acquisition 

makes it a powerful and paramount tool for understanding metal/ a-BC:H contact 

structure as well as the devices that will be discussed in the following chapters. 
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2.5.3 Spectroscopic Ellipsometry 

Spectroscopic ellipsometry is a characterization technique used for wide 

applications in thin-film growth and development process [63]. It was previously 

mentioned in section 2.1.3 that spectroscopic ellipsometry was used to monitor the 

growth of a-BC:H films and approximate the deposition rate via PECVD. Ellipsometry 

works on the principle of quantifying the change in polarized light upon reflection on a 

sample (or transmission through a sample) [63]. Ellipsometry is generally measured in 

the ultraviolet and visible light region, quantifying the amplitude ratio “ψ” and phase 

difference “Δ” between p-polarized and s-polarized light waves. The advantages of 

ellipsometry for thin-film characterization are that it is a fast, non-destructive technique 

with high precision of measurements ~0.01nm, and extremely useful for obtaining real-

time film thicknesses and optical constants (i.e., bandgap) of a-BC:H films [63]. The 

disadvantages tend to be tied to the understanding of easily acquired data, as it is an 

indirect characterization technique that requires an optical model in data analysis that is 

often complicated [63]. 

The ellipsometric characterization of a-BC:H is completed using a J.A. Woollam 

M2000 fixed angle (75º) ellipsometer with the range of incident light of 380-1100nm 

shown in Figure 63. 
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Figure 63 M2000 ellipsometer 

As it has only a single angle and limited wavelength range, the data of the M2000 

ellipsometer is limited compared to a J.A. Woollam RC2 ellipsometer (Figure 64) that 

performs measurements in the extended wavelength range of 193-2500nm at various 

incident angles, improving the quality and accuracy of collected data [64]. The initial 

building of the a-BC:H optical model was done based on the data collected with the RC2 

ellipsometer. Once the model is obtained, the M2000 ellipsometer can be used for fast 

thickness acquisition post deposition. 

 

Figure 64 J.A. Woollam RC2 ellipsometer 
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The thickness is necessary for comparing V-I characteristics between devices of 

varying thickness; to calculate contact resistance via the spreading resistance model; and 

XPS depth profile measurements and approximating the sputtering rates and the position 

of the interface between two layers. The optical constants are necessary for obtaining the 

bandgap of the n-type and p-type a-BC:H as they are not well known in literature. 

Therefore, ellipsometry is extremely important to every characterization, measurement, 

and calculation discussed thus far.  
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2.6 Summary 

The background and experimental procedures of amorphous hydrogenated boron 

carbide thin-film development, characterization, and device fabrication has been 

introduced in this chapter. The objective of the following chapters is to introduce a novel 

amorphous boron carbide-amorphous silicon heterojunction device used for neutron 

detection. The boron carbide devices made from the polymeric precursors ortho-

carborane (p-type) and meta-carborane (n-type) using plasma enhanced chemical vapor 

deposition (PECVD) showed promising results, but some shortcomings exist. The p-type 

films made from ortho-carborane have limited doping capability, as p-type a-BC:H type 

converts to n-type when doped, so a-BC:H devices have reached a performance limit. 

The devices made from single crystal p-type silicon and n-type a-BC:H produce 

devices with higher current density output than the purely boron based devices do. 

However, single crystal silicon degrades under radiation. Substituting single crystal 

silicon with a hydrogenated amorphous silicon layer that has comparable work function 

and is unaffected by neutron radiation can produce desirable device characteristics. 

Understanding of metal-semiconductor contacts is important when fabricating p-n 

devices. Schottky and Ohmic contact in theory can be predicted based on first principles 

of work functions/band alignment, but in practice the interface states/defects make the 

first principle predictions inaccurate. As device performance can be affected by the 

metal/a-BC:H contacts, investigation into contact resistance in the direction of the device 

is performed with different metals. 
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Chapter 3 – Investigation of Metal/a-BC:H Contacts 

Metal contacts are an important factor to consider when producing semiconductor 

devices. The fact that different metals can form either Schottky or Ohmic contacts 

(section 2.4.1) with a semiconductor has been previously discussed, and how to obtain 

contact resistance has been introduced through two different measurement methods 

(sections 2.4.2 and 2.4.3). For a device with highly resistive layers like a-BC:H, ohmic 

contacts should be identified and optimized to minimize losses at the contact junction to 

improve device performance.  

There have been various metals reported in literature used as a contact on either p-

type or n-type BC device layers shown in Table 7 [1-10], and a detailed investigation was 

done for the interface between metals and the p-type a-BC:H grown from ortho-carborane 

[11]. However, a detailed investigation of the metal contacts on the n-type a-BC:H grown 

from meta-carborane has not been performed. 

Table 7 Metal contacts on a-BC:H reported in literature 

Metal Boron carbide type Ref. 

Al p-type (ortho-carborane) 1,2,3,7 

Au p-type (ortho-carborane) 1,4,9,10 

Cr p-type (ortho-carborane), n-type (meta-carborane) 3,6 

Ag p-type (ortho-carborane), n-type (meta-carborane) 3,6 

Ni n-type (meta-carborane) 3 

Cu p-type (ortho-carborane) 5 

Ti n-type (meta-carborane)  

Hf p-type (ortho-carborane)  
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In fact, the characteristics of metal/a-BC:H contacts in previous work has not 

been discussed as a contributing factor in device performance. For example, Figure 65 

from reference [3] shows the alternating combination of contacts for testing different 3d 

transition metal doping effects on device performance where the effects of the metal/a-

BC:H junction was not accounted for [3]. 

 

Figure 65 Reported doping investigation that used three different metal contact combinations in 

device fabrication 
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Additionally, there have been instances where device structures discussed in the 

literature do not state the metal used for contacts as shown in Figure 66 [8,9,10]. This 

makes it difficult to understand the fabrication process and characterization of reported 

devices for future research. 

 

Figure 66 Fabricated device without specified contacts 

The two metals that are often used for electrical contacts are gold [1,4,9,10] and 

silver [3,6] as they are easily sputtered metals with good electrical conductivity. 

However, when choosing a metal for neutron voltaic device contact, the effect of thermal 

neutron irradiation must be considered. When gold is irradiated by thermal neutrons, the 

Au198 decays with a half-life of 2.7 days to stable Hg198 by emission of beta particles of 

maximum energy 0.96MeV and gamma energies 0.412MeV, 0.68MeV and 1.09MeV 

[12]. The metal contacts in neutron voltaic devices should be unaffected by neutron 

radiation, gold, however good a metal contact it is for other devices, is not a viable long-

term candidate for practical neutron detectors. Thermal radiation affects silver differently, 

when exposed to neutron radiation, it creates unstable Ag108 and Ag110 isotopes that beta 

decay [13]. The decay itself is instantaneous and would not be the deterring factor for 

using Ag as a metal contact, however the release of the high energy electron during beta 
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decay can cause localized heating and diffusion of Ag into the a-BC:H film which can 

cause device failure [5]. 

The metal contacts reported in literature as well contacts that have comparable 

work functions are presented in Table 8 [15-17]. A detailed investigation of metal/a-

BC:H contacts is presented in this chapter. Additionally, contact resistance in the 

direction of the device current flow and a-BC:H resistivity is determined from contacts 

that produce an Ohmic junction as bottom and top contacts. 

Table 8 Work functions of various metals 

Element 
Work function 

ϕ (eV) 
Electronegativity 

Al 4.2 1.61 

Au 5.47 2.54 

Cr 4.5 1.66 

Ag 4.64 1.93 

Ni 5.22 1.91 

Cu 5.1 1.90 

Ti 4.33 1.54 

Hf 3.9 1.30 

The 4-Wire measurements are used to initially characterize the spreading 

resistance structures discussed in section 2.4.4. There are four possible outcomes for a 

metal/a-BC:H/metal fabricated structure. The linear low resistance curve is a result of the 

shorted top and bottom metal contacts. This occurs when there is a fabrication flaw in the 

a-BC:H film during deposition causing a pinhole through which shorting can occur. 

Shorting can also occur if the applied voltage of the sweep exceeds the device tolerance. 

To avoid device shorting, the range of the voltage sweep is initially limited to -5V to 5V 

or lower. The linear (ohmic) curve of a spreading resistance structure is the V-I 

characteristic of a metal-semiconductor-metal structure with both junctions exhibiting 



106 

 

 

 

Ohmic behavior. If one or both junctions of the spreading resistance structure exhibit 

Schottky behavior the resulting V-I characteristics have a characteristic of one sided or 

symmetrical double-sided Schottky characteristic. 

 The ellipsometric optical model is used to determine the thickness of the a-BC:H 

in the spreading resistance structure. The optical model for the a-BC:H is developed from 

the data acquired by the RC2 ellipsometer (section 2.5.3) on the single crystal/a-BC:H 

structure. The a-BC:H layer is modeled by the Cody-Lorentz oscillator with MSE of 

33.226 for the wavelength range of 350-1690nm and is shown in Figure 67. 

 

Figure 67 c-Si/a-BC:H optical model fit of the RC2 data 

 The optical model of the a-BC:H constructed on the data obtained by the RC2 can 

be used to model the data obtained using a fixed angle M2000 ellipsometer. The a-BC:H 

layer of the model can be saved and used to model different structures. The graph of the 

optical constants is shown in Figure 68. 
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Figure 68 Optical constants for a-BC:H film 

 Collecting the V-I characteristics of the spreading resistance structures with the 4-

Wire measurements and thickness with the ellipsometer, contact resistance investigation 

can be carried out. The following sections present results collected for different metal/a-

BC:H structures. 
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3.1 Titanium as the metal contact 

The p-type a-BC:H made from ortho-carborane has shown limitations when doped 

with 3d transition metals [3,6,9,10], specifically a-BC:H films grown from ortho-

carborane type-convert when doped. However, the n-type a-BC:H films grown from 

meta-carborane do not type-convert but become more n-type, having a higher potential 

for producing quality p-n heterojunction devices with a-Si:H. Therefore, finding a metal 

that forms an Ohmic contact with n-type a-BC:H is important. Even though titanium has 

not been reported in literature to be used as a contact on n-type a-BC:H deposited from 

meta-carborane, it was investigated as a substitute for silver whose limitations were 

previously discussed, because of its comparable work function and electronegativity to 

various metals reported in literature (Table 8). Four different structures as shown in 

Figure 69 were fabricated with varying a-BC:H film thicknesses.  

 

Figure 69 Ti contact spreading resistance structure 

It can be noted from Figure 69 that an Al film was used as a substrate layer for the 

Ti bottom contact. The resistivity of Ti (4.2x10-7 Ωcm) is larger than most metals in 

Table 8 (e.g., Al has 2.82x10-8 Ωcm), a Ti thin film over multiple centimeters has 

noticeable resistance that would affect contact resistance measurements. To avoid this, an 

Al film is deposited as a substrate layer before the Ti film is deposited that serves as a 
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bottom contact for a-BC:H. This structure configuration produces an effective short over 

the substrate area. 

The V-I characteristics of the four different structures exhibited Ohmic behavior 

and are shown in Figure 70. The total resistance of each structure was calculated from the 

Ohm’s Law at each data point and averaged over the entire dataset producing the 

averaged total resistance values shown in Figure 70 and in Table 9.  

 

Figure 70 V-I characteristics of Ti/a-BC:H/Ti structures with varying thicknesses 

Table 9 Total resistance vs thickness, for Ti spreading resistance structures 

a-BC:H film Thickness (nm) 148 236 486 596 

RT (Ω) 205 289 617 729 

 The Ti and a-BC:H produce an Ohmic junction at the boundary, so the spreading 

resistance model can be used to calculate the contact resistance of Ti at the boundary. The 

top metal contacts are deposited with a radius of 1mm, which is orders of magnitude 
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larger than the thicknesses of the a-BC:H films shown in Table 9. This simplifies the 

spreading resistance (section 2.4.3) of the film to a linear dependence on film thickness. 

(Equation 15, Figure 71). 

Equation 15: 𝑅𝑇 = 𝑅𝑆 +
2𝑅𝑐

𝐴
= 𝜌𝑆

𝑏

𝜋𝑎2
+

2𝑅𝑐

𝐴  
 

 

Figure 71 Total resistance vs a-BC:H thickness for Ti contact spreading resistance structure 

The plotted total resistance as a function of film thickness is shown in Figure 71. 

Extrapolating the film thickness to zero eliminates the spreading resistance term from 

Equation 15 and produces a total resistance intercept, the value of twice the contact 

resistance divided by the contact area. For Ti contact this term is obtained from the linear 

extrapolation equation shown in Figure 71 and is 18.913Ω. 

The contact resistance Rc is then calculated to be approximately 0.297Ω-cm2 from 

Equation 16, as the area of the round top contact is the area of the circle with the radius of 

1mm. 

Equation 16: 𝑅𝑐 =
18.913𝛺∙𝜋(0.1𝑐𝑚)2

2
= 0.297𝛺𝑐𝑚2 
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Once the contact resistance is obtained, the resistivity of the n-type a-BC:H can be 

calculated from Equation 17. Total resistance RT and film thickness b can be used from 

each set of measurements from Table 9 to calculate resistivity. 

Equation 17: 𝜌𝑠 = (𝑅𝑇 −
2𝑅𝑐

𝐴
) ∙

𝜋𝑎2

𝑏
  

Table 10 Resistivity of n-type a-BC:H from each set of spreading resistance structures 

a-BC:H film Thickness (nm) 148 236 486 596 

RT (Ω) 205 289 617 729 

ρs (x105 Ωcm) 3.95 3.6 3.87 3.74 

 The resistivity of n-type a-BC:H from each set of spreading resistance structures 

in Table 10 is averaged to 3.79x105Ωcm. There have been wide ranges of resistivities 

reported for p-type a-BC:H from 108 to 1015 Ωcm [11,23]. Those resistivities were 

measured from the Ohmic regime from the V-I curve characteristics of metal-insulator-

semiconductor a-BxC:Hy/Si heterostructures, but it is unclear for which B-C-H 

compositional structures resistivities were reported and contact resistance has not been 

taken into account [23]. 

 Identifying Ti as forming an Ohmic contact with n-type a-BC:H is important for 

fabricating the a-Si:H/a-BC:H devices. It is particularly beneficial that the contact 

resistance and resistivity measurements were performed in the direction of the device 

current flow, as that can provide insight into the device structure performance. 
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3.2 Chromium as the metal contact 

The interface between Cr and p-type a-BC:H (from ortho-carborane) has been 

investigated in [11]. The V-I characteristics of the 250nm thick p-type a-BC:H film in the 

Cr/a-BC:H(p)/Cr structure fabricated in house are shown in Figure 72. The three V-I 

curves correspond to three out of the four dot contacts deposited on the p-type a-BC:H 

film (section 2.4.4). The V-I curve characteristics for this structure can be interpreted as 

the Schottky contact that is formed at both top and bottom Cr/a-BC:H contact boundary. 

As the ideal Schottky contact produces a diode-like behavior (Figure 44), the V-I 

characteristic in Figure 72 exhibits a symmetric curve. This is interpreted as two facing 

Schottky junction diodes in series that are formed at the Cr/a-BC:H junctions. When the 

voltage sweep is in the forward region, the current flows through one junction but is 

rectified at the other until breakdown, and vice versa for the reverse region, producing the 

V-I characteristics shown in Figure 72. 

 

Figure 72 V-I characteristics of Cr/a-BC:H(p)/Cr structure 
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 To investigate the interface of the a-BC:H/Cr structure, the presence of oxygen at 

the interface was profiled by XPS. The oxygen profile at the interface shown in Figure 73 

was collected from a 170nm p-type a-BC:H film grown from ortho-carborane on a Cr 

substrate (deposition procedure described in section 2.4.4). To illustrate at which level in 

the film the oxygen spectra was collected the boron and chromium XPS spectra are 

shown at the same depth profile layers that are color coded. 

 

Figure 73 XPS spectra of oxygen, boron, and chromium in the p-type a-BC:H/Cr structure 
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 From Figure 73, it can be seen that there is an increase in the oxygen when 

approaching the a-BC:H/Cr interface compared to the oxygen in the a-BC:H bulk. 

Additionally, a peak shift is noticeable when transitioning from the bulk a-BC:H through 

the interface to the bulk Cr due to the hydrogen and carbon bonding to oxygen H-O-C 

(~533eV) in the a-BC:H, organic carbon bonding of C-O (531.5-532eV) and 

C=O(~533eV), which transitions into metal carbonate (531.5-532eV) and metal oxide 

(529-530eV) peak shift at the bulk Cr surface.  

To investigate the contact at the boundary of n-type a-BC:H/Cr, the structure is 

fabricated using the same process as the p-type a-BC:H/Cr structure (section 2.4.4). The 

V-I characteristics of approximately 480nm thick n-type a-BC:H grown from meta-

carborane in the Cr/a-BC:H/Cr structure is shown in Figure 73. The V-I curve for the Cr 

contact on n-type a-BCH:H shows that the Schottky junction is formed at the barrier, in 

the same manner as the previously discussed Cr on p-type a-BC:H (Figure 72). 

 

Figure 74 V-I characteristics of Cr/a-BC:H(n)/Cr structure 
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The established fabrication process for the n-type a-BC:H/Cr structure was 

identical to the p-type a-BC:H/Cr previously discussed, so the presence of the oxygen at 

the interface can be assumed for the n-type structure (Figure 73). To minimize oxygen 

presence in the device, the entire device fabrication process would be done in-situ. That 

type of process was not established in literature when discussing a-BC:H device 

fabrication. The difficulty with producing a device in-situ is the necessity for shadow 

masking device layers to produce contacts. The sputter yield of a-BC:H makes it difficult 

to sputter etch a-BC:H, so growing a metal substrate and the a-BC:H layer structure in-

situ followed by opening a contact hole in the a-BC:H is not practical. Because of that, 

removing the back metal contact structure from vacuum and masking it before a-BC:H 

deposition is necessary in device fabrication. However, depositing a thin layer of metal 

on top of the masked metal substrate in-vacuo before a-BC:H deposition could provide a 

solution for reduction/minimization of oxygen at the metal/a-BC:H boundary (fabrication 

process illustrated in Figure 75). 

 

Figure 75 Procedure for metal/thin metal film in-vacuo/BC/metal structure fabrication 



116 

 

 

 

The 150nm n-type (meta-carborane) a-BC:H on Cr structure was fabricated by the 

procedure in Figure 75. The comparison of oxygen XPS spectra of the standard procedure 

sample (Figure 73) and the oxygen XPS spectra of the sample with thin Cr film deposited 

in-vacuo before the a-BC:H deposition (Figure 75) is shown in Figure 76.  

 

Figure 76 XPS oxygen spectra comparison of the a-BC:H/thin Cr/Cr structure and the a-

BC:H/Cr structure fabricated by previously established procedure 

The oxygen spectra were collected for each film at approximately the same depth 

layers to produce as accurate as possible comparison. From the XPS spectra in Figure 76 

it can be noted that there is higher presence of oxygen when approaching the interface of 

a-BC:H/Cr structure deposited by the standard procedure (red dashed lines) than at the 

interface of the a-BC:H/thin Cr/Cr structure (solid blue lines). As there was no pre-

deposition surface processing of the Cr substrate in the standard deposition procedure, the 

peak shift in oxygen previously discussed is expected as there is carbon and oxygen 
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contamination at the surface before a-BC:H deposition occurs. The surface contamination 

could additionally produce contamination throughout the a-BC:H as plasma induced 

reactions at the surface of the contaminated Cr can result in additional carbon and oxygen 

bonding to the a-BC:H resulting in the noticeable peak shifts and intensities. However, 

for the Cr thin-film in-vacuo procedure, both the bulk a-BC:H and the interface oxygen 

peaks are reduced and correspond to the C-O bonding at 531.5-532eV. 

For structures deposited in-situ, it is expected that the oxygen at the interface 

would be minimized. To compare how the thin Cr film in-vacuo deposition fabrication 

procedure compares to complete in-situ fabrication, a 150nm n-type (meta-carborane) a-

BC:H on Cr structure was fabricated in-situ.  

 

Figure 77 XPS oxygen spectra comparison of the a-BC:H/thin Cr/Cr structure and the a-

BC:H/Cr structure fabricated in-situ  

The oxygen spectra were collected at approximately the same depth near the 

interface to produce an accurate comparison. From the XPS spectra in Figure 77 it can be 
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noted that for both samples oxygen peak intensities and binding energies are comparable 

throughout the film. From this it can concluded that the process of depositing a thin Cr 

film in-vacuo before a-BC:H deposition produces an adequate approximation to the in-

situ fabrication process. 

The V-I characteristics of the Cr/thin Cr/a-BC:H/Cr structure (fabricated by the 

process illustrated in Figure 75) are shown in Figure 78. The thickness of the n-type a-

BC:H grown from meta-carborane is approximately 150nm and it is the same structure 

that was shown to have reduced oxygen at the interface of Cr and a-BC:H. However, 

even with the reduction of oxygen at the a-BC:H(n)/Cr interface, the V-I characteristic of 

the structure shows that the Schottky junction is formed at the barrier of a-BC:H 

deposited on thin Cr film in-vacuo. 

 

Figure 78 V-I characteristics of Cr/thin Cr/a-BC:H(n)/Cr structure 

 Chromium is one of the most commonly used bottom contact metals when 

fabricating structures with p-type a-BC:H grown from ortho-carborane. It was reportedly 

used for developing heteroisomeric devices as well as investigating 3d transition metal 
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doping of p-type a-BC:H [3,6]. As it was shown in this section, Cr forms a Schottky 

junction at the barrier with both n-type and p-type a-BC:H as both bottom and top 

contact. This makes it difficult to completely understand a heteroisomeric device 

behavior and the formation of the junction between an n-type and p-type a-BC:H layers, 

because of the existence of multiple junctions in series. This is illustrated by comparing 

the V-I characteristics in Figure 70 to those seen in Figure 78. The current output at the 

Ohmic junction of Ti/a-BC:H is three orders of magnitude larger than the current output 

at the Schottky junction of Cr/a-BC:H for similar contact areas.  Clearly, accounting for 

metal/BC junction when fabricating devices is necessary. 
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3.3 Summary of metal contacts 

In addition to titanium and chromium that have been discussed in detail in the 

previous sections, various metals from Table 7 have been used as contacts in the p-type 

and n-type a-BC:H structures. How those metals behave based on their corresponding V-I 

characteristics is presented in Table 11. 

Table 11 Various metal contact formation with a-BC:H(n,p) 

Metal 
p-type a-BC:H 

(ortho-carborane) 

n-type a-BC:H 

(meta-carborane) 

Ag  Schottky 

Al Schottky Schottky 

Cr Schottky Schottky 

Ti Schottky Ohmic 

Hf Schottky  

Ni Schottky Schottky 

Cu  Schottky 

 The V-I characteristics of various fabricated metal/a-BC:H/metal structures are 

shown in Figure 79-85. It is important to note that a metal that forms an Ohmic junction 

at the contact with p-type a-BC:H grown from ortho-carborane using the established 

fabrication procedure, has not been identified. It is due to this and the doping limitations 

of a-BC:H grown from ortho-carborane (p-type) that the focus of the a-Si:H/a-BC:H 

heterojunction devices is based on a-Si:H(p-type)/a-BC:H(n-type) devices. 
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Figure 79 V-I characteristics of Ni/a-BC:H(p)/Ni structure 

 

Figure 80 V-I characteristics of Ni/a-BC:H(n)/Ni structure 
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Figure 81 V-I characteristics of Cr/a-BC:H(p)/Ni structure 

 

Figure 82 V-I characteristics of Al/a-BC:H(n)/Al structure 
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Figure 83 V-I characteristics of Cu/a-BC:H(n)/Al structure 

 

Figure 84 V-I characteristics of Al/a-BC:H(p)/Al structure 
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Figure 85 V-I characteristics of Hf/a-BC:H(p)/Hf structure 
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Chapter 4 – Investigation of Boron Carbide (a-BC:H) Devices 

 There have been different types of devices fabricated, investigated, and reported 

in literature (as discussed in section 2.3), with the primary focus on heteroisomeric 

devices developed from p-type and n-type a-BC:H [1-7]. However, since as the effects of 

the contacts have not been accounted for previously, the understanding of the devices has 

not been complete. With qualitatively understanding the formation of the metal/a-BC:H 

contacts, various devices can be fabricated and investigated to further understand a-BC:H 

behavior in a p-n junction structure. 

The XPS measurements are used for characterization of the interface between the 

c-Si, a-Si and the a-BC:H, primarily to determine the presence of oxygen that can 

negatively affect junction formation at the boundary. Additionally, XPS is used for 

obtaining the valence band offset (VBO), from which the band structure diagram at the 

interface can be constructed. 

 The valence band offset at the boundary of two semiconductors is calculated via 

the Kraut method given by Equation 18 [8]. 

Equation 18: 𝑉𝐵𝑂 = ∆𝐸𝑣 = (𝐶𝐿 − 𝑉𝐵𝑀)𝑆𝑖 − (𝐶𝐿 − 𝑉𝐵𝑀)𝐵𝐶 + (𝐶𝐿𝐵𝐶 − 𝐶𝐿𝑆𝑖)𝑖𝑛𝑡 

The core level (CL) binding energies of the bulk layers and the core level (CLint) binding 

energies of the layers at the interface (where both element layer peaks are present) are 

obtained from the XPS elemental core level measurements. This is a general calculation 

that can be utilized for various materials [8]. For a-BC:H structures, core level binding 

energy of B is monitored, where the presence of C bonding with B is accounted for by the 

shifts in the core level B energies compared to the pure elemental B. The valence band 
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maximum (VBM) of bulk materials is obtained by linear extrapolation of the valence 

band leading edge emission from the valence measurements [8-12]. 

The optical model of the ellipsometric data provides insight into the bandgap of a-BC:H, 

as the extinction coefficient (k) from the model of the material can be used to form a 

Tauc plot. In the Tauc plot, the term in Equation 19 is plotted as a function of the incident 

photon energy (hν). The absorption coefficient (α) is calculated from the extinction 

coefficient and the wavelength (λ) of the incident photons. 

Equation 19: 𝑦 = √ℎ𝜈𝛼 = √ℎ𝜈
4𝜋𝑘

𝜆
   

The Tauc plot example for an n-type a-BC:H is shown in Figure 86, where the 

bandgap energy is a linearly extrapolated intercept with the horizontal axis. The bandgap 

energy of p-type a-BC:H has previously been reported to be in the 1-2.5eV range [11,12]. 

 
Figure 86 The a-BC:H Tauc plot for obtaining the bandgap 
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Additionally, the bandgap of the material is one of the variables in the Cody-

Lorentz oscillator optical model. From the Tauc plot and the Cody-Lorentz model, the 

range of bandgap energy of the n-type a-BC:H film is between 1.1eV and 1.5eV. The 

thickness of the a-BC:H layer in the device structure is obtained as discussed in chapter 3, 

where the ellipsometric data is modeled via the Cody-Lorentz optical model which 

produces the value of thickness as one of the variables modeled. Generally, the thickness 

range of a-BC:H for device fabrication is in the 150-500nm range. 

 In this chapter the focus of the investigation is the a-Si:H/a-BC:H heterojunction 

device, and the direct comparisons with c-Si/a-BC:H heterojunction devices. All the 

devices have been fabricated by the process established in sections 2.3.4 and 2.3.6. 
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4.1 Single crystal silicon-boron carbide device 

Different types of heterojunction devices were discussed in section 2.3.3, but 

single crystal silicon and a-BC:H are interesting when discussing heterojunction devices 

because single crystal silicon as a semiconductor is well understood (mobility, low 

resistivity, bandgap, etc). This provides the ability to investigate the band structure of the 

device as well as the V-I characteristics of the device depending on the thickness of the a-

BC:H film.  

The V-I characteristics of a reported c-Si(n)/a-BC:H(p) heterojunction device is 

shown in Figure 87 [8]. However, as n-type a-BC:H is the focus of developing a novel 

heterojunction device, c-Si(p)/a-BC:H(n) structures were fabricated in the laboratory and 

investigated. Additionally, as both thickness of the a-BC:H layer and the metal contacts 

have not been specified in literature, it is difficult to discuss the specific device 

characteristics aside from the general exponential behavior comparable to the 

commercially available silicon diode (Figure 57). 

 

Figure 87 V-I characteristics of n-type single crystal Si and p-type BC heterojunction device 
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The V-I characteristics of devices fabricated in laboratory by growing an 

approximately 500nm and 350nm a-BC:H film from meta-carborane on p-type single 

crystal silicon at the substrate temperature of 350ºC (procedure in section 2.3.4) are 

shown in Figure 88 and 89. 

 

Figure 88 V-I characteristics of a 500nm n-type a-BC:H on single crystal silicon device 

 

Figure 89 V-I characteristics of a 350nm n-type a-BC:H on single crystal silicon device 
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 Both devices, 500nm a-BC:H and 350nm a-BC:H, exhibit comparable 

exponential device behavior to the reported device in literature as well as the 

commercially available silicon diode. The device with the 350nm layer of a-BC:H has the 

turn-on voltage of ~2.7V and produces higher current output (~750μ at 5V), while the 

500nm a-BC:H device with ~2.2V turn on voltage produces current output of ~250μA at 

5V. The direct comparison of the two devices V-I characteristics is shown in Figure 90. 

 

Figure 90 Comparison between two c-Si/a-BC:H devices with different a-BC:H thicknesses 

 It can be noticed that the turn-on voltage for 353nm and 500nm c-Si/a-BC:H 

devices is comparable at approximately 2.7V and 2.2V respectively. As the voltage bias 

is increased the device with the 350nm a-BC:H layer reaches the 150μA current output at 

lower bias (~3.4V) than the device with 500nm a-BC:H layer (~4.2V). The differences in 

device behavior can be attributed to the formation of the junction at the interface, the size 

of the intimate metal contact or the combination of both. It is also important to note that 
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the breakdown for both devices does not occur at bias voltage of up to 5V. If the c-Si/a-

BC:H device was a homojunction device this would indicate that the depletion region is 

almost entirely in the lightly doped a-BC:H layer and that the device properties would be 

dictated by a-BC:H. However, for a heterojunction device this might not be the case as 

the device behavior is also dependent on the heterojunction band alignment at the 

interface. 

 To construct the band diagram for c-Si(p)/a-BC:H(n), XPS measurements were 

used to calculate the valence band offset via the Kraut method (Equation 20) [8]. 

Equation 20: 𝑉𝐵𝑂 = ∆𝐸𝑣 = (𝐶𝐿 − 𝑉𝐵𝑀)𝑆𝑖 − (𝐶𝐿 − 𝑉𝐵𝑀)𝐵𝐶 + (𝐶𝐿𝐵𝐶 − 𝐶𝐿𝑆𝑖)𝑖𝑛𝑡  

The core level peaks (CL) in the bulk, and core level peaks at the interface (CLint) 

are shown in Figure 91 and Figure 92 and were obtained from the depth profile XPS 

spectra of core level Si2p and B1s in the bulk and at the interface. 

 

Figure 91 XPS spectra of Si in the bulk and at the interface with a-BC:H 
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Figure 92 XPS spectra of B (a-BC:H) in the bulk and at the interface with c-Si 

 The core level peaks and valence band maxima (VBM) of a-BC:H and c-Si that 

are used to calculate valence band offset of the a-BC:H/c-Si are shown in Table 12.  

Table 12 Core level peaks and valence band maxima for a-BC:H and c-Si 

Layer CL (eV) CLint (eV) VBM (eV) 

a-BC:H (n-type) 188.28±0.1 188.18±0.1 0.63±0.05 

c-Si (p-type) 99.18±0.1 99.18±0.1 0.2±0.05 

The valence band maxima of the a-BC:H and c-Si in the bulk were obtained from 

the leading edge of the valence band XPS spectra [9-13] shown in Figure 93 and Figure 

94. 
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Figure 93 Valence band maximum of a-BC:H from XPS spectra from the bulk 

 

Figure 94 Valence band maximum of c-Si from XPS spectra from the bulk 
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 Using the core level peak and valence band maxima binding energies from Table 

12 with Equation 20, the valence band offset of a-BC:H(n)/c-Si(p) structure is calculated 

to be 0.33eV as seen in Equation 21. 

Equation 21: 𝑉𝐵𝑂 = ∆𝐸𝑣 = 98.98 − 187.65 + 89 = 0.33𝑒𝑉 

Kraut’s method is used to calculate the valence and conduction band offsets at the 

interface of two semiconductors, a-BC:H and c-Si in this case [8]. At the interface, the 

Fermi levels of a-BC:H and c-Si must align, so the core level energies used to calculate 

VBO and CBO are referenced with respect to the Fermi level. Additionally, from the core 

level (bulk) XPS measurements in Table 12 and the bandgap energies of a-BC:H (1.2eV) 

and c-Si (1.1eV), the conduction band minimum and valence band maximum at the 

interface for both a-BC:H and c-Si can be calculated using Equations 22 and 23 

respectively.  

Equation 22 𝐸𝐶(𝑖) = (𝐶𝐿 − 𝑉𝐵𝑀) + 𝐸𝐺−𝐶𝐿𝑖𝑛𝑡  

Equation 23 𝐸𝑉(𝑖) = 𝐶𝐿𝑖𝑛𝑡 − (𝐶𝐿 − 𝑉𝐵𝑀) 

𝐸𝐶(𝑖)𝐵𝐶 = (𝐶𝐿 − 𝑉𝐵𝑀)𝐵𝐶 + E𝐺
𝐵𝐶 − 𝐶𝐿𝑖𝑛𝑡

𝐵𝐶 = 0.67𝑒𝑉 

𝐸𝑉(𝑖)𝐵𝐶 = 𝐶𝐿𝑖𝑛𝑡
𝐵𝐶 −(𝐶𝐿 − 𝑉𝐵𝑀)𝐵𝐶 = 0.53𝑒𝑉 

𝐸𝐶(𝑖)𝑐−𝑆𝑖 = (𝐶𝐿 − 𝑉𝐵𝑀)𝑐−𝑆𝑖 + E𝐺
𝑐−𝑆𝑖 − 𝐶𝐿𝑖𝑛𝑡

𝑐−𝑆𝑖 = 0.90𝑒𝑉 

𝐸𝑉(𝑖)𝑐−𝑆𝑖 = 𝐶𝐿𝑖𝑛𝑡
𝑐−𝑆𝑖−(𝐶𝐿 − 𝑉𝐵𝑀)𝑐−𝑆𝑖 = 0.2𝑒𝑉 

 Using the valence band offset, band gap energies and conduction and valence 

band positions with respect to the Fermi level, the band diagram at the interface of the a-

BC:H and c-Si heterojunction is illustrated and shown in Figure 95.  
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Figure 95 The a-BC:H(n)/c-Si(p) heterojunction band diagram at the interface 

As valence band maxima of c-Si and a-BC:H obtained from the XPS 

measurements are the positions of the valence band maxima with respect to the Fermi 

level in the a-BC:H and c-Si bulk, the band diagram of the entire heterojunction can be 

illustrated as shown in Figure 96. 

 

Figure 96 The a-BC:H(n)/c-Si(p) heterojunction band diagram 

The Fermi levels at the junction must be aligned and as the Fermi levels of a-

BC:H and c-Si align, bending of the conduction and valence band occurs at the interface. 

Figure 95 illustrates the band structure at the interface, where the position of the 
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conduction and valence band energies with respect to Fermi level are not the same as the 

conduction and valence band energy in the bulk of a-BC:H and c-Si as shown in Figure 

96. As the density of states of a-BC:H is unknown, the exact Fermi level position in the 

bulk of a-BC:H cannot be calculated. However, as the c-Si is a well-known 

semiconductor, the Fermi level position with respect to the valence band of c-Si in the 

bulk can be calculated using Equation 24, where the doping of the p-type c-Si wafer used 

is approximately 1.5x1015cm-3 and p-type density of states 1.04x1019cm-3. 

Equation 24: 𝐸𝐹 − 𝐸𝑉 = 𝑘𝑇 ∙ 𝑙𝑛 (
𝑁𝑉

𝑝
) = 0.026𝑒𝑉 ∙ 𝑙𝑛 (

1.04∙1019

1.5∙1015 ) = 0.2299𝑒𝑉 

NV – p-type density of states of single crystal silicon (NV) 

p – hole concentration of the used p-type c-Si wafer 

The valence band maximum binding energy with respect to the Fermi level in the 

bulk of c-Si obtained by the XPS measurements is shown to be approximately 0.2eV 

(Figure 94). Both calculated and experimentally obtained values are comparable within 

the 0.05eV step resolution of the XPS valence band measurements. This confirms the 

approach of the Kraut’s method using the XPS measurements to investigate the band 

structure at the interface. The band diagram of the a-BC:H/c-Si interface will be further 

discussed in the following sections. 

And even though single crystal silicon is not a viable long-term solution as it 

degrades over time due to radiation damage, it is a very powerful device layer with a-

BC:H as it has well known properties that can be utilized to provide insight into the 

accuracy of the XPS measured results and the formation of the interface with a-BC:H. In 

the following section, hydrogenated amorphous silicon is discussed as a substitute for 

single crystal silicon.  
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4.2 Amorphous silicon-boron carbide device 

As the single crystal silicon degrades over time due to radiation damage (section 

2.3.1), the hydrogenated amorphous silicon has potential to produce neutron voltaic 

devices by forming heterojunction structures with the a-BC:H, addressing the degradation 

due to radiation damage of single crystal silicon by its amorphous structure and presence 

of hydrogen (section 2.3.6). The heavily p-type doped hydrogenated amorphous silicon 

approximately 50nm thick has been grown at NREL facilities and used to fabricate a-

Si:H/a-BC:H devices by the process described in section 2.3.6 at the substrate 

temperature of 250ºC. The V-I characteristics of the a-Si:H/a-BC:H structure with no pre-

deposition processing of the a-Si:H are shown in Figure 97. 

 

Figure 97 V-I characteristic of a-Si:H(p)/a-BC:H(n) device 
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 As the a-BC:H layer deposited is approximately 100nm thick, predicting from the 

c-Si devices in the previous section, the current output is expected to be higher than the 

1.5μA at 5V that is produced. Since the only change in the device structures is the 

substitution of c-Si with a-Si:H, and there is a significant difference in the current output 

at comparable voltages, the interface formation at the junction of a-BC:H and a-Si:H is 

studied further. 

 As it was stated for the device in Figure 97 there was no pre-deposition surface 

processing of a-Si:H. The V-I characteristics of the device with 170nm a-BC:H deposited 

on HF acid processed of a-Si:H, is shown in Figure 98 from two separate metal contacts. 

The direct comparison of V-I curves between the two devices is shown in Figure 99. 

 

Figure 98 V-I characteristic of a-Si:H(p)/a-BC:H(n) device with HF pre-deposition process 
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Figure 99 V-I characteristics of a-Si:H/a-BC:H devices with HF processed a-Si:H layer and 

unprocessed a-Si:H layer on the same scale (left) and unprocessed device on a secondary vertical 

axis (right) 

The V-I curves exhibit similar behavior with the comparable turn-on voltage of 

3.4-3.8V between two devices which can be seen in Figures 97, 98, 99 (right) with a 

secondary vertical axis introduced for the unprocessed pre-deposition device structure. 

However, the pre-deposition processed device exhibits a significantly higher current 

output of 15μA compared to 1.14μA at 5V which can be seen in Figure 99 (left) where 

both V-I curves are on the same scale. This indicates the improvement in the junction 

formation at the interface between a-Si:H and a-BC:H as a-BC:H was grown by the same 

process for both devices. In the reverse bias region, the breakdown voltage occurs at 

approximately 5V for the HF processed device. This breakdown could occur as the HF 

processing reduced thickness of a-Si:H film to approximately 35nm from the 

approximately 55nm of the unprocessed a-Si:H film determined by the ellipsometric 

optical model of the a-BC:H/a-Si:H structure. 

The HF process of the a-Si:H layer before device fabrication increased the current 

output of the device compared to the unprocessed a-Si:H/a-BC:H device. However, 
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compared to the c-Si/a-BC:H device the current output is still smaller. The comparison 

between the c-Si/a-BC:H and the a-Si:H/a-BC:H device is shown in Figure 100, where 

the left vertical axis scales the a-Si:H/a-BC:H device and the right vertical axis the c-Si/a-

BC:H device. 

 

Figure 100 V-I characterstics of a-Si;H(p)/a-BC:H(n) (left vertical axis) and c-Si(p)/a-BC:H(n) 

(right vertical axis) devices 

It can be noted that the turn-on voltage is lower for the c-Si/a-BC:H device by 

~1.4V, increasing the current output by ~16 times more than the a-Si:H/a-BC:H device at 

5V. However, as previously discussed, the turn-on voltage is a contributing factor but not 

the sole factor in the current output differences. Additionally, the c-Si/a-BC:H does not 

exhibit breakdown in this voltage range, while HF processed a-Si:H/a-BC:H does. This 

could be attributed to the thickness of the highly p-type a-Si:H layer of 50nm, compared 

to the 300μm thick c-Si layer. The thin a-Si:H fully depletes in the reverse bias region, 
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causing the electric field to be applied across the entire a-Si:H layer. As the electric field 

sweeps carriers across the depleted layer at a certain voltage bias, breakdown occurs. 

Noticeable differences between unprocessed a-Si:H/a-BC:H, HF processed a-

Si:H/a-BC:H and c-Si:H/a-BC:H could be attributed to the formation of the junction at 

the interface between two layers. The XPS oxygen spectra is observed for both HF 

processes and unprocessed a-Si:H layer in the a-Si:H/a-BC:H devices and shown in 

Figure 101. 

 

Figure 101 XPS oxygen spectra comparison of the a-BC:H/a-Si:H device with no HF (left 

vertical axis) and HF acid pre-deposition processing of a-Si:H (right vertical axis) 

 The XPS oxygen spectra in Figure 101 is collected at approximately the same 

depth within each device structure to produce comparable results. The bulk oxygen 

spectra are collected in the layer of the structure where either only boron or only silicon is 

present. The interface spectra are collected in the layer of the structure where both boron 
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and silicon peaks are present. The unprocessed surface of a-Si:H is contaminated by 

carbon and oxygen, which could additionally produce contamination throughout the a-

BC:H film. As plasma-induced reactions occur at the surface of the contaminated a-Si:H, 

additional bonding of H, C, O can occur resulting in noticeable peak shifts and intensities 

seen in Figure 101. 

The oxygen spectra of the HF pre-deposition-processed structure is scaled on the 

secondary axis (right axis) as shown by the color labeling, for simpler visualization as the 

oxygen content of the HF processed structure is at least a factor of 5 lower than in the 

device without any processing. This at least partially explains the V-I characteristic 

behavior between two devices shown in Figure 99 and previously discussed. 

 However, both c-Si and a-BC:H were HF processed pre-device fabrication, and 

still exhibit different V-I characteristic behavior (Figure 100). The difference in the V-I 

characteristic could be attributed to the formation of the heterojunction interface as a-

Si:H and c-Si have certain different electronic properties and structural differences 

(amorphous and crystalline).  

 The valence band offset between a-BC:H and a-Si:H is obtained by collecting 

XPS core level data in the bulk and at the interface of the device structure, as discussed in 

detail in the previous section. The bulk CL peak and the VBM of a-BC:H in the bulk was 

collected at the depth profile of the layer where only the B peak is present, and the CL 

peak and VBM of a-Si:H in the bulk was collected at the layer where only the Si peak is 

present. Interface CL peaks were collected at the depth profile where both boron and 

silicon peaks were present. The XPS core level peaks in the bulk and in the interface, and 

the valence band maxima of a-BC:H and a-Si:H are shown in Figures 102-105 
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Figure 102 XPS spectra of B (a-BC:H) in the bulk and at the interface with a-Si:H 

 

Figure 103 XPS spectra of Si (a-Si:H) in the bulk and at the interface with a-BC:H 
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Figure 104 Valence band maximum of a-BC:H from XPS spectra from the bulk 

 

Figure 105 Valence band maximum of a-Si:H from XPS spectra from the bulk 
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Equation 20 was used to calculate VBO of the a-BC:H/a-Si:H structure from the 

data points shown in Table 13. The VBO calculations are shown in Equation 25. 

Table 13 Core level peaks and valence band maxima for a-BC:H and a-Si:H 

Layer CL (eV) CLint (eV) VBM (eV) 

a-BC:H (n-type) 188.08±0.1 188.28±0.1 0.53±0.05 

c-Si (p-type) 98.98±0.1 99.08±0.1 0.08±0.05 

Equation 25: 𝑉𝐵𝑂 = ∆𝐸𝑣 = 98.9 − 187.35 + 89.2 = 0.55𝑒𝑉 

 The valence band maxima and conduction band minima of a-BC:H and a-Si:H at 

the interface are calculated by Equation 22 and 23 (discussed in the previous section). 

The band diagram at the interface is illustrated and shown in Figure 106, including the 

valence and conduction band offsets and the bandgap of a-BC:H (1.2eV) and a-Si:H 

(3.92eV). 

 

Figure 106 The a-BC:H(n)/a-Si:H(p) heterojunction band diagram at the interface 

As valence band maxima of a-Si:H and a-BC:H obtained from the XPS 

measurements are at the positions of the valence band maxima with respect to the Fermi 
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level in the a-BC:H and a-Si:H bulk, the band diagram of the entire heterojunction can be 

illustrated as shown in Figure 107. 

 

Figure 107 The a-BC:H(n)/a-Si:H(p) heterojunction band diagram 

As the Fermi levels need to align there is band bending at the interface, as 

discussed in the previous section. The Fermi level position with respect to the valence 

band of a-Si:H in the bulk can be calculated using Equation 26, where the doping of the 

p+-type a-Si:H is approximately 1x1019cm-3 and p-type density of states 2x1020cm-3. 

Equation 26: 𝐸𝐹 − 𝐸𝑉 = 𝑘𝑇 ∙ 𝑙𝑛 (
𝑁𝑉

𝑝
) = 0.026𝑒𝑉 ∙ 𝑙𝑛 (

2∙1020

1∙1019) = 0.078𝑒𝑉 

NV – p-type density of states of single crystal silicon (NV) 

p – hole concentration of the used p-type c-Si wafer 

 The calculated Fermi level position is close to the valence band as expected for a 

heavily doped semiconductor. The valence band maximum binding energy with respect 

to the Fermi level in the bulk of a-Si:H obtained by the XPS measurements is shown to 

be approximately 0.08eV (Figure 105). Both calculated and experimentally obtained 

values are comparable, confirming the approach of the Kraut’s method using the XPS 

measurements to investigate the band structure at the interface.  
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4.3 Discussion of the a-BC:H/a-Si:H (c-Si) band diagrams  

The objective of forming the band structures of the a-BC:H/a-BC:H and a-

BC:H/c-Si interface is to attempt to understand the V-I characteristic differences between 

the two devices investigated in this chapter. As discussed, Kraut’s method utilizes XPS 

binding energy measurements with respect to the Fermi level [8]. Because the Fermi 

levels at the interface need to align between two semiconductors, the band diagrams 

obtained from the Kraut’s method relate to the interface of the two semiconductors 

forming a heterojunction. The bulk properties of the semiconductors forming the 

heterojunction cannot be obtained from the Kraut’s method because bulk material 

properties do not necessarily dictate the behavior of the materials at the interface [14]. 

However, from the bulk valence band maxima obtained via XPS measurements, the 

complete band diagram of the heterojunction can be illustrated with respect to the Fermi 

level as shown in Figure 96 and 107. 

The band diagrams of the a-BC:H/a-Si:H and the a-BC:H/c-Si have been 

previously discussed but are shown in Figure 108 side by side for reference. 

 

Figure 108 Band diagrams of a-BC:H/c-Si (left) and a-BC:H/a-Si:H (right) heterojunctions 

 From Figure 108 it can be noted that the a-BC:H/a-Si:H heterojunction has larger 

valence and conduction band offsets than the a-BC:H/c-Si heterojunction. There are also 

differences in the position of the valence and conduction bands with respect to the Fermi 
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level for the two cases. Additionally, it can be noted that the heterojunction formed at the 

interface of a-BC:H with c-Si and a-Si:H produces different band bending between the 

two structures. 

The a-Si:H and c-Si have comparable electron affinities of 3.92eV and 4eV 

respectively. The electron affinity is the energy an electron needs to completely leave the 

conduction band and reach vacuum just outside the semiconductor. The electron affinity 

rule for band alignment states that the heterojunction band alignment is dictated by the 

electron affinities of different semiconductors, so the electron affinity rule states that the 

conduction band offset is equal to the difference in the electron affinities of two 

semiconductors (Equation 27) [14]. 

Equation 27: ∆𝐸𝑐 = 𝑞𝜒𝑆𝑖 − 𝑞𝜒𝐵𝐶 

 If the electron affinity rule is followed, the electron affinity of a-BC:H is 

calculated using Equation 27 to be 4.23eV by knowing the conduction band offset 

(0.23eV) at the a-BC:H/c-Si interface shown in Figure 108 (right) and the electron 

affinity of c-Si (4eV). However, if the electron affinity rule is applied to the a-BC:H/a-

Si:H interface, knowing the electron affinity of a-Si:H (3.92eV) and conduction band 

offset (1.05eV) at the interface shown in Figure 108 (left), the electron affinity of a-BC:H 

is calculated to be 4.97eV. There is a difference of 0.74eV between the two electron 

affinities calculated for the a-BC:H layer between two devices. 

There are two apparent differences between the two devices that could contribute to 

the differing formation of the heterojunction interfaces: 

1. Deposition temperature of a-BC:H grown on a-Si:H (250ºC) and on c-Si (350ºC) 

2. The amorphous structure of a-Si:H compared to the crystalline structure of c-Si. 
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Through internal communication with the National Renewable Energy Laboratory where 

the a-Si:H films were grown, it was stated that the temperature of a-Si:H should not 

exceed the deposition temperature of 250ºC due to surface crystallization that occurs at 

higher temperatures. The a-BC:H/c-Si devices were grown with the established procedure 

in the literature where optimal deposition of a-BC:H was achieved at 350ºC. Optical 

characterization via spectroscopic ellipsometry did not yield any differences in the optical 

constants between a-BC:H deposited at different temperatures. Observing the XPS 

measurements of boron in Table 12 and 13, there are 0.2eV and 0.1eV differences 

between core level and interface core level binding energies of a-BC:H deposited at 

350ºC and 250ºC. However, as the XPS measurements have been collected at the 0.1eV 

step resolution, and the calculated electron affinities of a-BC:H from two band diagrams 

are different by 0.74eV, the subtle difference in the core level binding energies should not 

produce a large electron affinity difference within the same material. 

 The more fundamental explanation of the electron affinity difference within a-

BC:H between the a-BC:H/a-Si:H and a-BC:H/c-Si device structures is the fact that 

electron affinity rule does not always work. The electron affinities reflect potential shifts 

arising from the surface electronic structure, and not the shifts that are due to the charge 

distribution at the actual interface [14]. Meaning that the electron affinity rule attempts to 

define the behavior at the interface by using bulk semiconductor properties. This is why 

the band offsets are generally experimentally determined [14], and why Kraut’s method 

in literature has not been utilized to obtain electron affinities of the various 

semiconductors forming heterojunctions [9-13]. 



154 

 

 

 

Additionally, the built-in potential is defined as the potential difference across the 

junction defined by the difference in the Fermi level in the bulk of two semiconductors 

forming a junction. As previously discussed, the Fermi levels need to be aligned when the 

junction is formed, resulting in bending of the conduction and valence bands. Therefore, 

the built-in potential is the amount bands need to bend to align the Fermi levels. To 

calculate the position of the Fermi level from the material properties, it is necessary to 

know the doping concentration and the density of states of the valence or conduction 

band. As those quantities are unknown for n-type a-BC:H, the position of the Fermi level 

in the bulk is also unknown. Because the bulk Fermi level position is unknown for a-

BC:H the built-in potential cannot be calculated. 

Even though the electron affinity of a-BC:H and the built-in potential at the 

heterojunction cannot be calculated, the difference in the band offsets between a-BC:H/a-

Si:H and a-BC:H/c-Si could be attributed to the formation of the interface with two 

structurally different films, amorphous and crystalline silicon films. As the band offsets 

are not dictated by the electron affinities that are comparable between the two (3.92eV 

and 4eV), the mechanism that cause different interface formation at the junction with a-

BC:H are unknown. However, the energy differences between band offsets are enough to 

cause differing device performance noticeable on the respective V-I curves of a-BC:H/a-

Si:H and a-BC:H/c-Si devices. 
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4.4 Summary 

In this chapter, the results of the investigation of a-BC:H devices have been shown 

through fabrication and characterization of c-Si/a-BC:H and a-Si:H/a-BC:H 

heterojunction devices. As single crystal silicon degrades over time due to radiation 

damage, the a-Si:H is used as a p-type layer substitute to introduce a novel neutron 

detection heterojunction device fabricated with n-type a-BC:H grown from meta-

carborane. 

 There are noticeable differences in V-I characteristics between devices that utilize 

c-Si and a-Si:H, as well as devices that utilize surface processed a-Si:H and the ones that 

do not. As c-Si/a-BC:H devices exhibit higher current output and lower turn-on voltage 

than the a-Si:H/a-BC:H, the interface of a-Si:H/a-BC:H devices was examined by XPS to 

attempt to understand the reduction of current flow through the a-Si:H/a-BC:H devices. It 

was concluded that the HF acid pre-deposition processing improves the interface by 

reducing the oxygen content and the surface contaminants of a-Si:H that seem to 

contribute to more pronounced H-O-C and C=O bonding in the bulk of a-BC:H and at the 

interface. However, HF acid processing of a-Si:H does not improve the current output to 

the comparable values of the c-Si/a-BC:H devices. The differences in the V-I 

characteristics can be partially attributed to the differences in the band structures. The 

XPS measurements are used to construct the heterojunction band diagram of both devices 

by calculating the valence band offsets of c-Si/a-BC:H and a-Si:H/a-BC:H structures 

from the core level XPS peaks and valence band spectra using Kraut’s method. 

The heterojunction formed between a-BC:H/c-Si and a-BC:H/a-Si:H are type II 

heterojunctions, with larger band offsets at the interface of a-BC:H/a-Si:H. As the Fermi 
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level in the bulk of a-BC:H is unknown the built-in voltage of the two devices cannot be 

calculated. However, the noticeable differences in the band offsets could be a 

contributing factor to the V-I characteristic differences between devices. Additionally, as 

there are fundamental structural differences between single crystal and amorphous 

silicon, the full effects of the interfaces formed with a-BC:H are not completely 

understood. However, the differences between the two devices are partially defined 

throughout the chapter by V-I characteristics and XPS measurements, providing clear 

indication that a novel a-Si:H/a-BC:H heterojunction device with potential for neutron 

detection was developed. 

 

. 
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Chapter 5 – Summary and Conclusion 

The main objective of this dissertation was to present a novel device fabricated from 

n-type hydrogenated amorphous boron carbide and p-type hydrogenated amorphous 

silicon. Through device V-I characterization, ellipsometry and XPS measurements it was 

shown that a-Si:H has potential to be used as a device layer in a low-cost, durable, and 

efficient neutron detector device. 

The potential for a quality neutron detector is based on the neutron absorption 

efficiency of boron carbide as a compound of boron, specifically from its naturally 

abundant B10 isotope that has a large absorption cross-section (3840 barns) at low 

energies (0.025eV). With the combination of attractive material properties such as 

abrasion resistance, high melting point, chemical inertness, and radiation resistance in 

part due to its icosahedra molecular structure, boron carbide has been widely researched 

for next generation solid-state neutron detectors. There have been all-BC devices 

fabricated from polymeric precursors closo-1,2-dicarbadodecaborane (ortho-carborane, 

C2B10H12) and closo-1,7-dicarbadodecaborane (meta-carborane, C2B10H10) via plasma 

enhanced chemical vapor deposition. These devices have demonstrated the detection of 

thermal neutrons, and a neutron voltaic effect but have shown limitations.  

Devices fabricated from a-BC:H and single crystal silicon have shown improved 

device performance: lower turn-on voltage, higher current output, and no breakdown at 

high voltages. However, as single crystal silicon degrades under radiation over time, 

hydrogenated amorphous silicon was presented as a substitute for neutron detector device 

fabrication, as its amorphous structure and presence of hydrogen reduces degradation due 

to radiation damage.  
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Developing an a-Si:H/a-BC:H device was initially defined by optimization of a-

BC:H film deposition process. The a-BC:H film growth via plasma enhanced chemical 

vapor deposition is a complex process dependent on various deposition parameters, it was 

shown how those parameters affect film growth and how a-BC:H deposition was 

optimized to produce as identical as possible thin-film device layers. 

The next objective was to understand metal contacts as integral parts of device 

fabrication, as the type of contact formation and the effect of metal contact resistance on 

n-type a-BC:H has not been previously investigated. When the metal contact effects are 

not defined, understanding of the device behavior is unclear as different contacts can 

affect device current flow by either forming an Ohmic or a Schottky contact with a 

device layer. It was shown how various metals interact with both p-type and n-type a-

BC:H, identifying titanium as forming an Ohmic contact with n-type a-BC:H. Using the 

spreading resistance model, it was shown how contact resistance and resistivity of a-

BC:H can be measured in the direction of the device current flow. It was important to 

note that various investigated metals form a Schottky contact with p-type a-BC:H. The 

current flow through the Schottky contact was shown to produce orders of magnitude 

lower currents through the metal/a-BC:H structure than the Ohmic contact, introducing 

another limitation of utilizing p-type a-BC:H in the device fabrication process. 

The 4-Wire V-I measurements of a-Si:H/a-BC:H and c-Si/a-BC:H devices showed 

differences in the device behavior: different turn-on voltages, breakdown, and current 

flow. Additional characterization of device interfaces via XPS indicated a noticeable 

difference of device performance dependent on pre-deposition surface processing of a-

Si:H. The oxygen reduction at the interface by HF acid processing improved current flow 
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of the a-Si:H/a-BC:H but has not improved device performance to the level of c-Si/a-

BC:H devices. A contributing factor to dissimilar V-I characteristics was defined from 

the differences in the band structure alignment by measuring the valence and conduction 

band offsets of the device layers via XPS using Kraut’s method. Even though the Fermi 

level of a-BC:H is unknown so the exact built-in voltage of the devices cannot be 

calculated it was quantitatively shown the c-Si/a-BC:H device has lower discontinuities 

in the band structure that can contribute to the device performance. Additionally, as a-

BC:H is deposited on single crystal and amorphous silicon, coupled with surface 

chemistry and band alignment, it can be concluded that the interface formation at the 

heterojunction structure significantly affects the a-Si:H/a-BC:H device performance. 

This dissertation successfully presented the development and characterization of a 

novel heterojunction a-BC:H(n)/a-Si:H(p) with neutron detector/voltaic potential. This 

was done by identifying titanium as an ohmic metal contact with n-type a-BC:H, 

determining the band structure at the interface and successfully demonstrating device 

operation under voltage compared to the already established a-BC:H/c-Si device. 

The potential for future research of the novel a-BC:H/a-Si:H devices is rooted in the 

ability to dope both a-BC:H grown from meta-carborane and a-Si:H device layers. The 

spreading resistance measurement technique performed as a function of film thickness 

allows for calculation of the film resistivity and contact resistance. With this method 

there is potential to quantify how doping affects a-BC:H independently, while also 

showing how it affects device performance. Finally, with the ability to dope both a-Si:H 

and a-BC:H from meta-carborane, there is potential in creating an a-Si-BC-BC p-i-n 

junction neutron detector device.  
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