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Semiconducting amorphous partially dehydrogenated boron carbide has been 

explored as a neutron voltaic for operation in radiation harsh environments, such as on 

deep space satellites/probes. A neutron voltaic device could also be used as a solid 

state neutron radiation detector to provide immediate alerts for radiation workers/

students, as opposed to the passive dosimetry badges utilized today. Understanding 

how the irradiation environment effects the electrical properties of semiconducting 

amorphous partially dehydrogenated boron carbide is important to predicting the 

stability of these devices in operation. p-n heterojunction diodes were formed from 

the synthesis of semiconducting amorphous partially dehydrogenated boron 

carbide on silicon substrates through the use of plasma enhanced chemical vapor 

deposition (PECVD). Many forms of structural and electrical measurements and 

analysis have been performed on the p-n heterojunction devices as a function of 

both He+ ion and neutron irradiation including: transmission electron microscopy 

(TEM), selected area electron diffraction (SAED), current versus voltage I(V), 

capacitance versus voltage C(V), conductance versus frequency G(f), and charge 

carrier lifetime (τ). In stark contrast to nearly all other electronic devices, the 

electrical performance of these p-n heterojunction diodes improved with 

irradiation. This is most likely the result of bond defect passivation and resolution of 

degraded icosahedral based carborane structures (icosahedral molecules missing a B, 

C, or H atom(s)). 
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FTIR Fourier transform infrared 

𝐺𝐺 Conductance 

𝐺𝐺 Diffusion conductance 

Gm Measured conductance 

𝐺𝐺0 Low frequency differential diode conductance 

HOMO Highest occupied molecular orbital 

HRTEM High resolution transmission electron microscopy 

𝐼𝐼 Intensity of a diffracted x-ray beam 

𝐼𝐼𝐷𝐷𝑖𝑖𝐷𝐷𝐷𝐷 Diffusion current 

𝐼𝐼0 Dark current, or saturation current 

𝐼𝐼𝑅𝑅−𝐺𝐺 Current due to charge recombination or charge generation 

I(V) Current measured as a function of applied voltage 

𝑗𝑗 Imaginary number – √−1 

𝐽𝐽𝑣𝑣 Reverse bias leakage current density 

𝐿𝐿 Film length 

LANL Los Alamos National Laboratory 

𝐿𝐿𝑁𝑁 Electron diffusion length 



𝐿𝐿𝑃𝑃 Hole diffusion length 

LUMO Lowest unoccupied molecular orbital 

𝑚𝑚 Profile parameter in a graded p-n junction 

𝑚𝑚𝑛𝑛𝑒𝑒𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 Mass of a neutron 

MS Metal semiconductor interface 

𝑚𝑚𝑆𝑆𝑖𝑖 Mass of a silicon atom 

𝑛𝑛 Integer multiple in the Bragg equation 

𝑛𝑛 Ideality factor in the ideal diode equation 

𝑛𝑛+ n side of a p-n junction is heavily doped compared to the p side 

𝑁𝑁𝐴𝐴 Doping concentration of acceptors in a p-type film 
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𝑁𝑁𝑛𝑛 Neutron fluence 

𝑁𝑁𝑛𝑛 Trap concentration 

𝑁𝑁𝑇𝑇 Number of transmitted neutrons 

NVID Neutron voltaic identification tag 

OPV Organic photovoltaic 

𝑝𝑝+ p side of a p-n junction is heavily doped compared to the n side 

PECVD Plasma enhanced chemical vapor deposition 

Py Pyridine 

𝑞𝑞 Elementary charge 

𝑅𝑅 Resistance 

R1 First Parallel junction resistance: interpreted as a-B10C2+xHy/Si and/or 
a-B10C2+xHy/Cr interface(s) 

R2 Second Parallel junction resistance component: interpreted as silicon p-
n homojunction near ion end of range 

R3 Series resistance of device including quasi-neutral region of Si substrate, 
contact resistance of anode & external circuitry 

RBS Rutherford back scattering 

RFID Radio frequency identification tag 



𝑅𝑅𝑆𝑆 Series resistance 

SAED Selected area electron diffraction 

SEM Scanning electron microscopy 

SIMS Secondary ion mass spectroscopy 

SRIM Stopping and range of ions in matter 

𝑡𝑡 Film thickness 

𝑇𝑇 Device temperature 

TEM Transmission electron microscopy 

V2 Di-vacancy state 

𝑉𝑉𝐴𝐴 Applied voltage 

𝑉𝑉𝑏𝑏𝑖𝑖 Built-in voltage 

virgin non-irradiated sample 

𝑉𝑉𝐽𝐽 Junction voltage 

𝑊𝑊 Depletion width 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

XRR X-ray reflectivity 

𝑌𝑌 Complex admittance 

𝑌𝑌𝐷𝐷 Diffusion admittance 

Z Equivalent complex impedance 
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𝜀𝜀0 Permittivity of free space – 8.854×10-12 F m-1 

𝜀𝜀1 Dielectric constant of semiconductor 1 

𝜀𝜀2 Dielectric constant of semiconductor 2 

𝜃𝜃 Scattering angle 
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𝜎𝜎 Capture cross section (hole capture as well as neutron capture) 

𝜏𝜏𝑛𝑛 Electron lifetime 
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Φ Work function – minimum amount of thermodynamic work needed to 
remove an electron from a solid to a point in the vacuum just outside of 
the solid surface 

𝜒𝜒 Electron affinity – the change in energy of a neutral atom when an 
electron is added to the atom to form a negative ion 

𝜑𝜑𝑏𝑏1 Built-in potential of Semiconductor 1 
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Chapter 1 Introduction 
Currently there are two main foci in the study of boron carbides in the 

semiconductor industry. The first is as a real time solid-state neutron radiation 

detector [1–9] that can immediately alert radiation workers to exposure. The second is 

as a neutron voltaic for current generation [10–13] in radiation harsh environments 

with a moderate to high flux of neutrons. Both applications operate off of the same 

concept; that is, creating an electric field and depletion region in a semiconductor 

through the synthesis of a p-n junction or Schottky barrier. The electric field serves to 

separate electron hole pairs generated from irradiating neutrons, and the depletion 

region allows the separated charge carriers to be swept toward contacts with minimal 

recombination. If electrons reach the cathode or holes reach the anode current is 

generated. 

In addition to the semiconductor industry, within the medical industry, there is 

a vast amount of research into icosahedral based boron carbides as it relates to Boron 

Neutron Capture Therapy [14–17] (BNCT) as a form of radio immunotherapy. 

Although the application is vastly different from that of neutron detection and neutron 

voltaics, much of the materials characterization (i.e. structural and chemical) has 

significant overlap. The research of BNCT in the area of materials characterization 

has been useful in this research project, and cited where applicable. 

Currently, in the United States there are 7100 nuclear warheads, 87.6 tonnes 

Pu (weapons grade), 599 tonnes highly enriched U of various sizes (example shown in 

Fig. 1.1), and 625 tonnes Pu (most in the form of spent fuel rods) [18]. Tracking this 

inventory of fissile material is quite challenging. One of the proposed methods for 

tracking is through the use of radio frequency identification (RFID) tags such as the 

commercially available tag shown in Fig. 1.2. RFID tags such as the one pictured in 



2 
Fig. 1.2 have a memory chip in the center, and are ringed by an antenna. The memory 

chip stores a text file, and when a hand held chip reader is brought in close proximity 

to the tag, the hand held reader emits a radio frequency. That radio frequency interacts 

with the antenna to generate a current, allowing the chip to transmit the stored text to 

the reader. 

 

Fig. 1.1: Picture of highly enriched uranium for use in scientific experiments [19]. 

 

Fig. 1.2: RFID tag available from Shenzhen Chuangxinjia RFID tag corporation. 
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By affixing an RFID tag on each specimen, spent fuel rod, and warhead with unique 

text or identification number, inventorying what belongs where becomes much easier. 

There are a couple of issues with this concept. The first is that it is not real-

time; i.e., it requires an active reading. If an inventory is taken every quarter, what 

happens if radioactive material goes missing in the months between readings? What if 

instead we could use the neutrons that are naturally being emitted from the fissile 

materials to keep a real-time inventory of the nuclear stockpile that sends a signal 

immediately when a piece of the inventory is removed from its storage location? This 

then is no longer an RFID tag, but a neutron voltaic identification (NVID) tag. 

How would such a device operate? There are only a handful of elements that 

interact with neutrons in a meaningful way. Boron (specifically 10B) is one of the 

elements that has a moderate cross section for thermal neutron capture (0.305 ± 0.016 

barns) [20,21]. 10B neutron capture leads to the loss of boron and creation of daughter 

fragments with significant kinetic energy [2,8,22]. This is described by the equations 

below, and illustrated in Fig. 1.3: 

10B + n → 7Li (0.84 MeV) + 4He (1.47 MeV) + γ (0.48 MeV)   (94%) 

10B + n → 7Li (1.02 MeV) + 4He (1.78 MeV)     (6%) 

 

Fig. 1.3: Cartoon illustrating the neutron capture fragmentation process with boron atoms, after [23] 

Unstable 
11B nucleus 
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Following the capture/fragmentation process, the 7Li and 4He ions deposit 

energy as they traverse the device in the form of electronic excitation (ionizing 

energy) or elastic collisions (recoil energy) [24]. This energy deposition creates 

electron-hole pairs in the ion tracks, and the electric field created across the p-n 

junction separates the charges, generating a current pulse as Fig. 1.4 demonstrates [5]. 

 

Fig. 1.4: Measured current pulses through a boron carbide homojunction demonstrating that neutron 
capture and current pulse generation occurs in the presence of neutrons, after [5]. 

The polytypes of boron rich icosahedrals, such as boron carbide, boron nitride, and 

boron phosphide are of particular interest because of their apparent ability to heal 

neutron [25], electron [13,26], and alpha (He+) [27] radiation. This radiation hard 

aspect is extremely important for devices expected to function in radiation harsh 

environments, such as attached to fissile materials, reactor chambers and deep space. 

Currently, boron carbide based electrical devices suffer from several 

limitations. These materials have limits in current rectification efficiency leading to a 

constant power drain due to high defect concentrations [28] and low carrier mobilities 

[29]. Although exceptionally high mobilities have been sometimes claimed [30], such 

claims have not been attributed to plasma-enhanced chemical vapor deposited 

(PECVD) semiconducting boron carbide. 

Neutron Source On 
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 The purpose of this dissertation is to determine the electrical properties of 

semiconducting amorphous partially dehydrogenated boron carbide, and further to 

determine how those electrical properties change with irradiation. The forms of 

irradiation studied will reflect the forms of radiation to which electrical devices put 

into service are likely to be subjected: neutron irradiation (primary) and ion irradiation 

(secondary—resultant from capture/fragmentation process). 

 Nearly every traditional electrical device suffers degradation in electrical 

performance under irradiation [31–33]. This is demonstrated in Fig. 1.5 through 

irradiation of a diamond-Aluminum Schottky Barrier Diode with neutrons at a flux of 

2.2×109 neutrons/cm2 s [31]. With a very small amount of damage, 3.4×10-6 

displacements per atom (DPA), the device displays immediate device degradation.  

 
Fig. 1.5: Schottky Barrier Diode irradiation to 3.4x10-6 DPA. Flux of 2.2x109 neutrons per cm2 s. 
Reprinted from [31], with the permission of AIP Publishing. 

The cause of device degradation in Fig. 1.5 is the transformation of diamond to 

regions of amorphous carbon (a-C). This causes changes in the band structure, killing 

rectification properties, and increasing the dark current. The diamond-Al Schottky 

barrier structure above has been proposed as a radiation based battery [34]. The 

problem becomes that a device, in addition to having the property of neutron 

sensitivity, must also be radiation hard.  
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Chapter 2 Experimental Details of Film Synthesis, Device 

Fabrication, and Characterization 

2.1 Plasma Enhanced Chemical Vapor Deposition 

 Plasma Enhanced Chemical Vapor Deposition (PECVD) is a technique that 

uses electric fields to assist in film synthesis. The technique is very similar to 

Chemical Vapor Deposition (CVD) in that a volatile precursor is given enough energy 

to react, decompose, or condense on a substrate. However, CVD synthesis is typically 

a high temperature process. The plasma enhancement of the CVD process utilizes the 

electric field created by a plasma between electrodes to drive the ionized atoms of the 

plasma gas toward a substrate. The combination of the electric field and the kinetic 

energy of the ionized gas allow for the precursor material to become reactive or 

decompose, and allows for film synthesis at lower temperatures. For example, the 

CVD temperature of boron carbide is 1000 C [1], while the PECVD temperature of 

boron carbide is between 250 - 450 C [2–4]. 

 The PECVD process for boron carbide synthesis is really a 2-part process: 1) 

Interaction between the precursor molecule and the ionized plasma gas, and 2) Ion 

bombardment at the substrate surface. A schematic of the PECVD system is shown 

below in Fig. 2.1 with major components labeled. To start with, a plasma is 

established in an Argon environment. The creation of the plasma is accomplished 

through the use of a 2-inch 13.56 MHz radio frequency (RF), water cooled, sputter 

gun (with the magnets removed) powered by an Advanced Energy® RFX 600 two-

stage power generator using a Fetpower™ modular power amplifier and 

accompanying ATX 600 matching network. The sputter gun is labeled as the “Driven 

Electrode” in Fig. 2.1. The substrate rests on the substrate heater, which also serves as 
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the grounded electrode. While parameters can vary, these experiments utilized a 

200 mTorr Ar+ environment in a vacuum chamber with a base pressure below 5×10-7 

Torr. 

 

 

 

Fig. 2.1: Schematic of PECVD chamber labeling critical components: left image is the exterior of the 
chamber, right image is the interior of the chamber. 

Once an Ar+ plasma is established, a precursor of 1,2 dicarbadodecaborane, i.e. 1,2-

B10C2H12 (o-carborane) is introduced to the plasma. o-carborane is a molecule 

organized in an icosahedral geometry, shown in Fig. 2.2, along with the other two 

closo-carborane molecular configurations. 
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Fig. 2.2: Model of icosahedral closo-carboranes in three molecular configurations: (a) 1,2-
Dicarbadodecaborane, B10C2H12, (o-carborane), (b) 1,7-Dicarbadodecaborane, B10C2H12, 
(m-carborane), (c) 1,12-Dicarbadodecaborane, B10C2H12, (p-carborane). Modeled after images by 
Sigma-Aldrich. The two dark circles represent C atoms, the other ten intersections are occupied by a B 
atom. All 12 atoms (C and B) have a bonded H atom normal to the plane. 

The first part of film synthesis is the interaction of the molecule with the 

ionized Ar+ atoms. The molecules are fractured by collisions with the Ar+ atoms 

creating a “soup” of intact molecules, degraded molecules (o-carborane molecules 

missing a B, C, or H atom), and molecules in an anion or di-anion state. This soup of 

molecular states, being formed inside of the electric field between the two electrodes 

of the plasma, accelerates the ions toward the grounding electrode, where the 

substrate is located. The second part of film synthesis is the Ar+ ion bombardment 

once the o-carborane molecular soup has deposited on the substrate. The electric field 

accelerates the Ar+ ion toward the grounding electrode, and causes bombardment 

which acts like an atomic shot peen hammer forcing the molecules closer together, as 

well as causing large amounts of energy deposition resulting in extremely localized 

increases in temperature, resulting in film synthesis. 

 For the scope of this research, device fabrication begins with an n-type (P 

doped) silicon substrate. During the research process, the substrate resistivity was 

changed from 1-10 Ω×cm to 65-120 Ω×cm. The purpose of the change was to shorten 

the depletion width within the a-B10C2+xHy film. Substrate preparation consisted of 

successive 5 minute sonication baths in acetone, methanol, and, de-ionized, filtered 

(b) (c) (a) 

B-H atom 
combinations 

C-H atom 
combinations 
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water. This is followed by a 5 wt% hydrofluoric acid (HF) bath to remove the native 

oxide layer and provide hydrogen termination [5]. A 30 minute Ar+ plasma etch was 

performed prior to film deposition according to the procedures outlined by Hong [2] 

for film synthesis with annealing of a-B10C2+xHy. This study employed the deposition 

parameters outlined by Hong, but did not post-anneal. The purpose of the Ar+ plasma 

etch is to remove any advantageous carbon or water from the Si substrate. 

 The a-B10C2+xHy films are then grown via PECVD by introducing the source 

molecule (o-carborane) to the established plasma used for the Ar+ plasma etch. The 

growth environment was 200 mTorr Ar+, with a substrate temperature of 350 °C, and 

a power density of 6.479 × 10-3 W/cm2. Boron carbide films grown under these 

conditions were determined to be amorphous by high-resolution transmission electron 

microscopy (HRTEM) and electron diffraction [6] (shown in chapter 3). 

2.2 Metallization 

 In order to perform electrical characterization, metal electrodes must be 

deposited as part of device creation. Over the course of this work, two systems were 

utilized for metallization. The first is a 1 inch d.c. AJA International Inc. magnetron 

sputter source attached to a 10-inch inner diameter UHV stainless steel spherical 

reactor chamber with a base pressure below 1×10-7 Torr. This system was utilized to 

deposit Au and Cr (~300 nm each). Au was sputtered at 20 W, and Cr was sputtered 

at 30 W. Both metals were sputtered in an Ar+ plasma at a pressure of 5 mTorr. The 

second system utilized was a “Hex Deposition System” purchased from Mantis 

Deposition Inc. It is capable of magnetron sputtering, e-beam evaporation, and 

thermal evaporation. The 2-inch magnetron sputtering source was utilized to deposit 

Al (~500 nm). 
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 Direct Current (d.c.) sputtering is a thin film physical vapor deposition 

technique where a target material, the material to be used for coating, is bombarded 

with ionized gas molecules with sufficient energy to displace clusters of atoms 

“sputtering” them off of the target. These ballistically vaporized clusters of atoms are 

ejected hemispherically outward to condense on the substrate to be coated as well as 

chamber walls. To minimize the deposition on chamber walls, and increase 

directionality of film deposition, chimneys are sometimes installed. Fig 2.3 shows a 

schematic of the d.c. magnetron sputtering process including the magnetic and electric 

fields. 

 

Fig. 2.3: Schematic of a d.c. magnetron sputtering process in a sputter down configuration. After [7]. 

 When selecting a metal to create the connecting electrode, the workfunction 

(Φ) of the metal must be taken into account. Ideally, the metal to semiconductor 

contact will form an ohmic contact, and not interfere or modify the electrical 

measurements to be performed in characterizing the electrical device. The 

workfunction of a semiconductor has two distinct parts, the electron affinity (𝜒𝜒), and 

the energy difference between the conduction band energy level (𝐸𝐸𝐶𝐶) and the Fermi-

Energy level (𝐸𝐸𝐹𝐹).  

Equation 2-1 

Φ𝑆𝑆 = 𝜒𝜒 + (𝐸𝐸𝐶𝐶 − 𝐸𝐸𝐹𝐹) 

Silicon Substrate 
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It should be noted that Φ𝑀𝑀(workfunction of the metal) and 𝜒𝜒 are material constants 

and remain unaffected by the contacting process. After the contacting of the metal and 

the semiconductor, the electrons will begin to transfer from the material with the 

lower workfunction to the material with the higher workfunction. The material that 

loses electrons will become less n-type, the material that gains electrons will become 

more n-type. This will be reflected in the appropriate band bending at the metal-

semiconductor interface. Fig. 2.4 shows what such band bending looks like for an n-

type semiconductor, such as the n-type Si used as a substrate in device design. 

 

 

Fig. 2.4: Energy band diagrams for ideal MS contacts between a metal and an n-type semiconductor: 
𝛷𝛷𝑀𝑀 > 𝛷𝛷𝑆𝑆 system (a) an instant after contact formation and (b) under equilibrium conditions; 𝛷𝛷𝑀𝑀 < 𝛷𝛷𝑆𝑆 

system (c) an instant after contact formation and (d) under equilibrium conditions. Reproduced from 
[8]. 

Table 2.1 presents the metal-semiconductor (MS) selection rule indicating whether 

the MS contact formed will result in a Rectifying contact or Ohmic contact [8]. 
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Table 2-1: Electrical Nature of Ideal MS Contacts 

 n-type 
Semiconductor 

p-type 
Semiconductor 

Φ𝑀𝑀 > Φ𝑆𝑆 Rectifying Ohmic 

Φ𝑀𝑀 < Φ𝑆𝑆 Ohmic Rectifying 

 

It has been shown that PECVD synthesized semiconducting boron carbide 

films utilizing 1,7-Dicarbadodecaborane, B10C2H12, (m-carborane), as the source 

molecule tend to produce n-type films[9]. It has recently been shown that said films 

make an Ohmic contact with Au (Φ𝑀𝑀 = 5.1) [10]. It remains an open focus of 

research to determine which metals form Ohmic contacts with PECVD synthesized 

boron carbide with o-carborane as the source molecule. 

For this research, a set of shadow masks were utilized with the d.c. magnetron 

sputtering systems for the deposition of the top and bottom contacts. The top shadow 

mask had 4 circles drilled (2 mm diameter) through stainless steel sheeting. The 

bottom shadow mask was created by an acid etching process (Photo Etch Technology) 

that created a set of 4 mm by 8 mm rectangles designed to overlap the circles of the 

top shadow mask. All 6 metal contacts then had a copper wire affixed by silver paint. 

Images of the top and bottom metallization are shown below in Fig. 2.5. 

 

Fig. 2.5: 1 cm×1 cm sample showing (a) the top of a sample with 4 circular Cr/Au contacts each 2 mm 
in diameter and (b) the bottom of a sample with 2 rectangular Cr/Au contacts each 4 mm×8 mm. The 

bottom contacts are designed to overlap the circular contacts to provide a perpendicular flow of 
charges. 

(a) (b) 
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2.3 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is a technique where electrons are 

passed through a thin sample. Depending on how the electrons interact with the 

sample, diffracting off of the crystal structure, transmission through the sample, or 

scattering off of the sample, an image is formed. TEM images shown in this work 

were obtained in bright field mode, where the greater the transmission of electrons 

through the material, the greater the intensity, and the brighter that region of the 

image will appear. Thicker regions, regions with higher concentrations of scattering 

centers, and regions with elements of higher atomic number (𝑍𝑍) will appear darker.  

High Resolution Transmission Electron Microscopy (HRTEM) provides 

images with resolutions in the range of 0.25 nm (according to FEI’s specifications), 

allowing for the examination of the atomic structure of a sample. In this 

configuration, the microscope is capable of looking at stacks of atoms with the stacks 

appearing either light or dark depending on whether the microscope is slightly under-

focused or slightly over-focused.  

Selected area electron diffraction (SAED) uses an aperture to examine the 

crystal structure of a specific area of the sample. The aperture is a thin strip of metal 

with a small hole in it. Placing the aperture in the electron beam path has the effect of 

blocking all electrons except for those that traverse through the small hole. By moving 

the location of the hole, the user may examine specific locations of the sample. In the 

diffraction configuration, the microscope detects electrons that have been diffracted 

off the lattice planes. Only electrons interacting with the sample lattice planes at 

specific angles will meet the Bragg condition for diffraction: 

Equation 2-2 

2𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃) = 𝑠𝑠𝑛𝑛 
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Where 𝑑𝑑 is the interplanar distance, 𝜃𝜃 is the scattering angle, 𝑛𝑛 is the incident 

wavelength, and 𝑠𝑠 is an integer multiple. These specific angles converge as spots 

representing the crystal lattice in reciprocal space. This is very similar to x-ray 

diffraction patterns, except that SAED allows for the examination of an area of the 

sample as small as several nanometers in length. Fig 2.6 a) shows the schematic of a 

transmission electron microscope without the SAED aperture inserted yielding a 

bright-field image, and b) with the SAED aperture inserted providing the diffraction 

pattern of the sample. 

 

Fig. 2.6: Schematic representation of a transmission electron microscope where a) has an aperture 
that blocks diffracted electrons and transfers transmitted electrons down the microscope (focal plane) 

and b) has the selected area aperture inserted at the back focal plane, and transfers the diffracted 
electrons down the microscope, after [11]. 

The analysis of SAED patterns can reveal many important qualities and 

characteristics of the material being studied. The intensity (𝐼𝐼) of the diffracted beam 

is proportional to the square of the structure factor (𝐹𝐹) of the material.  

Equation 2-3 

𝐼𝐼 ∝ |𝐹𝐹|2 
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The structure factor is a mathematical function describing the amplitude and phase of 

a wave diffracted from a crystal lattice plane characterized by Miller indices (h k l): 

Equation 2-4 

𝐹𝐹 = �𝑓𝑓𝑖𝑖

𝑛𝑛

𝑖𝑖=1

𝑒𝑒−2𝜋𝜋𝑖𝑖(ℎ𝑢𝑢𝑖𝑖+𝑘𝑘𝑣𝑣𝑖𝑖+𝑙𝑙𝑤𝑤𝑖𝑖) 

where (𝑢𝑢𝑖𝑖  𝑣𝑣𝑖𝑖 𝑤𝑤𝑖𝑖) are the unit cell coordinates of the atoms (i.e. for body centered 

cubic (𝑢𝑢1𝑣𝑣1 𝑤𝑤1) are the set �(0 0 0), �1
2

 1
2

 1
2
��), 𝑓𝑓𝑖𝑖 is the atomic scattering factor, and 

𝑠𝑠 is the number of constituent atom structures in the sample. Making use of the 

mathematical identities: 

Equation 2-5 

𝑒𝑒𝑛𝑛𝜋𝜋𝑖𝑖 = 1 𝑠𝑠𝑓𝑓 𝑠𝑠 𝑠𝑠𝑠𝑠 𝑒𝑒𝑣𝑣𝑒𝑒𝑠𝑠 

𝑒𝑒𝑛𝑛𝜋𝜋𝑖𝑖 = −1 𝑠𝑠𝑓𝑓 𝑠𝑠 𝑠𝑠𝑠𝑠 𝑜𝑜𝑑𝑑𝑑𝑑 

It is then possible to calculate which planes are forbidden, or allowed, in the 

diffraction pattern. Using body centered cubic as an example, for ℎ + 𝑘𝑘 + 𝑙𝑙 = 𝑜𝑜𝑑𝑑𝑑𝑑 →

𝐹𝐹 = 0, and those sets of crystallographic planes {1 0 0}, {1 1 1}, {2 1 0} … will be 

absent from the SAED pattern. 

 Fig. 2.7 provides an example of an image and diffraction pattern of a highly 

organized crystal system. The data is taken from Zn2SnO4 nanowires formed in a 

rhombohedral crystal structure. Fig 2.7 (a) shows that the unit cell is complex, but the 

inset of (d) demonstrates that the SAED pattern provides useful crystallographic 

information.  
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Fig. 2.7: (a) Structure of a spinel (AB2O4) unit cell. (b) Schematic of a Zn2SnO4 nanowire formed by 
periodic rhombohedral crystals that are enclosed by {111} equivalent facets. (c) TEM image of a 

Zn2SnO4 nanowire. (d) HRTEM image of the boxed area in (c). Inset is the FFT (SAED equivalent) 
image that shows the nanowire’s [111] growth direction. (e) Enlarged HRTEM image and (f) 

corresponding NCEMSS simulation result. Reprinted with permission from [12]. Copyright (2012) 
American Chemical Society. 

 When the sample is not as highly organized as in Fig. 2.7, but instead has 

many crystalline parts that are randomly oriented with respect to each other, that is 

considered polycrystalline. In polycrystalline samples, the Bragg condition and 

structure factor calculations do not change, but many orientations of the same 

diffraction pattern will be displayed simultaneously. If enough of these random 

orientation diffraction patterns display simultaneously, they become diffraction rings 

instead of diffraction spots, as illustrated in Fig. 2.8. The data displayed in Fig. 2.8 is 

obtained from a polycrystalline Al sample, both SAED and x-ray diffraction (XRD) 

data is displayed. Experimental SAED data is displayed on the left half. Calculated 

polycrystalline SAED are displayed as solid rings on the right half, and are overlaid 

with XRD data as red lines labeled with crystallographic planes. An important note is 

that the profile of the SAED pattern becomes the intensity of the XRD measurement. 
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Fig. 2.8: The experimental SAED pattern, overlaid by the calculated SAED pattern, and experimental 
XRD pattern of polycrystalline Al in the top right quadrant. 

As samples becomes even less organized, losing or lacking long-range order 

(becoming amorphous), the peaks of the XRD pattern begin to broaden. Since the 

profile of the SAED pattern is the XRD pattern, this means that the rings of the SAED 

pattern are no longer sharp as in Fig. 2.8, but also broaden, becoming what is termed 

amorphous halos. This is shown in Fig. 2.9. 

 

Fig. 2.9: Selected Area Electron Diffraction (SAED) pattern obtained from silica superstructures 
showing amorphous halos. Reprinted with permission from [13]. 

A very thorough description of these and other more complicated analytical 

techniques may be obtained by reading Transmission Electron Microscopy: a 

textbook for materials science by David B. Williams and C. Barry Carter [11]. 

XRD pattern is the 
profile of the SAED 
pattern 
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All cross-section TEM samples in this work were prepared from 

semiconducting amorphous partially dehydrogenated boron carbide films using 

standard gluing, mechanical grinding and polishing procedures, followed by a low 

energy (3.7 keV) ion milling. Images were acquired with an FEI Tecnai Osiris 

(S)TEM electron microscope. 

2.4 Secondary Ion Mass Spectroscopy (SIMS) 

Secondary ion mass spectroscopy (SIMS) is a destructive analysis technique 

that examines the mass spectroscopy of ionized particles that have been emitted from 

a material following irradiation from an energetic primary ion beam [14]. Fig. 2.10 

shows that this is fundamentally a sputtering process.  

 

Fig. 2.10: Schematic of the SIMS irradiating ion and resulting collision cascade, after [15]. The 
sputtered ionized particles, secondary ions, are collected and analyzed. 

When the energetic primary ion beam, typically Ar, Xe, or Cs, impacts the 

sample surface, energy is transferred from the irradiating ion to the sample material. 

Generally, this transfer of energy provides kinetic energy to the target lattice and 

results in ion implantation of the primary beam ions (though occasionally they are 

back scattered depending on mass and irradiating angle). The transfer of kinetic 

energy results in the ejection low energy electrons, auger electrons, photons, x-rays, 

Ar+ 
Sputtered atoms 
collected for analysis 
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neutral particles, excited clusters, and ionized particles [16]. These ejected ionized 

particles are termed secondary ionized particles since they did not originate in the 

primary ion beam. Of the ejected material, the mass spectrometers are only capable of 

detecting the ionized particles. The detector, there are many versions [14], ion current 

generated by the secondary ion particles is described by: 

Equation 2-6 

𝐼𝐼𝑚𝑚 = 𝐼𝐼𝑝𝑝 × 𝑌𝑌𝑚𝑚 × 𝛼𝛼 × 𝜃𝜃𝑚𝑚 × 𝜂𝜂 

Where 𝑦𝑦𝑚𝑚 is the secondary ion current of species 𝑚𝑚, 𝐼𝐼𝑝𝑝 is the primary ion flux, 𝑌𝑌𝑚𝑚 is 

the sputter yield, 𝛼𝛼 is the ionization probability, 𝜃𝜃𝑚𝑚 is the fractional concentration of 

species 𝑚𝑚 in the surface layer and η is the transmission of the analysis system. It is 

important to note that 𝑌𝑌𝑚𝑚is the total yield, neutral and ionic, per primary impact. Fig. 

2.11 provides an example of what the data from a SIMS measurement provides. 

 

Fig. 2.11: SIMS chemical profile of AlN/IDT/AlN/Sapphire heterostructure. Reprinted with permission 
from [17], copyright (2016), IEEE. 

If the sample atomic concentration, sputter rate, and sample thickness are known 

quantities, usually through the use of a standard, then further analysis is possible 

providing a chemical composition versus film depth profile as shown in Fig. 2.12. For 

this research, EAG, Inc. performed SIMS measurement and analysis. A standard 
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obtained by elastic recoil detection was provided to EAG, Inc. allowing for the depth 

profile analysis shown in Fig. 2.12.  

 

Fig. 2.12: SIMS depth profile showing elemental atomic percentage as a function of film depth for 
amorphous semiconducting partially dehydrogenated boron carbide on Si. The mean film composition 

is taken as 54 at% B, 27 at% H, 9 at% C, 6 at% O, 4 at% N. 

2.5 Elastic Recoil Detection (ERD) 

Elastic recoil detection (ERD) is a form of forward recoil spectroscopy. This 

form of spectroscopy uses an incident particle with a mass equal to or larger than that 

of the target atoms. The incident energy is then primarily transferred to the lighter 

target atoms in a recoil collision as described by: 

Equation 2-7 

𝐸𝐸2
𝐸𝐸0

=
4𝑀𝑀1𝑀𝑀2

(𝑀𝑀1 + 𝑀𝑀2)2 𝑐𝑐𝑜𝑜𝑠𝑠
2(∅) 
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Where 𝐸𝐸0 is the monoenergetic incident ion energy, 𝑀𝑀1 is the mass of the incident 

ion, 𝑀𝑀2 is the mass of the target atom, and ∅ is the recoil angle. The experimental 

geometry is shown in Fig. 2.13. 

 

Fig. 2.13: Experimental geometry for forward recoil spectrometry experiments to determine depth 
profiles of 1H and 2H in solids, after [18]. 

The depth profiles are determined by the energy loss of the incident ion along the 

inward path and the energy loss of the recoil ion(s) along the outward path. By setting 

the incident beam to an angle α, and the detector to an angle 2α, the path length is the 

same for both the penetrating ion and the forward recoil (outward) ion. From Equation 

2-8, a target recoil ion originating at the surface will have an energy 𝐸𝐸2 = 𝐾𝐾′𝐸𝐸0, 

where 𝐾𝐾′ denotes the recoil kinematic factor, and is experimentally obtained for 

specific angles using standards. Recoils obtained at the back surface (of sample 

thickness 𝑡𝑡) will have an energy: 

Equation 2-8 

𝐸𝐸2(𝑡𝑡) = 𝐾𝐾′𝐸𝐸0 − 𝐾𝐾′∆𝐸𝐸𝑖𝑖𝑖𝑖𝑛𝑛 − ∆𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑙𝑙 

Where ∆𝐸𝐸𝑖𝑖𝑖𝑖𝑛𝑛 is the energy loss of the penetrating ion along the inward path, and 

∆𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑙𝑙 is the energy loss of the recoil ion along the outward path: 

Equation 2-9 

∆𝐸𝐸𝑖𝑖𝑖𝑖𝑛𝑛 =
𝑑𝑑𝐸𝐸
𝑑𝑑𝑑𝑑
�
𝐼𝐼𝑖𝑖𝑛𝑛

𝑡𝑡
sin (𝛼𝛼)

 

∆𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑙𝑙 =
𝑑𝑑𝐸𝐸
𝑑𝑑𝑑𝑑
�
𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑙𝑙

𝑡𝑡
sin (𝛼𝛼)
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Where 𝑑𝑑𝐸𝐸 𝑑𝑑𝑑𝑑⁄ |𝑖𝑖𝑖𝑖𝑛𝑛, the stopping power of the target on the penetrating ion, is 

evaluated at 𝐸𝐸0 and 𝑑𝑑𝐸𝐸 𝑑𝑑𝑑𝑑⁄ |𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑙𝑙, the stopping power of the target on the recoil ion, is 

evaluated at 𝐸𝐸2 [18]. Fig. 2.14 plots data obtained using 40 MeV Ni ions incident on 

amorphous semiconducting partially dehydrogenated boron carbide on Si. The data is 

plotted in atoms/cm2. By dividing the data by the atomic concentration of the sample, 

a more familiar depth profile may be obtained (i.e. cm). The data of Fig. 2.14 was 

used as the standard in the SIMS analysis shown in Fig. 2.12. 

 

 

Fig. 2.14: Elastic Recoil Detection data of incident 40 MeV Ni ions upon amorphous semiconducting 
partially dehydrogenated boron carbide on Si. 

2.6 Current versus Voltage Measurements 

 In order to characterize an electrical device using a current versus voltage I(V) 

measurement, one must first have a base understanding of the device being measured. 

Although the electrical response of a p-n junction diode and a metal-semiconductor 

(Schottky barrier) device appear similar, they are fundamentally different devices. A 

p-n junction diode is a minority carrier based device and a Schottky barrier device is a 

majority carrier based device. As such, the governing equations of I(V) for each are 
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vastly different. An examination of the band structure of a p-n junction diode based 

device will provide better context of what is being measured. 

 Let us consider the simplified case of a homojunction, a junction created from 

the same base material though doped to have differing carrier concentrations. An 

example of this would be a silicon junction with the n side of the junction being 

silicon doped with phosphorous (providing a donor electron), and the p side of the 

junction being silicon doped with boron (providing an acceptor site). Let ● represent 

an electron, and represent a hole. Further, let 𝐸𝐸𝐶𝐶 be the conduction band, 𝐸𝐸𝐹𝐹 be the 

Fermi Energy level, 𝐸𝐸𝑉𝑉 be the valence band, and 𝐸𝐸𝑖𝑖 be the intrinsic energy level. Then 

Fig. 2.15 crudely illustrates the equilibrium energy band diagram  (𝑉𝑉𝐴𝐴 = 0).  

 

 

 

Fig. 2.15: p-n junction diode energy band diagram, carrier distribution, and carrier activity close to 
the depletion region at equilibrium (VA=0). Notice that the diffusion current and drift current cancel 

each other out. After figure from [8]. 

In this condition, most of the carriers do not have sufficient energy to overcome the 

potential barrier, and so are turned back by the electric field created within the 

depletion region. However, there are some high-energy electrons in the n side quasi-

neutral region with sufficient energy to overcome the potential barrier and cross to the 

p side. Similarly, there are some high-energy holes in the p side quasi-neutral region 

with sufficient energy to overcome the potential barrier and cross to the n side. These 

IDrift IDiffusion 

IDrift IDiffusion 
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processes are the diffusion of charge carriers from high concentration regions to low 

concentration regions. This is defined as the diffusion current.  

Electrons in the p side, though low in concentration, are not restricted in any 

way from crossing to the n side of the junction, nor are holes in the n side restricted. 

The electric field therefore sweeps away any charge carriers that randomly wander, or 

drift, into the depletion region. This is defined as the drift current. However, this p to 

n electron drift exactly matches the n to p electron diffusion current under equilibrium 

conditions, and so cancels each other out. Similarly, the n to p hole drift current 

exactly matches the p to n hole diffusion current, also cancelling each other out. Thus, 

according to the ideal diode equation (Equation 2-10 shown below), at 𝑉𝑉𝐴𝐴 = 0, the 

current equals 0. 

Equation 2-10 

𝐼𝐼 = 𝐼𝐼0 �𝑒𝑒
�𝑞𝑞𝑉𝑉𝐴𝐴 𝑛𝑛𝑘𝑘𝑛𝑛� � − 1� 

Equation 2-11 

𝐼𝐼0 = 𝑞𝑞𝑞𝑞 �
𝐷𝐷𝑁𝑁
𝐿𝐿𝑁𝑁

 𝑠𝑠𝑖𝑖2

𝑁𝑁𝐴𝐴
+
𝐷𝐷𝑃𝑃
𝐿𝐿𝑃𝑃

 𝑠𝑠𝑖𝑖2

𝑁𝑁𝐷𝐷
� 

Where 𝑞𝑞 is the elemental charge, 𝑉𝑉𝐴𝐴 is the applied voltage, 𝑠𝑠 is the ideality factor (1 

for ideal), 𝑘𝑘 is the Boltzmann constant, 𝑇𝑇 is the device temperature (in °K), 𝑞𝑞 is the 

area of the metal contact, 𝐷𝐷𝑁𝑁 is the electron diffusion coefficient, 𝐿𝐿𝑁𝑁 is the electron 

diffusion length, 𝑠𝑠𝑖𝑖 is the intrinsic carrier concentration, 𝑁𝑁𝐴𝐴 is the acceptor carrier 

concentration, 𝐷𝐷𝑃𝑃 is the hole diffusion coefficient, 𝐿𝐿𝑃𝑃 is the hole diffusion length, and 

𝑁𝑁𝐷𝐷 is the electron carrier concentration. 𝐼𝐼0 is also known as the dark current, or the 

saturation current. A current versus voltage plot of a diode that follows the ideal diode 

equation behavior, until breakdown is reached near -37 volts, is shown in Fig. 2.16. 
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Fig. 2.16: Linear plot of the measured I(V) characteristics derived from a commercially available Si p-
n junction diode at room temperature. The plot permits a course evaluation of the diode characteristic. 

Note the change in voltage scale in going from forward to reverse bias. After figure from [8]. 

 When the p-n junction diode is forward biased (𝑉𝑉𝐴𝐴 > 0), as defined by the 

positive voltage contacted to the p side, if one assumes the resistive voltage drop 

across the quasi-neutral regions are minimal, the applied voltage must be applied 

across the depletion region. This externally applied voltage lowers the potential 

barrier on the n side in relation to the p side, as shown in Fig. 2.17. From Equation 2-

10 we see that as the barrier is lowered an exponentially increased number of charge 

carriers have enough energy to overcome the potential barrier, resulting in an 

exponential increase in the current flow. 

  

Differing voltage 
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Fig. 2.17: p-n junction diode energy band diagram, carrier distribution, and carrier activity close to 

the depletion region under forward bias (𝑉𝑉𝐴𝐴 > 0). Notice that the diffusion current is now significantly 

greater than the drift current. After figure from [8]. 

Naturally, when the applied bias is reversed (𝑉𝑉𝐴𝐴 < 0), the voltage has the 

opposite effect i.e. an increase in the potential barrier. This is shown in Fig. 2.18. In 

this configuration, the only contribution to current in the ideal case is due to the drift 

current. For a more detailed discussion on this topic, many text books and online 

resources provide the electrostatics and derivations of the diffusion equations for p-n 

junction diodes [8,19].  

 

Fig. 2.18: p-n junction diode energy band diagram, carrier distribution, and carrier activity close to 
the depletion region under reverse bias (𝑉𝑉𝐴𝐴 < 0). Notice that the drift current is the only contribution 

to current flow. After figure from [8] 
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The above discussion assumes an ideal diode. In working with a real device, 

one must also account for series resistance. The quasi-neutral regions of the n and p 

material have an inherent resistance that is determined by the doping and geometry of 

the regions. Further, there can be a contact or junction resistance between the material 

and metallization contacts, the wires between the p-n junction diode and the 

measurement equipment, and the power supply itself. To account for the series 

resistance (𝑅𝑅𝑆𝑆), one replaces 𝑉𝑉𝐴𝐴 in Equation 2-10 with 𝑉𝑉𝐽𝐽 where: 

Equation 2-12 

𝑉𝑉𝐽𝐽 = 𝑉𝑉𝐴𝐴 − 𝐼𝐼𝑅𝑅𝑆𝑆 

resulting in: 

Equation 2-13 

𝐼𝐼 = 𝐼𝐼0 �𝑒𝑒
�𝑞𝑞(𝑉𝑉𝐴𝐴−𝐼𝐼𝑅𝑅𝑆𝑆)

𝑛𝑛𝑘𝑘𝑛𝑛� � − 1�         𝑉𝑉𝐴𝐴 → 𝑉𝑉𝑏𝑏𝑖𝑖 

where 𝑉𝑉𝑏𝑏𝑖𝑖 is the built in voltage of the p-n junction diode. Equation (2-13) is a 

transcendental equation that cannot be solved for 𝐼𝐼 as a function of 𝑉𝑉𝐴𝐴. However, if 𝑅𝑅𝑆𝑆 

is known, one can assume a set of 𝑉𝑉𝐽𝐽 values (for example a set of voltages provided 

by a power supply), and then compute 𝑉𝑉𝐴𝐴 using Equation (2-13). 𝑉𝑉𝐴𝐴 may then be 

plotted versus the measured current values obtained for an accurate plot that corrects 

for the effects of series resistance. 

When comparing real data to the theory of the ideal diode equation provided 

in either Equation 2-10 or Equation 2-13, a measured current is found to be much 

greater than that predicted in the small forward bias, and the entire reverse bias 

regions. In the small forward bias region, this excess current is due to thermally 

excited charge carriers that result in recombination-generation current (𝐼𝐼𝑅𝑅−𝐺𝐺) in the 

depletion region of the p-n junction diode. Reverse biasing reduces the carrier 

concentration in the depletion region below the equilibrium values. In order to go 
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back to a neutral state, charge carriers are thermally generated or injected into the 

region in an attempt to return to equilibrium, leading to a contribution to the current in 

excess of that predicted. Forward biasing increases the charge concentration of the 

depletion region above the equilibrium values. The increased concentration in both 

electrons and holes in the depletion region gives rise to recombination as an electron 

encounters a hole. As such, the current through a p-n junction diode under forward 

bias (positive voltage) is comprised of two components: a diffusion current �𝐼𝐼𝐷𝐷𝑖𝑖𝐷𝐷𝐷𝐷� 

and a recombination-generation current (𝐼𝐼𝑅𝑅−𝐺𝐺). The combined forward and reverse 

bias current is then described by: 

Equation 2-14 

𝐼𝐼𝐷𝐷𝑖𝑖𝐷𝐷𝐷𝐷 = 𝑞𝑞𝑞𝑞 �
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Equation 2-15 

𝐼𝐼𝑅𝑅−𝐺𝐺 =
𝑞𝑞𝑞𝑞𝑠𝑠𝑖𝑖
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Equation 2-16 

𝑊𝑊 =  �
2𝜀𝜀1𝜀𝜀0
𝑞𝑞

�
𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷
𝑁𝑁𝐴𝐴𝑁𝑁𝐷𝐷

� (𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉𝐴𝐴)�
1 2⁄

 

Equation 2-17 

𝜏𝜏0 ≡
1
2
�𝜏𝜏𝑝𝑝𝑒𝑒(𝐸𝐸𝑇𝑇−𝐸𝐸𝑖𝑖) 𝑘𝑘𝑛𝑛⁄ + 𝜏𝜏𝑛𝑛𝑒𝑒(𝐸𝐸𝑖𝑖−𝐸𝐸𝑇𝑇) 𝑘𝑘𝑛𝑛⁄ � 

Equation 2-18 

𝐼𝐼 = 𝐼𝐼𝐷𝐷𝑖𝑖𝐷𝐷𝐷𝐷 + 𝐼𝐼𝑅𝑅−𝐺𝐺 

Where 𝑊𝑊 is the depletion width, 𝜀𝜀1 is the dielectric constant, 𝜀𝜀0 is the permittivity of 

free space, 𝑁𝑁𝐴𝐴 is the acceptor concentration in the p side, 𝑁𝑁𝐷𝐷 is the donor 
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concentration in the n side, 𝜏𝜏𝑛𝑛 is the electron lifetime, 𝜏𝜏𝑝𝑝 is the hole lifetime, 𝐸𝐸𝑛𝑛 is the 

trap energy level, and 𝐸𝐸𝑖𝑖 is the Fermi level energy of an intrinsic semiconductor.  

 The previous discussion is all based on the concept of a homojunction p-n 

junction diode. This discussion is all valid for the situation that the electron affinity 

and band gap (or HOMO-LUMO gap (Highest Occupied Molecular Orbital – Lowest 

Unoccupied Molecular Orbital)) are roughly equivalent. Any deviation in either the n 

or p region, and the situation becomes much more involved. The best source for 

discussion is usually found within the context of a bipolar heterojunction transistor 

(BJT) [8,20] 

 For this research, all 𝐼𝐼(𝑉𝑉) measurements were obtained using a Keithley 

2411B SourceMeter to deliver a dc voltage, a Keithley 6485 PicoAmmeter to measure 

the resulting current, and a HP 3478A Multimeter to measure the voltage across the 

device under test. 

2.7 Capacitance versus Voltage Measurements 

 The junction region of a p-n junction diode contains both capacitive (𝐶𝐶) and 

conductive (𝐺𝐺) components. In order to probe these components, a sinusoidal 

perturbation voltage is superimposed over a d.c. voltage giving rise to an a.c. current 

in response. The diode response in general exhibits an admittance (𝑌𝑌) taking the form: 

Equation 2-19 

𝑌𝑌 = 𝐺𝐺 + 𝑗𝑗𝑗𝑗𝐶𝐶 

Where 𝑗𝑗 = √−1 and 𝑗𝑗 is the angular frequency (𝑗𝑗 = 2𝜋𝜋𝑓𝑓), and 𝑓𝑓 is the small signal 

perturbation frequency. Similar to the I(V) measurement, both the capacitance and 

conductance are also functions of the d.c. voltage. 

 It is convenient to begin by examining the reverse biased admittance because 

the conductance in reverse bias is small in a good diode. The result is that 𝑌𝑌 ≅ 𝑗𝑗𝑗𝑗𝐶𝐶. 
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In addition, the reverse bias capacitance is the result of majority carrier oscillations 

inside the p-n junction diode. It is key to keep the small signal perturbation voltage on 

the order of a few tens of millivolts or less. The depletion width changes with applied 

bias. In reverse bias, the depletion width is getting larger. A small perturbation 

voltage ensures that the changes in depletion width at the d.c. voltage point (steady 

state depletion width) is small. Remember, there can be no capacitance without the 

change in charge. It is this change in charge at the edge of the depletion region, 

resultant from the d.c. voltage, that gives rise to the reverse bias capacitance, and 

which is defined as the junction capacitance �𝐶𝐶𝐽𝐽�. 

Equation 2-20 

𝐶𝐶𝐽𝐽 =
𝜀𝜀1𝜀𝜀0𝑞𝑞

�(𝑚𝑚 + 2)𝜀𝜀1𝜀𝜀0
𝑞𝑞𝑁𝑁𝑩𝑩

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉𝐴𝐴)�
1 (𝑚𝑚+2)⁄  

Where 𝑚𝑚 is the profile parameter (𝑚𝑚 = 1 for linearly graded, 𝑚𝑚 = 0 for step, 𝑚𝑚 =

−1 for hyper-abrupt junctions), and 𝑁𝑁𝑩𝑩 is the carrier concentration (𝑁𝑁𝑨𝑨 or 𝑁𝑁𝑫𝑫) of the 

side with the smaller carrier concentration (lightly doped side). 

 It is of particular interest that 𝐶𝐶𝐽𝐽 is frequency independent. Physically, it does 

not matter how rapidly the depletion width changes, just that there is a change in 

charge about the edge of the depletion width. If multiple measurements are taken and 

differing perturbation frequencies (i.e. 10 kHz, 100 kHz, 1 MHz) and the reverse bias 

capacitance values are not identical, there are multiple capacitive components present. 

These could include interface states, trap states, or defect density distributions within 

the diode. 

 The forward bias admittance is a combination of both the majority and 

minority carriers. The majority carriers in forward bias will continue to respond to the 

junction capacitance. In addition, there will be a significant contribution from the 
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minority carrier charge oscillation in response to the perturbation signal. However, the 

minority carrier response is not frequency independent. The supply and removal of 

minority carriers is not as rapid as that of the majority carriers because of the reduced 

concentration: they must travel farther to meet the supply and demand of the 

perturbation in attempting to maintain equilibrium. At angular frequencies 

approaching the inverse of the minority carrier lifetimes, the minority carrier charge 

oscillation starts to move in an out-of-phase spatial variation. This out-of-phase 

charge oscillation ceases to contribute to the capacitance of the diode, and instead 

contributes to the conductance. Forward biasing creates a diffusion current which 

causes a buildup of minority carriers in the quasineutral regions adjacent to the 

depletion region. This buildup of minority carriers due to the diffusion current results 

in the forward bias admittance being identified as the diffusion admittance: 

Equation 2-21 

𝑌𝑌𝐷𝐷 = 𝐺𝐺𝐷𝐷 + 𝑗𝑗𝑗𝑗𝐶𝐶𝐷𝐷 

Where 𝐺𝐺𝐷𝐷 and 𝐶𝐶𝐷𝐷 are the diffusion conductance and diffusion capacitance 

respectively. Through the use of an impedance analyzer, the admittance of a diode 

may be measured. We see from Equation (2-21) that 𝑌𝑌𝐷𝐷 may be separated into the real 

and imaginary components,  

Equation 2-22 

𝐺𝐺𝐷𝐷 =
𝐺𝐺0
√2

��1 + 𝑗𝑗2𝜏𝜏𝑝𝑝2 + 1�
1 2⁄

 →     𝑝𝑝+ − 𝑠𝑠 𝑑𝑑𝑠𝑠𝑜𝑜𝑑𝑑𝑒𝑒 

Equation 2-23 

𝐶𝐶𝐷𝐷 =
𝐺𝐺0
𝑗𝑗√2

��1 + 𝑗𝑗2𝜏𝜏𝑝𝑝2 − 1�
1 2⁄

 →     𝑝𝑝+ − 𝑠𝑠 𝑑𝑑𝑠𝑠𝑜𝑜𝑑𝑑𝑒𝑒 

Equation 2-24 

𝐺𝐺0 =
𝑑𝑑𝐼𝐼
𝑑𝑑𝑉𝑉𝑎𝑎
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Where 𝐺𝐺0 is the low frequency differential diode conductance, and 𝑝𝑝+ is a p-n 

junction diode with the p side having a carrier concentration significantly higher than 

the carrier concentration of the n side. 𝐺𝐺0 may be directly taken by numeric 

differentiation of measured I(V) data. Taking the majority and minority carriers in 

consideration together, the small signal response of a p-n junction diode has three 

parallel components: junction capacitance, diffusion capacitance, and diffusion 

conductance. Typical capacitance versus voltage data of a p-n homojunction diode 

(Vishay Semiconductors Inc.) is shown in Fig. 2.19. The left axis plots the 

capacitance in nF, and the right axis plots 1/C2 which shows the small forward bias 

linear region. This region is often extrapolated to the applied bias intercept for an 

experimental determination of the device built-in potential. 

 

Fig. 2.19: Capacitance versus Voltage curve (left axis) and 1/C2 versus Voltage (right axis) data 
obtained from a commercial silicon epitaxial planar diode (purchased from Vishay Semiconductors) 

taken at 100 kHz. 

For this research, all 𝐶𝐶(𝑉𝑉) measurements were obtained using an HP model 

4192A impedance analyzer with an oscillation voltage set to 0.010 V in a 4-point 

parallel circuit. 
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Chapter 3 Improved p-n Heterojunction Device Performance 

Induced by Irradiation in Amorphous Boron Carbide Films 

3.1 Introduction 

This chapter of my dissertation was published in Materials Science and 

Engineering: B in December of 2015 (DOI: 10.1016/j.mseb.2015.09.002), and is 

reprinted with permission from Elsevier, Copyright (2015). There have been a few 

minor edits for continuity within this dissertation, such as moving much of the 

experimental section of the manuscript to Chapter 2 of this dissertation. All TEM 

sample preparation and measurements were performed by Qing Su of the Nebraska 

Center for Energy Sciences Research at the University of Nebraska – Lincoln. Qing 

Su also created Fig. 3.5 overlaying the Vacancy profile and Helium Concentration on 

the TEM image. Irradiation was performed by Yongqiang Wang with the Materials 

Science and Technology Division of Los Alamos National Laboratory. 

Icosahedral semiconducting boron rich materials have been investigated as a 

neutron detection medium for decades [1–12]. These materials include icosahedral 

based boron carbide [13–17], icosahedral based boron nitride [18,19] and icosahedral 

based boron phosphide [20,21]. What makes them particularly advantageous is their 

ability to heal neutron [13], electron [17,20], and alpha [22] radiation damage. 

Although, damage to the cross-linking chains within the unit cell and volumetric 

swelling from helium bubble formation is known [14–16] with extensive neutron 

irradiation. As noted in Chapter 1, the 10B neutron capture process leads to the loss of 

boron and creation of daughter fragments, including alpha particles with significant 

kinetic energy. This secondary irradiation as a result of the capture process heightens 

the importance of starting with a radiation hard material. When the goal is current 

generation through solid state neutron voltaics, or solid state neutron detection, 
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maintaining device efficiency with irradiation exposure makes the device much more 

effective and expands the application possibilities. As noted in Chapter 1, traditional 

electrical devices such as Schottky barrier diodes [23], and p-n junction diodes 

[24,25] experience immediate device degradation in radiation harsh environments. 

 Although there have been many studies of irradiation in boron carbides, none 

had explored the properties of an electrical device. Most studies were of hot-

pressed/sintered or sputtered material. Previous studies are encompassed by 

Transmission Electron Microscopy (TEM) [26–29], Scanning Electron Microscopy 

(SEM) [27,30,31], Atomic Force Microscopy (AFM) [32], Raman Spectroscopy 

[13,28,30,32], Fourier Transform Infrared (FTIR) [29,32], depth profiling (Elastic 

Recoil Detection Spectroscopy (ERDS)/Rutherford Back Scattering (RBS)) [27,31], 

X-Ray Reflectivity (XRR) [31], X-Ray Diffraction (XRD) [27,29,31], Secondary Ion 

Mass Spectroscopy (SIMS) [31], and X-Ray Photoelectron Spectroscopy (XPS) 

[27,29,31]. There has been a study on the structural properties and radiation hardness 

of boron carbide when enhanced with Carbon Nano-Tubes (CNT) [28], and there 

have been numerous studies of medical applications such as Boron Neutron Capture 

Therapy (BNCT) [29,33]. The BNCT studies examined the physical and chemical 

properties of nanoparticles, examined the modification of nanoparticles to find T cells 

through Fluorescence microscopy, and examined neutron radiation shielding [34,35].  

 Of the studies performed on semiconducting icosahedral based boron carbide 

that show something other than degradation, there are two important notes. First, the 

irradiation is electron radiation [20,21] meaning that the incident particle does not 

produce dense cascades of damage. Electron radiation produces discrete 

displacements, not cascades. The probability of cascade damage increases with the 

incident ion mass. Second, the damage/degradation occurs, and then is annealed out 
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[13]. The vast majority of device designs (voltaics, detectors, scintillators, transistors, 

etc.) are based on an ordered crystal lattice system that has been modified (such as by 

interstitial/substitutional doping) to minimize the radiation damage of the device [36]. 

Even so, the devices still experience immediate degradation, though at differing rates. 

3.2 Theory and Experiment 

 The p-n junction diode device explored in this chapter was synthesized 

following the procedures outlined in Chapter 2 using a substrate of resistivity 1-10 

Ω×cm. Following device creation, irradiation was completed at the Center for 

Integrated Nanotechnologies (CINT), within Los Alamos National Laboratory 

(LANL) using a 200 kV Danfysik impolanter. 200 keV He+ ions were implanted to a 

fluence of 6.5×1016 ions/cm2. Air-cooling was applied to ensure that the sample 

temperature remained below 40 °C during irradiation. One-half of each diode was 

covered with aluminum foil to maintain a portion of the sample in the virgin state for 

comparison. Following irradiation, the samples were returned for electrical 

characterization as outlined in Chapter 2.5. 

 When an ion enters a material, there are two main means of energy deposition. 

The first is due to electronic stopping (ionization). In this form of energy deposition, 

the incident ion represents a sudden perturbation to the system resulting in a transfer 

of energy from the projectile to the electrons of the target material [37]. The second 

form of energy deposition is due to energy transfer through the elastic collisions 

(recoil) between the projectile ion and the atoms of the target material. An ion range 

of approximately 1400 nm was projected for 200 keV He+ ions through application of 

the Monte Carlo SRIM simulation (stopping and range of ions in matter code) [38]. 

One aliquot fluence above (i.e. of 6.5×1016 ions/cm2) was calculated to result in 0.1 

displacements per atom (dpa) in the (a-B10C2+x:Hy) films studied, as determined from 
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the SRIM calculated damage events (full cascade mode) and assuming a film atomic 

density of 5.0×1022 atoms/cm3. The He+ ion irradiated fluence to dose (dpa) 

relationship is linear: 2 times the above fluence yields 0.2 dpa in dose, 5 times the 

above fluency yields 0.5 dpa in dose, etc.  

 Fig. 3.1 shows the SRIM simulation of energy deposition in a diode comprised 

of 285 nm (a-B10C2+xHy) where x is approximately 0 and y is approximately 4 

according to elastic recoil detection measurements, and semi-infinite silicon. 

 

Fig. 3.1: The SRIM simulation of energy deposition in a-B10C2+xHy -Si device separated into its 
ionization (electronic stopping) and recoil (elastic collisions) components per ion. Please note the 

change in scale between Recoil and Ionization energy deposition. Ionization energy deposition is more 
than an order of magnitude greater than Recoil energy deposition, and is the dominant form of energy 

deposition in the in a-B10C2+xHy portion of the device. 

This simulation indicates that the energy transferred to the a-B10C2+xHy film is 

dominated by the ionization process, and that within the Si substrate, energy 

deposition is a function of depth. Note the change in scale of Fig 3.1. The energy 

deposition due to electronic stopping (Ionization) is more than an order of magnitude 

greater than that due to elastic collisions (Recoil), ranging from 0 to 280 eV/nm 

compared to 0 to 14 eV/nm. However, recoils have a higher correlation to 
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displacement damage. Calculations indicate that a fluence sufficient to create 0.1 dpa 

in the a-B10C2+xHy creates 5.4 dpa at the ion end of range in Si [37]. 

3.3 Results 

 Current versus Voltage I(V) curves are used as a “Figure of Merit” for 

traditional p-n junction devices: a measure of how well a device performs. In this 

research, it is also valid as a Figure of Merit to characterize the device as a neutron 

voltaic because the current produced by a device from neutron radiation is a function 

of the charge separation capabilities of the junction. Following neutron capture by a 

10B atom, and fragmentation into the 7Li atom and alpha particle (He+), they create 

electron-hole pairs as they traverse the film. The ability of the device to separate the 

pairs to create both an electron current and a hole current will determine how effective 

the device will operate as a neutron voltaic. Caruso et al. showed that when a device 

cannot effectively separate the charges the device becomes a less effective neutron 

voltaic (shown in the pulse height spectra) [8]. 

 Fig. 3.2 plots the current versus voltage I(V) curves for selected 

a-B10C2+xHy/Si p-n heterojunction diodes as a function of irradiation. The solid black 

triangles (▲) show the I(V) response for the virgin a-B10C2+xHy/Si p-n 

heterojunction diode. Initial He+ ion irradiation, equivalent to 0.1 dpa (■) results in a 

sharp decrease in the magnitude of the reverse bias current as well as some decrease 

in the forward bias current. Further He+ ion irradiation, to the equivalent of 0.2 dpa 

(), results in an additional decrease of forward bias current. Irradiation to the 

equivalent of 0.5 dpa (●) results in a sharp increase in the current density surpassing 

that of the virgin heterojunction diode I(V) curve under both forward and reverse bias. 

Further significant increases in the heterojunction diode reverse bias current density is 

observed with irradiation to the equivalent of 0.8 dpa (). 
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Fig. 3.2: The current versus voltage curves for boron carbide to silicon heterojunction diodes, 
following different levels of irradiation. 

 To better quantify any improvements in device performance, as well as device 

degradation, the differential diode conductance Equation 2-24 (also called the low 

frequency diode conductance) as a ratio of forward bias to reverse bias [39] in the 

range from 0.75 to 1.00 V.  

Equation 3-1 

𝐺𝐺𝑑𝑑 =
𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑|𝐹𝐹
𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑|𝑅𝑅

 

This has been plotted in Figure 3.3. A good figure of merit for a p-n junction is a 

small leakage current, i.e. very low magnitude reverse bias current density compared 

to a significant forward bias current density, resulting in a large ratio of differential 

current with bias. Larger leakage currents resulting in a lower ratio, are indicative of 

device degradation. The error bars in Fig. 3.3 represent the standard deviation from 

the mean of the ratio calculated for each level of irradiation. 
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Fig. 3.3: The ratio of the derivative of forward bias current with respect to voltage by the derivative of 
reverse bias current with respect to voltage derived from the I(V) data taken between 0.75 and 1.00 

applied volts. The higher the ratio, the better the heterojunction diode performance (Figure of Merit). 
The error bars are the standard deviation of the calculated mean values. 

Significant improvement in device performance is seen in the samples with the 

equivalent of 0.1 and 0.2 dpa. Further irradiation to the equivalent of 0.5 dpa results in 

degradation of the heterojunction diode Figure of Merit to levels near what was seen 

for the virgin a-B10C2+xHy to silicon heterojunction diode. With irradiation to the 

equivalent of 0.8 dpa, the heterostructure begins to resemble a bad resistor. 

 Transmission electron microscopy (TEM), including high resolution 

(HRTEM), images were taken to examine the structural changes within the device in 

an attempt to further understand the source of the changes in the electrical properties 

of the device. Cross-sectional TEM samples were prepared from the virgin, 0.2 dpa, 

0.4 dpa, and 0.6 dpa equivalent He+ ion irradiated a-B10C2+xHy to silicon 

heterojunction specimens. All cross-section TEM samples were prepared from a-

B10C2+xHy films using standard gluing, mechanical grinding and polishing 

procedures, followed by a low energy (3.7 keV) ion milling. Images were acquired 
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with an FEI Tecnai Osiris (S)TEM electron microscope. Fig. 3.4 shows the HRTEM 

image of the a-B10C2+xHy /Si interface after He+ ion irradiation equivalent to 0.6 dpa, 

with an inset of the selected area electron diffraction (SAED) pattern of the a-

B10C2+xHy film. The image and SAED clearly show that the a-B10C2+xHy film 

remains amorphous, and just as clearly shows that the Si near the interface remains 

crystalline. However, it should be noted that this image would not indicate the 

presence or absence of point defects in the Si. Fig. 3.4 does show that the 

metallurgical junction (the physical interface between the p-type material and n-type 

material) remains abrupt and well defined. Fig. 3.4 indicates that changes in device 

performance may not be dictated by structural changes in the a-B10C2+xHy films or at 

the p-n heterojunction interface, rather damage to the silicon, not the boron carbide, is 

implicated as the cause of device degradation. 

 

Fig. 3.4: The HRTEM image of a-B10C2+xHy film-Si(001) interface after irradiation (0.6 dpa 
equivalent) and shows that the Si substrate remains crystalline near the interface and the a-B10C2+xHy 

film – Si(001) junction interface remains abrupt. The insert is a selected area electron diffraction 
pattern (SAED) of the boron carbide film, showing the born carbide remains amorphous. 

 The TEM cross-section image of the a-B10C2+xHy film and the silicon 

substrate, to a significant depth, is shown in Fig. 3.5. The image shows the device, 

after irradiation equivalent to 0.6 dpa in the boron carbide film, from the outer edge of 
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the a-B10C2+xHy film to the undamaged quasi-neutral silicon region. Overlaid on the 

image of Fig. 3.5 is the void distribution (solid red line), and the helium concentration 

as determined by SRIM. The irradiated Si has three discernable regions. Region (a) is 

the area near the interface with a-B10C2+xHy film. Near the junction, the Si appears to 

remain crystalline, and point defects remain isolated from each other. Region (b) 

exhibits signatures of point defect agglomeration: these are the dark areas adjacent to 

bright(er) areas in this TEM image. The larger dark areas are attributed to a large 

concentration of vacancies, while the bright area is attributed to self-interstitials [40]. 

The vertically oriented white striations, or platelets, of region (c) are indicative of He 

bubbles. To the right of region (c) is the undamaged bulk Si. The black lines represent 

bend contours, most likely the result of the TEM sample preparation, although sample 

swelling due to helium deposition is not unknown [14–17]. Stress/strain fields from 

such swelling could also yield similar TEM features. Fig. 3.5 clearly shows a direct 

correlation between the void distribution profile and the damage to the Si substrate, as 

well as a direct correlation between He bubbles of region (c) and the peak of the He 

distribution profile. Such helium bubble formation is not seen in boron carbides until 

extremely high fluences are reached corresponding to more than 1 dpa [14–17], well 

outside the range of this work. The point defect agglomeration and He bubbles also 

give a visual indication that di-vacancy states (V2) formed by the combination of 

vacancies created in close proximity to each other, and other vacancy complexes, are 

the result of the structural change in the Si substrate. Changes in the device behavior 

are not related to structural changes in the boron carbide film or at the p-n 

heterojunction interface. This becomes important in our following discussion of 

heterojunction leakage currents under reverse bias. 
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Fig. 3.5: The TEM image of an a-B10C2+xHy to Si heterojunction after irradiation equivalent to 0.6 dpa 
in the boron carbide film. The red line represents vacancies introduced into the silicon, and the dashed 

yellow line represents the helium concentration in the silicon substrate. Region (a) is a crystalline 
region near the metallurgical junction. Region (b) displays signatures of point defect agglomeration. 

Region (c) is the ion end of range with the highest concentration of He deposition. To the right of (c) is 
undamaged Si. 

3.4 Discussion 

 The improvement seen for a-B10C2+xHy to silicon heterojunction diode 

devices, with small amounts of irradiation is very likely occurring in an environment 

where competing phenomena are in play. We propose that the improvements seen 

here are a combination of the electronic stopping energy deposited in the a-B10C2+xHy 

film by the alpha particle, breaking strained bonds which reform in lower energy 

states, or resolving distorted icosahedron cages resultant from mono-anion or di-anion 

states [41]. Both events may reduce the number of defects in the film, although a 

direct confirmation for this has not been ascertained from work reported here and 

remains an open speculation until definitely resolved in future work. 

 According to Gill et al. [42], the reverse bias leakage current density (𝐽𝐽𝑣𝑣) 

arises from a carrier emission/generation process. Any capture reactions are 

minimized due to the reduction in the carrier concentration under reverse bias. The 
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rate of generation (𝐺𝐺) is proportional to the trap concentration (𝑁𝑁𝑡𝑡) and electron and 

hole capture cross-sections (𝜎𝜎). 

Equation 3-2 

𝐽𝐽𝑣𝑣 = 𝑒𝑒 𝐺𝐺 

Equation 3-3 

𝐺𝐺 =
𝑁𝑁𝑡𝑡 𝜎𝜎 𝑣𝑣 𝑛𝑛𝑖𝑖
2 cosh(𝛽𝛽) 

Equation 3-4 

𝛽𝛽 =
𝐸𝐸𝑡𝑡 − 𝐸𝐸𝑖𝑖
𝑘𝑘𝑘𝑘

 

Where 𝑣𝑣 is the thermal carrier velocity, 𝑛𝑛𝑖𝑖 is the intrinsic carrier concentration, 𝐸𝐸𝑡𝑡 is 

the trap energy level, 𝐸𝐸𝑖𝑖 is the intrinsic Fermi level, 𝑘𝑘 is the Boltzmann Constant, and 

𝑘𝑘 is temperature. 

 As mentioned above, Fig. 3.5 provides visual evidence that there should be an 

anisotropic distribution of trap energy states available for carrier generation as well as 

a distribution in the concentration of those states. This means that the total generation 

reverse bias leakage current density will be a summation of the components resultant 

from each discrete trap level. 

Equation 3-5 

𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡 = �𝐺𝐺𝑖𝑖 

The energy levels of di-vacancy states in Si devices have been reported by MacEvoy 

et al. [43] as Ec – 0.23 eV, Ec – 0.42 eV, Ev + 0.25 eV. MacEvoy et al. [43] has also 

reported several other complexes created under neutron radiation. Such complexes 

within the host semiconductor could be important to the current density due to carrier 

generation in reverse bias, but will not be discussed in depth in this research. Instead, 

we note that one expects a proportionality of 𝑁𝑁𝑡𝑡 to the reverse bias current density. 
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Furthermore, the introduction rate of 𝑁𝑁𝑡𝑡 for a given discrete trap level is, in turn, 

proportional to the irradiation level. 

 Fig. 3.6 indicates that two major changes in the reverse bias leakage current of 

the a-B10C2+xHy to Si p-n heterojunctions occurs with increasing He+ ion irradiation. 

Among these changes, surprisingly, the data suggests an initial reduction in the 

concentration of traps with discrete energy levels, especially with increasing He+ ion 

irradiation near a fluence of 0.1 dpa equivalent irradiation level. Since the Si substrate 

is single crystal, the amorphous film is the most logical medium to account for the 

reduction in the concentration of traps with discrete energy levels. The reduction in 

trap concentration reduces the number of acceptors in the film, increases the effective 

carrier lifetime, with the experimental observation that the series resistance of the film 

decreases by over half (175 Ω to 62 Ω). Additionally, it is possible that the decrease 

in trap concentration for a discrete level(s) is such that the effective distribution of 

trap states is reduced:  i.e. some 𝐺𝐺𝑖𝑖 → 0. The contribution to the current density of 

such a 𝐺𝐺𝑖𝑖 is so small as to be completely dominated by the other discrete trap state 

components, noted in Equation 3-5. The reverse bias currents are seen to be ∝ 𝑁𝑁𝑡𝑡 ∝

𝑑𝑑𝑑𝑑𝑑𝑑 only at large irradiation fluences. This shows that the trap concentrations likely 

decrease due to modification of the a-B10C2+xHy film via electronic energy 

deposition, and then increase due to damage accumulation in the Si by nuclear energy 

deposition. 
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Fig. 3.6: The reverse bias leakage current (-0.5 volts) versus irradiation level. 

 For increasing He+ ion irradiation beyond a 0.1 dpa to 0.2 dpa equivalent, as 

calculated for the a-B10C2+xHy film, the damage in the Si begins to degrade the device 

as fast as the changes in the a-B10C2+xHy film improves it, and a decrease in device 

performance is indicated by Fig. 3.3. It is expected that the energy trap levels of the Si 

will be of different complexes and concentrations than the a-B10C2+xHy films. This 

creates new, additional 𝐺𝐺𝑖𝑖 components, increasing the generation current density, 

though at this point, the concentration of traps is still low enough to be dominated by 

other radiation induced discrete trap state components, as noted in Equation 3-5.  

 For irradiation equivalent to 0.5 dpa and 0.8 dpa, device behavior is dominated 

by the changes in the Si. It is well understood that radiation damage significantly 

reduces charge carrier lifetimes in silicon [20,44]. It is also known that bulk radiation 

damage has a significant effect on charge carrier concentration profiles in silicon 

[42,45–50], resulting in carrier inversion of n-type silicon to p-type silicon. For light 

particles (pions, protons, and neutrons), the inversion point occurs at a particle fluence 

between 1013 and 1014 cm-2. The initial particle fluence of this study is three orders of 

magnitude greater than this. If true, this will change the initial charge distribution of 

the device, creating an exponentially graded decrease in n-type carrier concentration 
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moving from the device interface to ion end of range, as well as creating scattering 

centers which reduce carrier lifetime. After which the carrier concentration returns to 

equilibrium levels in the undamaged area. The calculated edge of the depletion region 

in the virgin Si (with an applied bias of 0.4 volts) is 610 nm [51], just inside of the 

highest recoil damage region. As point defects accumulate in the Si, the depletion 

region extends outward exponentially, following the change in carrier concentration 

grading. While this cannot be confirmed from the data presented here, it is suspected 

that the n-type silicon near ion end of range type inverts between 0.2 dpa and 0.5 dpa, 

creating a graded homojunction that is now in series with the heterojunction. If 

accurate, this creates an electrostatically coupled p-p+ heterojunction / p+-n graded 

homojunction (grading referring to carrier concentration not metallurgical grading), 

with a large reverse bias generation current for the reasons discussed previously. 

 If the electronic energy deposition is breaking bonds, and allowing them to 

reform in a lower energy state, it is important to perform a cursory thermodynamic 

examination to determine if the energy deposition per atom is of sufficient magnitude 

to encourage this. The SRIM simulation of Fig. 3.1 predicts that the majority of the 

energy deposition in the a-B10C2+xHy film will be electronic, and of a magnitude 

around 270 eV/nm per ion, or at a fluence of 6.5×1016 ions/cm2 which is equivalent to 

0.1 dpa, 3510 eV/atom in electronic energy deposition. According to Glockler [52] 

and Feng et al. [53], the B-B bonds within an icosahedron have an energy range of 1.3 

to 2.6 eV/atom, and B-H bonds an energy range of 1.73 to 3.04 eV/atom. The heat of 

formation for ortho-carborane is -1.82 eV/atom [41]. Therefore, the electronic energy 

deposition, within the a-B10C2+xHy film is more than enough, within the ion track and 

secondary ion tracks (delta-ray tracks) [54], to break bonds, and re-form them, 

reducing 𝑁𝑁𝑡𝑡 of Equation 3-3 as discussed, and as demonstrated for isolated closo-
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carborane icosahedra [53]. The bond energy of Si-Si is 2.25 eV/atom [55], so both 

electronic and recoil energy deposition in the Si have enough energy to create defects, 

and increase 𝑁𝑁𝑡𝑡, nearly right up to the end of the ion deposition range.  

3.5 Conclusions 

 In conclusion, a-B10C2+xHy on Si p-n heterojunctions, synthesized utilizing 

PECVD, show a robust insensitivity to radiation damage. These heterojunction 

devices were irradiated with 200 keV He+ ions to examine the effects of radiation on 

the electrical properties of the devices. For low doses of radiation, unlike most other 

solid state electrical devices, the heterojunction diode performance improved, as 

illustrated by the ratio of forward bias current to reverse bias or leakage current. A 

possible origin for the device performance, with modest irradiation, may be due to an 

initial passivation of defects in the a-B10C2+xHy films. Such defect passivation could 

result from electronic energy deposition, bond breakings and re-formation of the local 

bonds with a lower total free energy, possibly resolving distorted icosahedron anion 

states. As observed by SAED, this is not a re-crystallization process, but an easing of 

strain/stress fields. 

 With sufficient 200 keV He+ ion irradiation of the a-B10C2+xHy to silicon 

heterojunction devices, we find significant device degradation. It is the fragility of the 

crystalline Si that causes device degradation and failure as opposed to any interaction 

of the He+ with the a-B10C2+xHy films. Devices fabricated solely from boron carbide 

[2,6–8], might prove to be even more insensitive to irradiation, until sufficient helium 

accumulates to create voids and bubbles [14–16] (representing charge carrier 

barriers), or the damage is significant enough to destroy the interface junction, 

preventing charge separation.  
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Chapter 4 Charge Carrier Lifetime 

4.1 Introduction 

This chapter is a combination of the papers Semiconducting boron carbides with 

better charge extraction through the addition of pyridine moieties published in the 

Journal of Physics D: Applied Physics in September 2016 (DOI: 10.1088/0022-

3727/49/35/355302), reprinted with permission, copyright (2016) IOP Publishing Ltd. 

and Increased drift carrier lifetime in semiconducting boron carbides deposited by 

plasma enhanced chemical vapor deposition from carboranes and benzene published 

in the Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films in 

December 2016 (DOI: 10.1116/1.4973338), reprinted with permission, Copyright 

(2016), American Vacuum Society. They have been combined and modified to 

highlight my contributions to the papers, and exclude much of the work that was 

performed by others. The p-n heterojunction devices with the aromatic additions of 

pyridine and benzene were synthesized under the supervision of Jeffry Kelber, and 

work performed by Bin Dong and Joseph Silva of the Department of Chemistry at the 

University of North Texas. For those samples, metallization was performed by Elena 

Echeverria, and electrical measurements (I(V) and C(V)) were performed by Ethiyal 

Wilson both of the Department of Physics and Astronomy at the University of 

Nebraska – Lincoln.  

Although there are many advantages to working with the boron-rich icosahedral 

semiconductors, as discussed at the beginning of chapter 3, there are a number of 

disadvantages as well. The main causes for poor neutron detection performance 

includes an insufficiently thick depletion region within the device, the need for a 

thicker device to come closer to neutron opacity [2], and the need for better charge 
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collection while maintaining low reverse bias leakage currents. Limits in current 

rectification efficiency result in a constant power drain through the device due to high 

defect concentrations [3] and low carrier mobilities [4]. Although exceptionally high 

mobilities have been sometimes claimed [5], such claims have not been attributed to 

PECVD deposited semiconducting boron carbide. With the interconnection between 

mobility and lifetime, this chapter examines the effects of changes in charge carrier 

lifetime on device performance. This examination is accomplished through the 

combination of data from the current versus voltage measurements outlined in chapter 

3 and capacitance versus voltage measurements. 

 While PECVD boron carbides synthesized from ortho-carborane are generally 

p-type, PECVD semiconducting boron carbide synthesized from meta-carborane is 

unusual in that it is an n-type semiconductor material [6–8]. An examination of the 

charge carrier lifetime of material synthesized from both ortho-carborane and 

meta-carborane has been performed. Further, after an initial study indicated that the 

addition of pyridine (C5H5N), an aromatic linking chain, substantially enhanced 

charge carrier lifetime [9] of material synthesized from ortho-carborane, the study was 

expanded to include benzene (C6H6), another aromatic, as well. 

4.2 Experimental Details 

Device synthesis for research in this set of experiments follows the same path as 

that outlined in Chapter 3.2 with the exception of silicon substrate selection. As 

meta-carborane forms an n-type semiconductor material, a p-type silicon substrate 

was required for the formation of a p-n junction based device. Additionally, in an 

attempt to shorten the depletion region of the boron carbide film a more resistive 

silicon was chosen (100 Ω×cm) to reduce the carrier concentration that must be 

accounted for in the boron carbide film to achieve equilibrium. The process for 
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PECVD synthesized a-B10C2+xHy films on silicon wafers creating a p-n 

heterojunction have been described in previous work [9,1,10,11]. The ortho-carborane 

based material with and without benzene were grown on n-type silicon (100 Ω×cm) 

while the meta-carborane based material, with and without benzene, were grown on p-

type silicon (100 Ω×cm).  

1.89 mm diameter gold (Au) contacts were deposited by thermal evaporation to 

allow for electrical measurements as described in Chapters 2.5 and 2.6. As a check of 

the lifetime measurements here, the carrier lifetime in a commercial silicon epitaxial 

planar diode (Vishay Semiconductors) was ascertained from the I(V) an C(V) 

measurements. The estimated hole carrier lifetime of 2×10-8 s corresponds to a donor 

density of about 2×1019 cm-3 and this is in agreement with the specifications from 

supplier, Desert Silicon. 

4.3 Results and Discussion 

A. Heterojunction Capacitance vs Voltage 

The charge carrier lifetimes can be extracted from the p-n junction diode 

utilizing the current versus voltage I(V) and capacitance C(V) curves using some 

modest assumptions. Such data is readily obtained given the robust facility for 

fabrication of successful PECVD semiconducting hydrogenated boron carbide 

composite films [10,12–17]. The I(V) curves for p-n heterojunction diodes 

synthesized via PECVD utilizing ortho-carborane as the source molecule of the films 

both with and without the addition of pyridine moieties, i.e. (B10C2+xHy:Py/Si; 

B10C2+xHy:/Si), are shown in Fig. 4.1 (voltage sweeping from positive to negative).  
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Fig. 4.1: The current versus voltage curves for PECVD synthesized p-n heterojunction diodes 

synthesized from ortho-carborane on silicon comparing the undoped (a-B10C2+xHy/Si) device to a 
pyridine/ortho-carborane composite (3:1 ratio) film (a-B10C2+xHy:Py/Si). 

 

The series resistance Rs is related to the capacitance [18]: 

Equation 4-1 

𝑅𝑅𝑠𝑠 = �
1
𝜔𝜔𝐶𝐶𝐽𝐽

��
𝐶𝐶𝐽𝐽
𝐶𝐶𝑝𝑝

− 1 

where 𝜔𝜔 is the angular frequency (𝜔𝜔 = 2𝜋𝜋𝜋𝜋), 𝜋𝜋 is the frequency of the small signal 

perturbation across the device under test, 𝐶𝐶𝐽𝐽 is the junction capacitance, 𝐶𝐶𝑝𝑝 is the 

parallel capacitance (measured capacitance in a parallel circuit). Therefore, although 

the data in Fig. 4.1 indicate a higher total resistance for the PECVD ortho-carborane 

boron carbide film diodes without pyridine, the lower RS of the PECVD 

pyridine/ortho-carborane composite film on silicon diode is evident in Fig. 4.1 from 

the more pronounced exponential form, following the ideal diode equation (Equation 

2-10) [19], and shown again below for convenience: 

𝐼𝐼 = 𝐼𝐼0 �𝑒𝑒
𝑞𝑞𝑉𝑉𝐴𝐴

𝑘𝑘𝑘𝑘� − 1� 

where 𝐼𝐼0 is the saturation current, 𝑞𝑞 is the elemental charge, 𝑉𝑉𝐴𝐴 is the applied voltage, 

𝑘𝑘 is the Boltzmann constant, and 𝑇𝑇 is the temperature (in Kelvin). The PECVD 
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pyridine/ortho-carborane composite film sample also does not exhibit signs of 

breakdown within the measured voltage range. 

 Fig. 4.2 shows the typical I(V) curves for the p- and n-type a-B10C2+xHy 

heterostructures with and without benzene doping (voltage sweeping from positive to 

negative). Just as with pyridine doping in Fig. 4.1, the p-n heterostructures retain their 

current rectification property in reverse bias with benzene doping, indicating that all 

devices (in both Fig. 4.1 and 4.2) remain p-n heterojunctions. It is also observed that 

the benzene doping does not significantly affect the turn-on voltage of the 

meta-carborane devices. We do note that the rectification is better with the n-type 

boron carbide heterojunction (meta-carborane) than the p-type boron carbide 

(ortho-carborane) heterojunction, but the turn-on voltage is far greater with the n-type 

boron carbde (Figs. 4.2(c) and 4.2(d)) than in the p-type boron carbide heterojunction. 

Neither benzene nor pyridine doping altered the general electronic structure of either 

the ortho-carborane or meta-carborane based device: current rectification properties 

are retained, and the turn-on voltage is not significantly altered. 

 
Fig. 4.2: I(V) curves comparing a-B10C2+xHy/Si heterojunction devices based on (a) ortho-carborane 

(undoped), (b) ortho-carborane (doped with benzene), (c) meta-carborane (undoped), (d) 
meta-carborane (doped with benzene). 
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 Of greater significance, the measurements shown in Fig. 4.1 and 4.2 are used 

in determining the low frequency conductance of the devices (𝐺𝐺0) and in calculating 

the diffusion capacitance (𝐶𝐶𝐷𝐷), as outlined in Chapter 2.6 and prior work [1,20]. 

As noted in Chapters 2.6 and 3.2, by definition, the low frequency 

conductance is given by Equation 2-24 (shown below as a reminder). 

𝐺𝐺0 =
𝑑𝑑𝐼𝐼
𝑑𝑑𝑉𝑉𝑎𝑎

 

𝐺𝐺0 is the slope of the I(V) curve at the d.c. operating point (i.e. f → 0 Hz). The low 

frequency conductance (𝐺𝐺0) is dependent on the carrier lifetimes, depletion width of 

the diode junction, built-in voltage, doping profile, and carrier concentration. It should 

be emphasized however, that regardless of the junction type or dominant current 

component, 𝐺𝐺0 = dI/dVa can always be applied to the measured I(V) data in order to 

determine 𝐺𝐺0 [19], and that has been done in this instance. The purpose of the 

examination of 𝐺𝐺0 becomes immediately apparent in the analysis of the capacitance 

data. 

 The low frequency conductance (𝐺𝐺0) of both diodes from Fig. 4.1 have been 

plotted in Fig. 4.3. It is immediately evident that the measurement for the 

ortho-carborane film, without pyridine, is much noisier than the 

pyridine/ortho-carborane composite film on silicon device. There is also a much 

greater initial increase in the current for equivalent applied voltages in the 

ortho-carborane film (pyridine-free) on silicon diode. Near 2.5 applied volts, however, 

the change in current with increasing voltage flattens, and becomes linear for the 

ortho-carborane film (pyridine-free) on silicon diode. A linear 𝐺𝐺0 is what one would 

expect from a resistor. In contrast, the pyridine/ortho-carborane composite film on 

silicon diode exhibits an exponential increase in current when responding to increased 
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applied voltage. This is expected since the derivative of an exponential function (Eq. 

(4.1)) is still an exponential function. 

 
Fig. 4.3: Low frequency conductance of the PECVD synthesized pyridine/ortho-carborane composite 
film on silicon device (pyridine doped) and PECVD ortho-carborane film on silicon device (undoped) 

heterojunctions calculated from the I(V) data of Fig. 4.1. 

 Though not shown here, the low frequency conductance was also calculated 

for the data shown in Fig. 4.2 as it is required in the charge carrier lifetime modeling. 

Calculation of 𝐺𝐺0 shown in Fig. 4.3 is accomplished utilizing Equation 4-2. From 

Equation 4-2, we see that 𝐺𝐺0 may be directly calculated from the measured d.c. I(V) 

values of Fig. 4.1 and 4.2 by numeric differentiation.  

 The capacitance associated with oscillations in the depletion width due to 

small sinusoidal perturbations is referred to as the junction capacitance (𝐶𝐶𝐽𝐽). If there 

are no other charge oscillations, the device capacitance, independent of frequency, is 

equal to 𝐶𝐶𝐽𝐽 in reverse bias (depletion conditions) [21]. Chapter 2.6 provides a good 

discussion on this topic, however, Equation 2-20 is the equation for a homojunction 

diode. This data examines a heterojunction diode, and therefore 𝐶𝐶𝐽𝐽 is given by: 

Equation 4-2 

𝐶𝐶𝐽𝐽 = �
𝑞𝑞𝑁𝑁𝐷𝐷1𝑁𝑁𝐴𝐴2𝜀𝜀1𝜀𝜀2

2(𝜀𝜀1𝑁𝑁𝐷𝐷1 + 𝜀𝜀2𝑁𝑁𝐴𝐴2)(𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉𝐴𝐴)�
1
2
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where 𝑞𝑞 is the elemental charge, 𝑁𝑁𝐷𝐷1 is the number of donor atoms/cm3 in the n-type 

material, 𝑁𝑁𝐴𝐴2 is the number of acceptor atoms/cm3 in the p-type material, 𝜀𝜀1 is the 

dielectric constant of the n-type material, 𝜀𝜀2 is the dielectric constant of the p-type 

material, 𝑉𝑉𝑏𝑏𝑏𝑏 is the built in voltage due to both materials (𝑉𝑉𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑏𝑏𝑏𝑏1 + 𝑉𝑉𝑏𝑏𝑏𝑏2), and 𝑉𝑉𝐴𝐴 is 

the applied voltage.  

Since the junction capacitance is associated with reverse bias conditions, the 

minority carrier concentration near the edge of the depletion region is very small 

compared to that of the majority carriers, and thus can be neglected. Under forward 

bias conditions, this is not a valid assumption. There is a significant contribution by 

the minority carriers to the changes in charge due to the sinusoidal perturbation signal. 

This contribution to the device capacitance is referred to as the diode diffusion 

capacitance (𝐶𝐶𝐷𝐷), and is given by Equation 2-23 (shown below as a reminder): 

𝐶𝐶𝐷𝐷 =
𝐺𝐺0
𝜔𝜔√2

��1 + 𝜔𝜔2𝜏𝜏2 − 1�
1
2 

where 𝐺𝐺0 is the low frequency conductance previously defined and shown in Fig. 4.3, 

𝜔𝜔 is again the angular frequency (2𝜋𝜋𝜋𝜋), and 𝜏𝜏 is the effective carrier lifetime. There 

are many and various contributions to the capacitances, and many types of defects, 

but if we restrict our modeling efforts to the diffusion component of transport, 

Equation 2-23 can be used to model the data relative to the baseline capacitance as in 

Fig. 4.4. The C(V) curves of the ortho-carborane boron carbide film, without pyridine, 

in a heterojunction diode on n-type silicon (i.e. B10C2+xHy/Si) (a) and 

pyridine/ortho-carborane composite films on n-type silicon (B10C2+xHy:Py/Si) (b), are 

compared in Fig. 4.4. The first distinction between the PECVD synthesized 

semiconducting partially dehydrogenated boron carbide without pyridine 

(B10C2+xHy/Si) and PECVD synthesized semiconducting partially dehydrogenated 

boron carbide composite films with pyridine moieties (B10C2+xHy:Py/Si) is the 
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difference in the reverse bias capacitance values. If the measured capacitance (𝐶𝐶) →𝐶𝐶𝐽𝐽 

as discussed above, there should not be a frequency dependent component. The 

pyridine/ortho-carborane composite film on n-type silicon, B10C2+xHy:Py/Si, 

heterojunction diode exhibits this behavior, but the data for B10C2+xHy/Si diode does 

have a frequency-dependent component to it, meaning that there is another capacitive 

component present in reverse bias other than 𝐶𝐶𝐽𝐽. This could be an interfacial 

capacitance, or related to the defect density distribution of the film. The capacitance 

does decrease with increasing frequency, however, indicating that there is some type 

of charge carrier that can no longer respond to the perturbation signal as the frequency 

increases [20,22,23]. 

 
Fig. 4.4: The capacitance versus voltage curves of (a) the ortho-carborane boron carbide films, 

without pyridine, on silicon (B10C2+xHy/Si) and (b) the co-deposited pyridine and ortho-carborane 
boron carbide films on silicon, B10C2+xHy:Py/Si, as a function of frequency, are compared. The insets 

are of high frequency data on an expanded capacitance scale. 

 The peak capacitance values of the co-deposited pyridine and ortho-carborane 

boron carbide films on silicon, B10C2+xHy:Py/Si, diodes are slightly larger than those 

of the ortho-carborane boron carbide films on silicon, B10C2+xHy/Si, heterojunction 
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diodes. There is also a shift of the peak capacitance toward positive bias in the 

PECVD co-deposited pyridine and ortho-carborane boron carbide films on silicon, 

B10C2+xHy:Py/Si, diodes, which is attributed to a decrease in the Rs of the pyridine 

containing co-deposited pyridine and ortho-carborane boron carbide films on silicon. 

With the higher Rs, exhibited by the pyridine-free ortho-carborane boron carbide film, 

there is an associated voltage drop across the junction, which will reduce the applied 

voltage, as shown in Equation 2-12 (shown below as a reminder). 

𝑉𝑉𝐽𝐽 = 𝑉𝑉𝐴𝐴 − 𝐼𝐼𝑅𝑅𝑠𝑠 

(where 𝑉𝑉𝐽𝐽 is the junction voltage, 𝑉𝑉𝐴𝐴 is the applied voltage, 𝐼𝐼 is the current, and 𝑅𝑅𝑠𝑠 is 

the series resistance) shifting the signal toward zero, as observed. 

 The 𝐶𝐶(𝑉𝑉) curves, at frequencies from 10 kHz to 10 MHz, of the n-type 

boron carbide heterojunction (from the PECVD of meta-carborane), and the p-type 

boron carbide heterojunction (from the PECVD of ortho-carborane), with benzene 

included as one of the source compounds for the semiconducting boron carbide, has 

been plotted in Fig. 4.5. Again, as with the discussion leading to Fig. 4.4, any 

deviation from the measured capacitance in reverse bias from a single constant value 

indicates that there is another frequency dependent capacitive component present. Fig. 

4.5(a) shows that this frequency dependent capacitive component also disappears with 

benzene doping (i.e., the reverse bias capacitance is constant for all frequencies 

measured). The n-type semiconducting boron carbide heterojunction with p-type 

silicon, from the PECVD of meta-carborane doped with benzene, retains a frequency 

dependent capacitive component, as seen in Fig. 4.5(b) (i.e. reverse bias capacitance 

is not constant for all frequencies measured). While there is no experimental 

identification of this reverse bias frequency dependent 𝐶𝐶(𝑉𝑉) component, possible 

contributions could come from interfacial capacitance, or related to the defect density 
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distribution of the film [9]. Regardless, the reduction of the reverse bias capacitance 

dependence, with frequency, indicates that there is some type of charge carrier that 

can no longer respond to the perturbation signal as the frequency increases [20,22,23]. 

 
Fig. 4.5: C(V) curves comparing a-B10C2+xHy/Si heterojunction devices as a function of applied 

perturbation frequency. The heterojunction device in (a) is based on ortho-carborane co-deposited 
with benzene and the device in (b) is based on meta-carborane co-deposited with benzene. (a) shows 

that benzene doping eliminates reverse bias capacitive components that are present in the 
ortho-carborane (undoped) based device shown in Fig. 4.4. (b) shows that a reverse bias frequency 

dependent capacitive component is still present (i.e. it is not constant with changing frequency). 

B. The Drift Carrier Lifetimes 

 While there are many and various contributions to capacitances, and many 

types of defects, we restrict our modeling efforts to the diffusion component of charge 

transport, Equation 2-23, relative to the baseline capacitance in Fig. 4.5. Modeling of 

diffusion capacitance in Fig. 4.6 and 4.7 were accomplished utilizing Equation 2-23 

and 2-24. From Equation 2-24, 𝐺𝐺0 may be directly calculated from the measured d.c. 

𝐼𝐼(𝑉𝑉) values of Fig. 4.1 and 4.2 by numeric differentiation. We calculate values of the 

frequency dependent diffusion capacitance, for set values of frequency, and carrier 

lifetime τ as a function of 𝐺𝐺0, according to Equation 2-23. Exploiting the 

determination of 𝐺𝐺0, and given that 𝜋𝜋, the driving frequency, is set by the experiment, 

this leaves τ as the only unknown variable. An iterative process, with differing τ 

values, is used to generate increasingly better fits to the data. This is then used to 
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generate diffusion capacitance values and finally plotted, with the experimental 

applied voltage(s) as the independent variable. The lifetime τ controls the height and 

slope of the modeled 𝐶𝐶𝐷𝐷, so the fitting of Equation 2-23 to the measured 𝐶𝐶(𝑉𝑉) data 

yields a drift carrier lifetime.  

We find good agreement between the measured 𝐶𝐶(𝑉𝑉) data and our model 

diffusion capacitance () in the region of small forward bias, i.e. the accumulation 

region, as expected, and as seen in Fig. 4.6 and 4.7. Curve fitting Equation 2-23 to the 

measured C(V) data in Fig 4.4 and 4.5, taken at 10 kHz yielding a best fit of the 

measured data, for the carrier lifetime was found to be 350 µs in the 

pyridine/ortho-carborane boron carbide films on silicon, B10C2+xHy:Py/Si, 

heterojunction diode, and 35 µs in the ortho-carborane boron carbide film on silicon, 

B10C2+xHy/Si, heterojunction diode.  

 
Fig. 4.6: Model of diffusion capacitance overlaid on C(V) data at 10 kHz: undoped data (solid black 
line) and pyridine doped data (solid red line). The undoped calculated 𝐶𝐶𝐷𝐷 (+) indicates an effective 

carrier lifetime of 35 μs. The pyridine doped calculated 𝐶𝐶𝐷𝐷 (∗) indicates an effective carrier lifetime of 
350 μs. 

The PECVD p-type semiconducting boron carbide heterojunctions, from 

ortho-carborane with benzene is found, to have a drift carrier lifetime of 2.5 msec, and 

is shown in Fig. 4.7(a). This is far larger than the drift carrier lifetime of roughly 35 

µsec found for the corresponding p-type boron carbide without benzene shown in Fig. 
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4.6. For the n-type semiconducting boron carbide heterojunctions from 

meta-carborane with benzene, the drift carrier lifetime, shown in Fig. 4.7(b), is found 

to be 300 nsec. This is considerably smaller than the values seen for the p-type boron 

carbides with and without benzene, but much larger that the drift carrier lifetime of 50 

nsec seen for this n-type boron carbide without benzene inclusions [24]. While there 

appears to be more deviation from the measured capacitance in Fig. 4.7(b), the 

absolute magnitude of the deviation has a much narrower range in Fig. 4.7(b), than in 

Fig. 4.7(a), (approximately 1 nF versus 10 nF at 3 volts). 

 
Fig. 4.7: Modeled diffusion capacitance (𝐶𝐶𝐷𝐷) () overlaid on 𝐶𝐶(𝑉𝑉) data measured (solid lines) at 10 

kHz for (a) ortho-carborane co-deposited with benzene, and (b) meta-carborane co-deposited 
withbenzene. The calculated 𝐶𝐶𝐷𝐷 indicates a drift carrier lifetime in (a) of approximately 2.5 msec, (b) 

of approximately 300 nsec. Please note the change in scale between the figures. Although the variation 
in 𝐶𝐶𝐷𝐷 appears larger in (b), it is actually significantly narrower than (a). 

As noted above, the pyridine/ortho-carborane boron carbide films on silicon, 

B10C2+xHy:Py/Si, heterojunction diode has only has 1 frequency dependent 

capacitance component, the diffusion capacitance. The ortho-carborane boron carbide 

film on silicon, B10C2+xHy/Si, heterojunction diode has two distinct frequency 

dependent capacitance components. The first is the diffusion capacitance, common to 

both types of heterojunction diode. The second component, however, indicates that 

the PECVD boron carbide films, without pyridine, also have defect states that respond 

to the small signal perturbation, consistent with the large Urbach tail discussed 



78 
elsewhere [25]. As the period of the perturbation approaches the lifetime of the 

carriers due to the defect state, the defects can no longer respond to the perturbation, 

and no longer contribute to the capacitance of the diode. Traps result in contributions 

to capacitor charging current, but since their time constants are relatively long, the 

effects of the traps are absent, or greatly reduced, with high frequency perturbations.  

If there is a distribution of trap states inside of the band gap of the PECVD 

ortho-carborane film, without pyridine moieties, as the perturbation frequency is 

increased, there should be a corresponding decrease in the device capacitance. This is 

exactly what is observed in Fig. 4.4 and 4.5 and explains the leaky nature of the I(V) 

curve of Fig.4.1, for the ortho-carborane boron carbide films (without pyridine) on 

silicon, B10C2+xHy/Si, heterojunction diode. This indicates that that the addition of 

pyridine to the PECVD synthesized semiconducting partially dehydrogenated boron 

carbide is eliminating key trap states within the device.  

Further evidence for this hypothesis is found in Fig. 4.6, with the increase in the 

effective carrier lifetime from 35 µs for the ortho-carborane boron carbide film on 

silicon, B10C2+xHy/Si, heterojunction diode to 350 µs for the pyridine/ortho-carborane 

boron carbide films on silicon, B10C2+xHy:Py/Si, heterojunction diode. One might 

expect that with the addition of pyridine-like moieties, there would be additional 

scattering centers, leading to a shorter lifetime. Just the opposite is observed. One 

possible explanation is the reduction in the trap concentration, as put forth above. A 

350 µs carrier lifetime is similar to that reported in diamond like carbon (DLC) films 

(0.3 ms surface, 0.11 ms bulk) [26], and much longer than the carrier lifetimes for a-

Si:H films (~0.1 μs) [27]. Our carrier lifetimes for the pyridine/ortho-carborane boron 

carbide films, however, are in rough agreement with the findings of Bao et al. [28] for 

sputter-deposited boron carbide films quite different for those reported here, 
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indicating carrier lifetimes of 0.91 to 0.98 ms. A likely distinction between the Bao et 

al. boron carbide films [28] and the films of this study is the presence of hydrogen in 

the PECVD boron carbide films.  

4.4 Summary and Conclusions 

The drift carrier lifetimes for semiconducting boron carbide, from PECVD 

synthesized semiconducting partially dehydrogenated boron carbide from 1,2 

dicarbadodecaborane, 1,2-B10C2H12 (ortho-carborane) and 1,7 dicarbadodecaborane, 

1,7-B10C2H12 (meta-carborane), with benzene or pyridine included are compared to 

drift carrier lifetimes in both the p-type PECVD synthesized partially dehydrogenated 

semiconducting boron carbide fabricated from ortho-carborane and the n-type 

semiconducting partially dehydrogenated boron carbide made from meta-carborane. 

The benzene doping of the p-type semiconducting partially dehydrogenated boron 

carbide (ortho-carborane) increases the drift carrier lifetime by 2 orders of magnitude 

(7043 % increase), while the benzene doping of the n-type semiconducting partially 

dehydrogenated boron carbide (meta-carborane) increases the drift carrier lifetime 6 

fold (500 % increase). The addition of pyridine to the p-type (PECVD) 

semiconducting boron carbide (ortho-carborane) increases the drift carrier lifetime by 

an order of magnitude (900 % increase). 

It has been shown that disordered systems, like the organic photovoltaics 

(OPV), have an inverse proportionality between mobility and charge carrier lifetime 

[29], contrary to traditional ordered semiconductor systems (i.e. Si, GaAs, Ge), where 

the mobility and charge carrier lifetimes are directly proportional [19]. The reason 

behind the inverse proportionality of disordered systems is due to bi-molecular 

recombination (direct radiative charge cancellation due to an electron encountering a 

hole). Such a scenario would limit the improvements to device performance but the 
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improved charge collection, reported with the addition of pyridine [9], suggest 

improvements are possible, and that aromatic additions seem to be promising. As the 

mobility increases, the probability of an electron encountering a hole increases, 

reducing the drift carrier lifetime. Though, to date, no studies on mobility have been 

conducted on pyridine or benzene doped a-B10C2+xHy synthesized by PECVD. The 

disordered nature of a-B10C2+xHy films allows for parallels to be drawn to the OPV 

research. 
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Chapter 5 Conductance versus Frequency Measurements 

5.1 Introduction 

This chapter of my dissertation was published IEEE Transactions on Nuclear 

Science in November of 2016 (DOI: 10.1109/TNS.2016.2626268), and is reprinted 

with permission, (2016) IEEE. A device to be used as a neutron detector or neutron 

voltaic by generating a current pulse from a neutron impact must be capable of 

tolerating any damage caused by the impact without adverse effects to device 

efficiency. Chapter 3 [1] showed that heterojunction device performance improved 

with moderate amounts of He+ ion irradiation, and was the first to study the effects of 

radiation on amorphous boron carbides as an electrical device. The ramifications of 

the physical changes on the electrical properties of semiconducting boron carbides 

have not been examined. The intrinsic properties of PECVD semiconducting partially 

dehydrogenated boron carbide on silicon p-n heterojunction diodes may be improved 

as degraded icosahedral structures (icosahedral carborane molecules, B10C2H12, 

missing B, C, or H atoms) heal under neutron, electron, and He+ ion irradiation. If the 

defect concentration is reduced, and the charge carrier mobility is increased with 

irradiation, this could lead to a much more efficient device the longer the device is in 

service, even in extremely radiation harsh environments. 

Boron based thermal neutron detectors and neutron voltaics are capable of 

operation due to a capture-fragmentation-emission process with daughter fragment 

particles 7Li, and He+ (α) with large translational energy. The energetic 7Li and α 

fragments deposit energy in the semiconducting partially dehydrogenated boron 

carbide and the silicon substrate. As discussed in Chapter 3, there are two main means 

of energy deposition: ionization/excitation [2] which can lead to bond breaking, and 
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elastic collisions (recoil) between the projectile ion and the atoms of the target 

material. This energy deposition can result in atomic displacements, ultimately 

leading to damage accumulation. 

One of the more common ways to characterize a semiconductor device is 

through capacitance versus frequency and capacitance versus voltage measurements 

with a small ac perturbation signal imposed across the device under test in a 4-point 

parallel circuit utilizing an impedance analyzer. This works well for devices with 

efficient charge separation and negligible conductance. However, if the device is 

highly trapped, or has a high defect concentration, the contributions to the capacitor 

charging current are no longer negligible. These so-called “leaky diodes” are not 

always accurately characterized using the capacitance measurements mentioned above 

because their dissipation factor (𝐷𝐷) becomes excessive 

Equation 5-1 

𝐷𝐷 = 𝐺𝐺 �𝜔𝜔𝐶𝐶𝑝𝑝�⁄  

where 𝐺𝐺 is conductance, 𝜔𝜔 is angular frequency (𝜔𝜔=2𝜋𝜋𝜋𝜋), 𝜋𝜋 is small signal 

perturbation frequency, and 𝐶𝐶𝑝𝑝 is equivalent parallel circuit capacitance. In the case of 

a large dissipation factor (𝐷𝐷 >10), a more suitable measurement is conductance versus 

frequency or conductance versus voltage. This paper seeks to determine the 

conductance as a function of frequency, and compare the calculated values to 

experimental data to examine changes in the electrical properties of the 

semiconducting partially dehydrogenated boron carbide as a function of radiation. For 

reference, the dc current versus voltage I(V) curves as a function of irradiation are 

shown in Fig. 3.2 [1]. 
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5.2 Experimental Details 

Device synthesis for research in this set of experiments follows the same path as 

that outlined in Chapter 3.2 (1-10 Ω×cm Si substrate). The process for PECVD 

synthesized a-B10C2+xHy films on silicon wafers creating a p-n heterojunction have 

been described in Chapter 2.1 and previous work [3–6]. Metallization follows the 

procedures outlined in Chapter 2.2. 

Following irradiation, the samples were returned for electrical characterization. 

Conductance versus frequency 𝐺𝐺(𝜋𝜋) measurements were taken using an HP model 

4192A impedance analyzer with an oscillation voltage set to 0.010 v in a 4 point 

parallel circuit. The analyzer has 4 parallel connections. From left to right, they are: 

low current, low potential, high potential, high current. By creating a metal housing 

for the diode under test and connecting the housing directly to the analyzer through 

un-insulated BNC connectors, the negative portion of the 4 connections are grounded 

to the analyzer creating an RF shield around the diode under test. The 4192A 

impedance analyzer has a conductance measurement range of 1×10-9 Ω-1 to 12.999 Ω-

1 with an accuracy of 0.1%, and a resolution of 4 ½ digits for both grounded and 

floated devices. 

5.3 Results 

 

Fig. 5.1: Circuit model used in analysis. R1 and C1 represent the resistance and capacitance of the 
a-B10C2+xHy, R2 and C2 represent the resistance and capacitance of the silicon, and R3 represents 

series resistance. 
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Fig. 5.1 is an illustration of the circuit used to model the device under test. The 

small signal equivalent circuit of a p-n junction may be modeled as three parallel 

components comprised of the junction capacitance, diffusion capacitance, and 

conductance, with the junction capacitance being frequency independent [7]. C1 is 

interpreted as the combination of the two parallel capacitance components above due 

to the depletion region of the a-B10C2+xHy/Si interface. R1 is interpreted as the 

parallel junction resistance at the a-B10C2+xHy/Si interface. The resistance of the 

quasi-neutral region in the silicon substrate, metal contacts, connecting wires, and 

internal resistance of the analyzer are represented as the equivalent series resistance 

(R3). The single parallel circuit along with the equivalent series resistance suitably 

modeled the virgin diode. Once irradiated, this was no longer sufficient and a second 

RC parallel component of the circuit was found to be required. It has been shown that 

bulk radiation damage has a significant effect on charge carrier concentration profiles 

in silicon [8–14], and that single crystal silicon type-inverts from n-type to p-type at a 

fluence of 1.19×1014 neutrons/cm2 [15], and at 1.5×1013 protons/cm2. [16] shows that 

the fluence required to achieve an equivalent amount of He+ ion damage to 1 MeV 

neutrons is of the same order of magnitude (i.e. 4.4×1011 neutrons/cm2 = 1×1011 

ions/cm2). The lowest fluence in this study was 6.5×1016 ions/cm2, 2 orders of 

magnitude greater than reported as required for type inversion. C2 is interpreted as the 

junction and diffusion capacitance of the depletion region between the type-inverted 

irradiated silicon and virgin silicon. R2 is interpreted as the parallel junction 

resistance between the p-n homojunction at the irradiated silicon to virgin silicon 

interface. 

To develop an equation for conductance as a function of frequency, an 

equation for equivalent complex impedance (𝑍𝑍) of the circuit is required. This 
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equation plus a full derivation of the measured conductance equation is provided in 

Appendix A. It should be noted that while the impedance analyzer has an inductive 

component inherent to the machine, it was found that any inductive component was 

negligible in modeling the data, and is omitted from the equations. The equation 

describing the measured conductance 𝑮𝑮𝒎𝒎 was found to be: 

Equation 5-2 

𝑮𝑮𝒎𝒎 =
𝜔𝜔2�(𝐶𝐶1 𝑅𝑅1 𝑅𝑅2 + 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2)(𝐶𝐶1 𝑅𝑅1 + 𝐶𝐶2 𝑅𝑅2) + 𝑅𝑅3(𝐶𝐶1 𝑅𝑅1 + 𝐶𝐶2 𝑅𝑅2)2�

𝜎𝜎4

−
(𝐶𝐶1 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2 𝜔𝜔2 − 1)(−𝐶𝐶1 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2 𝑅𝑅3 𝜔𝜔2 + 𝑅𝑅1 + 𝑅𝑅2 + 𝑅𝑅3)

𝜎𝜎4
 

where 

𝜎𝜎4 = (𝐶𝐶1 𝑅𝑅1 𝑅𝑅3 𝜔𝜔 + 𝐶𝐶2 𝑅𝑅2 𝑅𝑅3 𝜔𝜔 + 𝐶𝐶1 𝑅𝑅1 𝑅𝑅2 𝜔𝜔 + 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2 𝜔𝜔)2

+ (−𝐶𝐶1 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2 𝑅𝑅3 𝜔𝜔2 + 𝑅𝑅1 + 𝑅𝑅2 + 𝑅𝑅3)2 

 

Table 5-1 shows the results obtained for the fitting parameters of Equation 5-2. As 

stated earlier, the virgin device was capable of being modeled with only the 

parameters of C1, R1, and R3. After moderate irradiation to 0.1 dpa, a second parallel 

resistive (R2) and capacitive (C2) component is required. Table 5-1 shows these 

values to be 40 Ω and 1.166×10-9 F. Additionally, the resistance of R1 is reduced by 

55.2%. Irradiation to 0.2 dpa in the a-B10C2+xHy film, results in a dramatic increase in 

resistance R1 of 1341.8%.  
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Irradiation to 0.3 dpa in the a-B10C2+xHy film, results in another dramatic 

increase in resistance parameter R1 of 98.6%. Further irradiation to 0.5 dpa in the a-

B10C2+xHy film, continues the trend of another dramatic increase in the resistance of 

parameter R1 of 145.4%. The parameter interpreted as the equivalent series resistance 

of the device (R3) remains within the expected range calculated for the quasi-neutral 

silicon substrate of 26 to 260 Ω based on the resistivity range provided by the 

manufacturer. The changes of R3 listed in Table 5-1 are not viewed as a significant 

deviation. Changes in the fitting parameters C1 and C2 of tenths of a nano-farad, are 

not viewed as significant deviations as the device is irradiated. Changes in the parallel 

resistance parameter R2 follow the general pattern of R3, and are interpreted as minor 

changes in the carrier concentration profile inherent to the substrate rather than a 

result of changes due to irradiation. 

When the modeled conductance is overlaid on the measured data on a linear 

scale, the two are nearly indistinguishable. This is indicated by the chi square 

goodness-of-fit-test statistics with values 3 orders of magnitude less than the value 

corresponding to a 99.5% confidence interval. Fig. 5.2 shows the measured 

conductance versus frequency and overlaid modeled conductance versus frequency 

TABLE 5-1 

Fitting Parameter Values of Equation 5-2 

Sample C1 
(nF) 

R1 
(Ω) 

R3 
(Ω) 

C2 
(nF) 

R2 
(Ω) 

𝜒𝜒2 

Virgin 1.150 6082 90 0 0 0.0006360 
0.1 dpa 0.8673 2782 70 1.166 40 0.0003835 
0.2 dpa 0.8711 39000 70 1.617 50 0.0001278 
0.3 dpa 0.7624 77440 133 0.8554 95 0.0004651 
0.5 dpa 1.294 190000 65 1.752 38 0.0008379 

C1 is interpreted as the capacitance due to the a-B10C2+xHy dielectric film. R2 is interpreted as the a-
B10C2+xHy/Si junction resistance and a-B10C2+xHy/Cr contact resistance, C2 is interpreted as the 
Si(Irradiate)/Si(virgin) homojunction capacitance, R2 is interpreted as the junction resistance of the 
Si(Irradiate)/Si(virgin) homojunction, and R3 is interpreted as the equivalent series resistance of the 
device. 𝜒𝜒2 is the chi square goodness-of-fit-test statistic. A 𝜒𝜒2 value < 0.412 corresponds to a 99.5% 
confidence level. 
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curves on a Log-Log scale. Using the Log-Log scale, Fig. 5.2 shows that the low 

frequency conductance (𝐺𝐺0), is unique for each level of irradiation. Examination of 

Fig. 5.2 also shows that the frequency at which charge carriers can no longer respond 

to the perturbation signal (indicated by an increase in conductance) decreases as the 

level of irradiation damage increases. For the virgin sample, this is just above 104 Hz, 

but for the 0.5 dpa sample, there are charge carriers that cannot respond to a 10 Hz 

signal. The slope of the curves between 2×104 Hz and 1 MHz is unique to each level 

of irradiation. The upper limit of conductivity, as frequency approaches infinity 

(𝜋𝜋 → ∞), consolidates into a narrow band. A difference between the virgin and 

irradiated samples exists. 

5.4 Discussion 

 
The Mathworks® Matlab curve fitting toolbox was utilized to determine the 

best values for the independent parameters of Equation 5-2 (C1, R1, C2, R2, R3), as a 

function of the perturbation frequency utilizing bisquare weighting, which gives the 

strongest weighting to data points near the fit, and low weighting to outlying data 

points. In fitting the data to obtain the results of Table 5-1, parts of the model are very 

Fig. 5.2: Logarithmic Conductance vs. Frequency curve of a-B10C2+xHy on Si heterojunctions. The 
black ‘+’ represents the measured virgin data. The red ‘o’ represents the measured 0.1 dpa data. 
The blue ‘*’ represents the measured 0.2 dpa data. The green ‘x’ represents the measured 0.3 dpa 

data. The purple ‘☐’ represents the measured 0.5 dpa data. The colored solid lines are the 
corresponding calculated models. 
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sensitive to specific variables of Equation 5-2. In the low frequency range, below 10 

kHz, although the limit of 𝐺𝐺𝑚𝑚 as frequency approaches 0 (𝜋𝜋 → 0) is inversely 

proportional to R1 + R2 + R3, it is only sensitive to changes in R1 (resistance of the 

original R1, C1 parallel component). In the high frequency range, the limit of 𝐺𝐺𝑚𝑚 as 

frequency approaches infinity (𝜋𝜋 → ∞) is inversely proportional to R3 (equivalent 

series resistance of the device). The initial upturn in conductance is dominated by C1. 

And the slope between the upper and lower limits of conductance is dominated by R2 

and C2 (The resistance and capacitance of the second parallel RC component). 

The model does not fit the low frequency conductance particularly well for the 

samples irradiated above 0.3 dpa. The TEM images of Chapter 3 [1] show a direct 

correlation between the SRIM calculated vacancy profile and the damage to the Si 

substrate as well as between He bubble formation and the SRIM calculated peak of 

the He distribution profile. The TEM images also provided visual evidence of point 

defect agglomeration. These structural changes in the Si substrate provide visual 

indications that di-vacancy states (V2), formed by the combination of vacancies 

created in close proximity to each other, and other vacancy complexes, allow us to 

infer that there should be an anisotropic distribution of trap energy states available, as 

well as a distribution in the concentration of those states. Fig. 5.2 lends electronic 

evidence to the inferences of the visual evidence of TEM [1]. For the 0.3 dpa and 0.5 

dpa samples, it is no longer the junction capacitance (which is frequency independent 

and is not lifetime sensitive) that dominates in the silicon, but diffusion capacitance or 

charging due to traps, which are frequency dependent [3]. The junction capacitance is 

associated with oscillations in the depletion width due to small sinusoidal 

perturbations [17]. The diffusion capacitance is associated with minority carriers and 

changes in charge due to the sinusoidal perturbation signal. Because there is a 
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distribution of trap and acceptor states within the irradiated silicon, the diffusion 

capacitance will not be a constant, but will itself be a function of frequency, and 

change the relationship between the complex impedance and frequency. 

The equivalent series resistance of the device is dominated by the bulk 

resistivity of the silicon substrate. The range of this value is easily calculated. 

Resistance of a thin film is defined by the equation: 

Equation 5-3 

𝑅𝑅 =
𝜌𝜌𝜌𝜌
𝑤𝑤𝑤𝑤

 

where 𝜌𝜌 is the film resistivity, 𝜌𝜌 is the length of the surface, 𝑤𝑤 is the width of the 

surface (consider L the longer of the two values), and 𝑤𝑤 is the film thickness 

perpendicular to the surface. Though dimensionless, the ratio 𝜌𝜌/𝑊𝑊 is taken as the 

number of squares through which charge carriers must traverse. A 380 𝜇𝜇𝑚𝑚 thick 

substrate, with a 2 mm diameter contact (approximating 𝜌𝜌/𝑊𝑊 = 1 square) and 

resistivity between 1 and 10 Ω×cm results in a resistance between 26 and 260 Ω. As 

previously stated, the equivalent series resistance parameter R3 does not deviate from 

this range, and changes in R3 are not considered to be a result of irradiation, but rather 

small changes in carrier concentration within the silicon substrate, or small changes in 

device preparation.  

R1 is the variable that undergoes the most drastic change. According to 

Nordell et. al. [18], the resistivity of a-B10C2+xHy films ranges from 1010 to 1015 

Ω×cm. A 200 nm thick film with a 2 mm diameter metal contact (approximating 𝜌𝜌/𝑊𝑊 

= 1 square) would result in a resistance on the magnitude of 1016 Ω, 11 orders of 

magnitude greater than any resistance values obtained in Table 1. However, if the film 

is completely depleted of charge carriers, and only acting as a dielectric between 2 

parallel plate contacts with a significant barrier at the silicon interface due to the 
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heterojunction band misalignment, the values of R1 for the virgin and 0.1 dpa 

measurements can be explained. 

First, it has yet to be shown what metals makes an ohmic contact with a-

B10C2+xHy films. It is possible a metal with a higher work function than chromium is 

required. This suggests that there could be a contact resistance at the device cathode 

in the form of a Schottky barrier. However, since the Schottky barrier is a majority 

carrier process, the barrier is frequency independent, and will only change as a result 

of chemical or structural changes in the film. The band misalignment between the a-

B10C2+xHy film and the silicon provides a frequency dependent junction resistance 

that will change as a result of changes in the charge carrier concentrations of either 

the film or the silicon. 

Examining the virgin measurement, we first make the approximation from the 

indicated parallel resistance of 6082 Ω, that the a-B10C2+xHy film is fully depleted. 

Were this not the case, our calculation above shows that this value or the equivalent 

series resistance (R3) would be many orders of magnitude larger. This leads to the 

interpretation of this value as the junction resistance due to barriers within the band 

structure. 

Examining the 0.1 dpa measurement, the second parallel R2 C2 component 

has an indicated junction resistance of 40 Ω [19]. Type inverted silicon as a result of 

neutron radiation reaches an upper limit asymptote of resistivity at approximately 

2.4×105 Ω×cm [15]. This is a direct result of the damage to the crystalline Si 

substrate. In order for the Si dopant to contribute to the conductivity of the Si, the 

substitutional atom (i.e. P) must sit on a Si lattice site. If the dopant is disturbed, and 

becomes an interstitial defect as a result of radiation damage, it is no longer active, 

and will not contribute to the conductivity. Prior to the damage clusters created near 



96 
the ion end of range, the irradiating ion is creating point defects in the Si all along its 

ion track. These point defects reduce the average carrier relaxation time and de-

activate the dopants, both of which increase the resistivity of the Si.  

From Equation 5-3, an ion range of 1400 nm and a contact area again of 2 mm 

diameter (approximating 𝜌𝜌/𝑊𝑊 = 1) would result in a resistance in the irradiated 

silicon of approximately 1.71×109 Ω. However, as before this calculation assumes no 

depletion region, which is inaccurate. There will be a depletion region at the p-p+ 

junction with the a-B10C2+xHy/Si(irradiated), and at the p+-n homojunction between 

the Si(irradiated)/Si(virgin). Since neither the exact carrier concentration or change in 

band structure is known for the a-B10C2+xHy film, the depletion widths at this 

junction are not accurately calculable. However, a rough estimate of the depletion 

width resulting from the p+-n homojunction shows the irradiated silicon and a-

B10C2+xHy film being fully depleted. Just as with the examination of the a-B10C2+xHy 

film, a resistance on this order of magnitude is not found in the 0.1 dpa model, and 

lends support to the full depletion approximation. 

Croitoru et. al. [15] provide resistivity and mobility measurements of 

irradiated silicon, allowing for the calculation of the hole carrier concentration for the 

case 𝑁𝑁𝐴𝐴 >> 𝑁𝑁𝐷𝐷 through: 

Equation 5-4 

𝜌𝜌 =
1

𝑞𝑞𝜇𝜇𝑝𝑝𝑁𝑁𝐴𝐴
 

where 𝜌𝜌 is resistivity, 𝑞𝑞 is the elementary charge, 𝜇𝜇𝑝𝑝 is the hole hall mobility, and 𝑁𝑁𝐴𝐴 

is the acceptor concentration. Taking the values from Croitoru’s highest measured 

fluences (1016 n/cm2) of 𝜌𝜌 = 234280 Ω×cm and 𝜇𝜇𝑝𝑝 = 70 cm2/Vs, we calculate 𝑁𝑁𝐴𝐴 = 

3.8×1011 1/cm3. The carrier concentration of the virgin silicon substrate is estimated at 
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𝑁𝑁𝐷𝐷 = 1×1015 1/cm3 (based on the manufacturer’s specifications). This leads to an 

estimate of the silicon homojunction depletion width (𝑤𝑤) of 36 𝜇𝜇𝑚𝑚: 

Equation 5-5 

𝑤𝑤 = �
2𝜀𝜀1𝜀𝜀0
𝑞𝑞

�
𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷
𝑁𝑁𝐴𝐴𝑁𝑁𝐷𝐷

�𝑉𝑉𝑏𝑏𝑏𝑏�
1 2⁄

 

 
Equation 5-6 

𝑉𝑉𝑏𝑏𝑏𝑏 =
𝑘𝑘𝑘𝑘
𝑞𝑞

ln �
𝑁𝑁𝐴𝐴𝑁𝑁𝐷𝐷
𝑛𝑛𝑏𝑏2

� 

 

where 𝜀𝜀1 is the dielectric constant, 𝜀𝜀0 is the permeability of free space, 𝑁𝑁𝐴𝐴 is the 

number of acceptors, 𝑁𝑁𝐷𝐷 is the number of donors, 𝑉𝑉𝑏𝑏𝑏𝑏 is the built in voltage, 𝑛𝑛𝑏𝑏 is the 

intrinsic carrier concentration, 𝑘𝑘 is the Boltzmann constant, 𝑘𝑘 is temperature. 

Considering that the ion range is only 1.4 𝜇𝜇𝑚𝑚, and the a-B10C2+xHy film is only 225 

nm thick, we can safely assume that the type-inverted silicon and a-B10C2+xHy film 

are fully depleted. 

Of much more import in the 0.1 dpa data, is the decrease of R1 from 6028 to 

2782 Ω. Using the approximation that the film is fully depleted of charge carriers, and 

the band alignment of the a-B10C2+xHy film to type inverted silicon is considered, the 

barrier of a p-p+ heterojunction will be much smaller than that of a p-n heterojunction 

even if the constituent band gaps are altered as a result of the irradiation. As an 

example to prove this point, let us assume the HOMO – LUMO gap of a-B10C2+xHy 

is 2.0 eV (values of 0.7 to 3.8 eV have been reported [3]). It has been shown that the 

acceptor and trap energy levels of type-inverted silicon are mid-band gap [20], so let 

us further assume that the band gap of the silicon is not significantly altered from 1.12 

eV. The conduction band barrier of the a-B10C2+xHy/virgin silicon p-n heterojunction 

is roughly 2.0 eV – (Ef + EcN) – (EvP + Ef) eV ≈ 2.0 eV. Through band realignment 
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of a type-inverted silicon region, the p-p+ conduction band barrier will be roughly 2.0 

eV – 1.12 eV ≈ 0.88 eV. Such a reduction in the barrier height would be reflected in 

the parallel junction resistance component of our equivalent circuit model. Our 

example shows a reduction of roughly ½ in barrier height, which compares to our R1 

results in Table 5-1. 

Examination of the 0.2, 0.3, and 0.5 dpa measurements shows a dramatic 

increase in the resistance parameter R1 from 2782 to 190000 Ω. Maintaining the 

assumption that this remains a combination of the junction and contact resistances, 

one explanation for the dramatic increase of parameter R1 is further heterojunction 

band modification and/or Schottky barrier modification. This modification could be 

additional band realignment due to defect passivation resulting in a decrease in NA 

and a shift from a p-type to an intrinsic semiconductor and simultaneously reducing 

the concentration of recombination/generation centers within the HOMO – LUMO 

gap. Another possibly is a direct change in the a-B10C2+xHy toward a larger HOMO – 

LUMO gap. 

Chapter 3 [1] showed improved diode rectification for 0.1 and 0.2 dpa 

irradiated samples through current versus voltage I(V) measurements (Fig. 3.2). 

Explanations thus far introduced do not account for these findings, meaning an 

additional mechanism must be at work. Supposition within Chapter 3 [1] was that 

initial radiation passivated defects of discrete energy levels within the a-B10C2+xHy 

film. Defect passivation could result from electronic energy deposition, bond breaking 

and re-formation of the local bonds with a lower total free energy, possibly resolving 

distorted icosahedron anion states. The low frequency conductance (𝐺𝐺0 = 𝑑𝑑𝑑𝑑/𝑑𝑑𝑉𝑉), 

taken as 𝜋𝜋 < 100 Hz, has a decreasing trend above 0.1 dpa. This would be reflected 

in a decrease in recombination/generation centers within the diode. The most likely 
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place to look for this is within the a-B10C2+xHy film, as it has been shown that new 

mid-band gap vacancy complexes are forming in the silicon [8–14]. 

5.5 Conclusions 

In conclusion, a-B10C2+xHy on Si p-n heterojunctions were synthesized utilizing 

PECVD. Following irradiation with 200 keV He+ ions, the heterojunction properties 

were explored through electrical characterization. A model has been presented for 

calculating conductance as a function of frequency for semiconductors under 

irradiation. This model was then used to interpret measured data and infer physical 

and chemical changes in the device.  

For low doses of irradiation, the resistance of the R1 component decreased. This 

is most likely due to band realignment of the a-B10C2+xHy/Si heterojunction as the 

irradiated silicon type-inverts creating a p-p+ heterojunction and reducing the barrier 

height. Simultaneously, the crystalline Si substrate is being damaged. Point defects 

are decreasing the average carrier relaxation time, and dopants are being de-activated, 

resulting in an increase in the resistivity of the Si. For moderate doses of irradiation, it 

is believed that the electronic energy deposition from the irradiating ions may be 

perturbing the atoms within the a-B10C2+xHy film allowing for the elimination of 

defects, and decreasing the hole concentration (NA). Even though the a-B10C2+xHy 

film is fully depleted of charge carriers, changes to the defect concentration (i.e. 

concentration of generation/recombination centers), and hole concentration (NA) will 

change the Fermi energy (EF) location within the HOMO-LUMO gap. This in turn 

causes band re-alignment, and would change the energy barrier at the a-B10C2+xHy/Si 

junction. Therefore, if the a-B10C2+xHy film has been altered to have less 

recombination/generation centers and/or smaller NA the a-B10C2+xHy/Si junction 

resistance will increase, explaining the results of R1 in Table 5-1. 
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While this paper presents a possible explanation for the initial increase in 

heterojunction device performance under irradiation, it is still not entirely clear to 

what extent the a-B10C2+xHy film is chemically or structurally modified by the 

irradiating ions. A more direct means of investigating the a-B10C2+xHy film is 

required. Future experiments seek to examine a-B10C2+xHy films as a lossy capacitor 

in a metal oxide semiconductor system (C-MOS). This will allow for the elimination 

of the issues created by the changing silicon substrate and exclusively examine the 

charge carriers of the a-B10C2+xHy film. 
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Chapter 6 Improved p-n Heterojunction Performance After 

Neutron Irradiation 

6.1 Introduction 
This chapter is an expanded version of a manuscript being developed for 

publication as a follow up to the publication that represents Chapter 3 of this 

dissertation. The target journal is the Journal of Applied Physics. All TEM sample 

preparation and images are the work of Qing Su of the Nebraska Center for Energy 

Sciences Research at the University of Nebraska – Lincoln. The calculations and 

figures for carrier concentration and built-in potential were a collaborative effort with 

Michael Nastasi, Director of the Nebraska Center for Energy Sciences Research at the 

University of Nebraska – Lincoln. 

Boron rich semiconducting icosahedral based materials have been investigated 

for application in solid-state neutron detection [1–12] and as a potential neutron 

voltaic [13,14] for some time [15]. Recent work suggests that boron carbide [16,17] 

and boron phosphide [18,19] based devices improve with some He+ ion radiation 

exposure, and are robust against radiation induced device degradation and failure. 

These results suggest, but do not conclusively show that such devices are robust 

against neutron irradiation that results in neutron capture by 10B and then 

fragmentation into energetic 7Li/He+ ion pairs. 

Prior studies indicated that device failure, under He+ ion irradiation, is the 

result of damage in the crystalline silicon (c-Si) substrate [16]. It was suggested [16] 

that the damage to the silicon was mostly due to elastic collisions of the incident ion 

with the c-Si atoms near the ion end of range where Frenkel pairs, ion implantation, 

and extended defects form, although mechanisms have been put forward [20–22]. 
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Here is an effort to provide additional insight into the changes of the device as a result 

of irradiation induced changes in the amorphous partially dehydrogenated 

semiconducting boron carbide film. 

The back contact of the device was formed by a metal-semiconductor 

Schottky barrier, which has its own capacitance. The capacitance of the Schottky 

barrier and the capacitance of the p-n heterojunction then combine as capacitors in 

series. Electrical RC circuits that connect capacitors in series combine as: 

Equation 6-1 

𝐶𝐶𝑒𝑒𝑒𝑒 =
1

1
𝐶𝐶1� + 1

𝐶𝐶2� + 1
𝐶𝐶3� + ⋯+ 1

𝐶𝐶𝑛𝑛�
 

limiting the charge build up across all capacitors in the circuit to the maximum charge 

capacity of the smallest capacitor. By placing a metal-semiconductor Schottky barrier 

on the backside of our device with a smaller capacitive component than the p-n 

heterojunction component, we limit the charge build up across the p-n metallurgical 

junction limiting the depletion region of the device, and allowing for electrical 

measurement and characterization of the diode according to the equations of state as 

traditionally derived. This element of our device structure and the relationships 

described by Equation 6-1 become an important factor in understanding the 

capacitance versus voltage data presented in Fig 6.4. 

6.2 Experimental Details 
Device synthesis begins with an n-type silicon (P doped) substrate (001) of 

resistivity 65 − 110 Ω × 𝑐𝑐𝑐𝑐 (purchased from Silicon Inc). The PECVD parameters, 

substrate preparation, and metallization are all as described in Chapter 2 and have 

been previously reported [2–5,8–14,16,24]. The only deviation from what is described 

in Chapter 2 is the size of the contacts deposited on the top and bottom of the devices. 
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The top shadow masks were changed to a 6 mm×8 mm rectangular shadow mask was 

utilized to deposit Au on the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 thin film, and Cr/Au was deposited over 

the entire backside of the wafer prior to 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 thin film synthesis. 

Neutron irradiation was achieved using a deuterium-tritium (DT) neutron 

source (Thermo Scientific MP 320 neutron generator) [25]. This DT source produces 

14 MeV neutrons, and was combined with a 10 cm beryllium (Be) cube neutron 

multiplier. These neutrons were moderated by 1 inch of paraffin, providing 

approximately 7500 neutrons/cm2/s. Flux calibration, neutron moderation, and 

generator to sample geometry is outlined elsewhere [24]. The generator produced 

neutrons using the following settings: duty cycle of 10%, beam current of 30 µA, and 

an accelerator voltage of 80 kV. Because of the paraffin wax enclosure, neutrons are 

scattered at the inside of the enclosure resulting in a slightly anisotropic 4π neutron 

environment (opposed to a directional irradiation beam emanating from the generator) 

for the irradiated samples with neutrons of varying energies centered about 0.025 eV 

[24]. Air cooling was applied to ensure that the environmental temperature remained 

below 55 °C to prevent melting of the paraffin wax.  

Current versus voltage measurements and capacitance versus voltage 

measurements are outlined in Chapters 2.6 and 2.7. (HR)TEM measurements are 

outlined in Chapter 2.3. Ellipsometric measurements were obtained using a J. A. 

Woollam Company M-2000VI spectroscopic rotating compensator ellipsometer. 

6.3 Results 
The creation of 7Li (0.84 MeV) and alpha particle (He+) (1.47 MeV), the 

fragments (ions), following neutron capture by a 10B atom, leads to the production of 

an excess of 106 electron – hole pairs. From Monte Carlo SRIM (stopping range of 

ions in matter code) simulations [26], the 7Li ion has a range of approximately 2.5 
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µm, and the He+ has a range of approximately 5.2 µm in Si. Upon fragmentation and 

translation away from the capture site, the direction of translation is completely 

random with equal chances of translating into the Si substrate, out of the top of the 

film, parallel to the interface plane, and all angles in between (with the 7Li and He+ 

translating in opposite directions), as shown in Fig. 6:1. 

 

Fig. 6.1: Cartoon of neutron capture by a 10B isotope resulting in fragmentation into a 7Li and He+ ions 
with kinetic energy resulting in translation away from the capture site (not to scale). Unless ion 

translation is parallel to the interface, one ion will exit the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film, and one will implant 
within the Si substrate, as represented by the “x”. 

There are two types of energy deposition from an irradiating ion: electronic stopping 

(ionization energy) and elastic collisions (recoil energy) [27]. Ionization energy 

deposition represents a sudden perturbation to the system by the transfer of energy 

from the irradiating ion to the electrons of the target atoms. This results in the 

breaking of bonds if the energy deposition rate per atom is larger than the bonding 

energy. Recoil energy deposition is due to collisions between the irradiating ion and 

the target atom nuclei, causing cascades of displacement damage in the form of 

Frenkel pairs and extended defects. TEM and SRIM analysis, reported elsewhere [16], 

showed that initial energy deposition by an incident ion (200 keV He+) will be 

n 

He+ 

7Li 

10B 

x 

Si a-BC 
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dominated by ionization energy and only near ion end of range (where ion 

implantation occurs) will the recoil energy deposition become dominant. The rate of 

ionization energy deposition between the Si substrate and 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film is very 

similar indicating that the ion range is going to be similar in magnitude for both 

materials. Ellipsometry measurements indicate a virgin film thickness of 192 nm, 

meaning that only if the translational direction is parallel to the interface plane will 

the ion range terminate inside of the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film, allowing for the assumption 

that the vast majority of energy deposition within the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film is ionization 

energy. 

While the neutron flux is approximately 7500 neutrons/cm2/s, it is important to 

know how sensitive the a-B10C2+xHy film is to the neutrons. The following is a 

calculation for number of neutrons captured by the a-B10C2+xHy film [28]. The 

number of transmitted neutrons (𝑁𝑁𝑇𝑇) is given by: 

Equation 6-2 

𝑁𝑁𝑇𝑇 = 𝑁𝑁𝑛𝑛𝑒𝑒−𝑛𝑛𝑛𝑛𝑛𝑛  �𝑛𝑛 𝑐𝑐𝑐𝑐2� � 

Where 𝑁𝑁𝑛𝑛 is the fluence of neutrons on a sample �3000 𝑛𝑛 𝑐𝑐𝑐𝑐2 𝑠𝑠� � [24], 𝑛𝑛 is the 

atomic density of 10B, 𝜎𝜎 is the neutron absorption cross section (3.835×10-21 cm2 

[28]), and 𝑑𝑑 is the film thickness (5×10-5 cm according to ellipsometry 

measurements). 𝑛𝑛 is determined by: 

Equation 6-3 

𝑛𝑛 = 𝑐𝑐 × 𝑁𝑁 =
𝑐𝑐𝑁𝑁𝐴𝐴𝜌𝜌
𝑀𝑀

 

Where 𝑐𝑐 is the atomic fraction abundance of 10B, 𝑁𝑁𝐴𝐴is Avogadro’s Number, 𝜌𝜌 is the 

molar mass of the film in g/cm3 (1.7 g/cm3 according to XRR measurements), and 𝑀𝑀 

is the molar mass in g/mol. 𝑐𝑐 was determined from ERD measurements, which 

showed a film stoichiometry of roughly B5C1H2. Thus the % B in the film is 5/8 = 
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63%. 10B has a natural abundance of 20%. Therefore the % 10B in the film is 0.20 ×

0.63 = 12.5%. According to Nastasi [27], 𝑀𝑀 is the total mass divided by the number 

of molecular units: 

𝐵𝐵 = (10.81 𝑔𝑔 𝑐𝑐𝑚𝑚𝑚𝑚) × 5 = 54.05⁄  

𝐶𝐶 = (12.01 𝑔𝑔 𝑐𝑐𝑚𝑚𝑚𝑚) × 1 = 12.01⁄  

𝐻𝐻 = (1.01 𝑔𝑔 𝑐𝑐𝑚𝑚𝑚𝑚) × 2 = 2.02⁄  

𝑇𝑇𝑚𝑚𝑇𝑇𝑎𝑎𝑚𝑚 𝑀𝑀𝑎𝑎𝑠𝑠𝑠𝑠 = 68.08 𝑔𝑔 

𝑀𝑀 =
68.08

5 + 1 + 2
= 8.5 

𝑔𝑔
𝑐𝑐𝑚𝑚𝑚𝑚

 

The film atomic density (𝑁𝑁) is given by: 

Equation 6-4 

𝑁𝑁 =
𝑁𝑁𝐴𝐴𝜌𝜌
𝑀𝑀

=
6.022 × 1023(𝑐𝑐𝑚𝑚𝑚𝑚−1) × 1.7 � 𝑔𝑔

𝑐𝑐𝑐𝑐3�

8.5 � 𝑔𝑔
𝑐𝑐𝑚𝑚𝑚𝑚�

= 12.04 × 1022 �
𝑎𝑎𝑇𝑇𝑚𝑚𝑐𝑐𝑠𝑠
𝑐𝑐𝑐𝑐3 � 

The atomic density of 10B is then: (𝑛𝑛 = 𝑐𝑐 × 𝑁𝑁 = 0.125 × 12.04 × 1022 �𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑐𝑐𝑎𝑎3 � =

1.50 × 1022 𝐵𝐵10

𝑐𝑐𝑎𝑎3). 

From Equation 6-2, we see that the fraction of transmitted neutrons is: 

𝑁𝑁𝑇𝑇
𝑁𝑁𝑛𝑛

= 𝑒𝑒−𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑒𝑒−(1.5×1022×3.835×10−21×5×10−5) = 0.99700 

Multiplying by 𝑁𝑁𝑛𝑛 shows that the number of transmitted neutrons is 0.99700 ×

3000 𝑛𝑛
𝑐𝑐𝑎𝑎2𝑎𝑎

= 2991 𝑛𝑛
𝑐𝑐𝑎𝑎2𝑎𝑎

. The number of absorbed neutrons is then the flux minus the 

number of neutrons transmitted 

Equation 6-5 

𝑁𝑁𝐴𝐴𝐵𝐵𝐴𝐴 = 𝑁𝑁𝑛𝑛 − 𝑁𝑁𝑇𝑇 = 3000 − 2991 = 9
𝑛𝑛

𝑐𝑐𝑐𝑐2𝑠𝑠
 

Our samples are roughly 1𝑐𝑐𝑐𝑐 × 1𝑐𝑐𝑐𝑐, so in 1 hour, 9 𝑛𝑛
𝑐𝑐𝑎𝑎2𝑎𝑎

× 1𝑐𝑐𝑐𝑐2 × 3600𝑠𝑠 =

32400 𝐿𝐿𝐿𝐿−𝛼𝛼 𝑝𝑝𝑎𝑎𝐿𝐿𝑝𝑝𝑎𝑎
ℎ𝑝𝑝

 are generated within the film. 
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From the diode I(V) curves of Fig. 6.2, for an 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦/𝑆𝑆𝑆𝑆 heterojunction 

diode after 0, 10, 20, and 40 hours of exposure to neutron irradiation, it is evident that 

the I(V) curve shows that the device performance improves with small amounts of 

neutron irradiationFor the following discussion, the turn-on voltage was determined 

by extrapolating a linear fit of the data in the large forward bias region (i.e. 2 V to 1 V 

for the 40 hour irradiated sample) to a current density of zero. In comparing the diode 

current in Fig. 6.2, the value at 1.55 V was chosen because that applied bias is slightly 

greater than the highest turn-on voltage. In the forward bias region, it is immediately 

evident that after 10 hours of irradiation (red), corresponding to roughly 2.7×108 

neutrons/cm2, the diode current increases by 325.9%, and the device turn-on voltage 

decreases from 1.52 V to 1.25 V. After 20 hours of irradiation (purple), the diode 

current is 188.8% greater than the virgin (black) device, and the turn-on voltage is 

1.42 V. After 40 hours of irradiation (blue), corresponding to roughly 

1.08×109 neutrons/cm2, the diode current is 618.0% greater than the virgin device, 

and the turn on voltage is 1.16 V, a decrease of 23.7% from the virgin device. In the 

reverse bias region, though not visible in Fig. 6.2, after 10 hours of irradiation, there is 

a decrease in the reverse bias current (i.e. increased current rectification) of 13.2% at 

an applied bias of -10 V. After 20 hours of irradiation, this trend reverses, and the 

reverse bias current has increased 374% at an applied bias of -5 volts over the virgin 

reverse bias current. After 40 hours of irradiation, the reverse bias current has 

increased by 605.3% over the virgin reverse bias current at an applied bias of -5 volts. 
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Fig. 6.2: The current versus voltage curves of a boron carbide to silicon heterojunction diode following 
neutron irradiation times of 0, 10, 20, and 40 hours of exposure. 

The p-n junction device current density versus voltage I(V) curves shown in 

Fig. 6.2 were used as a “Figure of Merit”. Previous work [16] sought to better 

quantify the improvement of the overall device performance, as well as device 

degradation and established a second Figure of Merit. This Figure of Merit was the 

ratio of the differential diode conductance, a ratio of the low frequency diode 

conductance (𝐺𝐺0 = 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ ) under forward bias to the low frequency diode 

conductance under reverse bias. 𝐺𝐺0 for both forward and reverse bias conditions were 

taken from the I(V) data in the range ± 0.75 to 1.00 applied volts. The higher the ratio, 

the better the heterojunction diode performance (Figure of Merit), as in previous work 

[16,29–31]. This is plotted in Fig. 6.3 with the error bars representing the standard 

deviation for the range. After 10 hours of irradiation, the increase in device current 

and slight increase in current rectification results in a better performing device with an 

increase in the ratio from 0.8 to 26.1. After 20 hours of irradiation, a slight decrease in 

the ratio is observed to 20.5 representing the onset of device degradation (i.e. current 

rectification decreases). After 40 hours of irradiation, the ratio has further decreased 
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to 1.9. The differential diode conductance Figure of Merit (Fig. 6.3) displays that the 

change in device performance with neutron irradiation has a very similar response 

pattern to that of He+ ion irradiation reported in our previous work [16]. 

While the Schottky barrier diode limits the charging across the p-n 

heterojunction structure, it does not change the carrier lifetimes of the p-n 

heterojunction structure or our ability to examine those lifetimes according to the 

technique outlined in previous publications [29,30]. Those publications showed 

significant changes in charge carrier lifetimes (orders of magnitude) as a result of 

changes to the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film, while the back contact remained unchanged. If the 

charge carrier lifetime calculated was that of the charges in the depletion region of the 

Schottky barrier diode, the lifetime would have remained a constant value regardless 

of film dopant or level of irradiation as the irradiating ion penetration depth was far 

short (hundreds of microns) of the Schottky barrier diode depletion region. 

The technique for calculating the charge carrier lifetime was presented 

previously [29,30]. This lifetime technique has been performed for each irradiation 

period of 0, 10, 20, and 40 hours of neutron irradiation, or no neutrons above 

background, roughly 2.7×108, 5.4×108, 1.08×109 neutrons/cm2 above background 

respectively. The results are shown in Fig. 6.3 as the right hand vertical axis in red. 

The indicated charge carrier lifetime for the un-irradiated sample is 0.95 µs, after 10 

hours of irradiation this increases to 1.20 µs, after 20 hours of irradiation this is 

further increased to 3.00 µs, and after 40 hours of irradiation this trend reverses and is 

decreased to 1.30 µs.  
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Fig. 6.3: (Left axis) The ratio of the derivative of forward bias current with respect to voltage by the 
derivative of reverse bias current with respect to voltage derived from I(V) data taken between 0.75 

and 1.00 applied volts. The higher the ratio, the better the heterojunction diode performance (figure-of-
merit). (Right axis) The effective carrier lifetime as a function of neutron irradiation as indicated by 𝐶𝐶𝐷𝐷 

modeling. 

The capacitance associated with oscillations in the depletion width due to 

small sinusoidal perturbations is referred to as the junction capacitance (𝐶𝐶𝐽𝐽). In the 

case of a heterojunction device, 𝐶𝐶𝐽𝐽 is described by [32]: 

Equation 6-6 

𝐶𝐶𝐽𝐽 = �
𝑞𝑞𝑁𝑁1𝑁𝑁2𝜀𝜀1𝜀𝜀2𝜀𝜀0

2(𝜀𝜀1𝑁𝑁1 + 𝜀𝜀2𝑁𝑁2)(𝜑𝜑𝑏𝑏𝐿𝐿 − 𝑑𝑑𝐴𝐴)�
1
2
 

where 𝑞𝑞 is the elemental charge, 𝜀𝜀0 is the permittivity of free space, 𝑁𝑁1 is the number 

of donor atoms/m3 in the n-type material, 𝑁𝑁2 is the number of acceptor atoms/m3 in 

the p-type material, 𝜀𝜀1 is the dielectric constant of the n-type material, 𝜀𝜀2 is the 

dielectric constant of the p-type material, 𝜑𝜑𝑏𝑏𝐿𝐿 is the device built-in voltage, and 𝑑𝑑𝐴𝐴 is 

the applied voltage. If there are no other charge oscillations, the device capacitance, 

independent of frequency, is equal to 𝐶𝐶𝐽𝐽 in reverse bias (depletion conditions) [33]. 

Fig. 6.4 plots the Capacitance versus Voltage C(V) curves of a 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦/𝑆𝑆𝑆𝑆 p-n 

heterojunction device after 0, 10, 20, and 40 hours of neutron irradiation at 100 kHz. 

Though not shown here, the capacitance for all irradiation exposure times and 
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frequencies of 10, 100, and 1000 kHz all remain between 0.17 and 0.38 nF (i.e. very 

frequency independent).  

In reverse bias, the device capacitance is dominated by the junction 

capacitance even after 40 hours of neutron irradiation (estimated fluence 1.08 ×

109 𝑛𝑛𝑒𝑒𝑛𝑛𝑎𝑎𝑝𝑝𝑎𝑎𝑛𝑛𝑎𝑎
𝑐𝑐𝑎𝑎2 ). Because it is reverse biased and there is not an additional frequency 

dependent capacitive component, the minority carrier concentration near the edge of 

the depletion region is very small compared to that of the majority carriers, and thus 

can be neglected in calculating 𝐶𝐶𝐽𝐽 [30]. 

 

Fig. 6.4: Capacitance versus Voltage C(V) curves taken at 100 kHz of 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦/𝑆𝑆𝑆𝑆 p-n 
heterojunction device after 0, 10, 20, and 40 hours of neutron irradiation. 

Due to the sinusoidal perturbation signal in forward bias, there is a significant 

contribution by the minority carriers to the changes in charge concentration. This 

contribution to the device capacitance is referred to as the diode diffusion capacitance 

(𝐶𝐶𝐷𝐷), and is given by the equation [23]: 

Equation 6-7 

𝐶𝐶𝐷𝐷 =
𝐺𝐺0
𝜔𝜔√2

��1 + 𝜔𝜔2𝜏𝜏2 − 1�
1
2 
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where 𝐺𝐺0 is the low frequency conductance previously defined and shown as a ratio in 

Fig. 6.3, 𝜔𝜔 is the angular frequency (2𝜋𝜋𝜋𝜋), and 𝜏𝜏 is the effective carrier lifetime. 

There are many and various contributions to the capacitances, and many types of 

defects, but if we restrict our modeling efforts to the diffusion component of transport, 

Equation 6-7 can be used to model the data relative to the baseline capacitance of Fig. 

6.4.  

The peak capacitance shown in Fig. 6.4, for all irradiation times, is slightly 

shifted to the positive bias region (2.6 – 3.7 v) because of the voltage drop across the 

Schottky barrier contact on the back side of the Si substrate. In this experiment, there 

is a 0.45 eV Schottky barrier from the Si/Cr/Au Metal-to-Semiconductor (MS) 

interface. Remembering that Equation 6-1 means that all capacitor charging will be 

limited by the capacitor with the smallest charge capabilities, in this circuit this is 

expected to be the Schottky diode. To test this, we calculated the expected 

capacitance of the Si-Cr Schottky diode. The charge carrier concentration of the Si 

substrate was calculated from the manufacturer resistivity specifications. For 98 

Ω×cm resistivity silicon (matching our 4-point probe measurement) a carrier 

concentration of 4.5×1019 m-3 was calculated from [34]. The widely accepted 

dielectric constant of Si is 11.68, and the area of the contact is 2.4×10-5 m2. The 

depletion width (𝑊𝑊) is calculated to be 1.7799×10-6 m from [35]. The capacitance of a 

Schottky diode is given by the relation [23]: 

Equation 6-8 

𝐶𝐶 =
𝜀𝜀1𝜀𝜀0𝐴𝐴
𝑊𝑊

 

Where 𝜀𝜀1 is the semiconductor dielectric constant, 𝜀𝜀0 is the permittivity of free space, 

𝐴𝐴 is the cross sectional area of the diode, and 𝑊𝑊 is the depletion width. The calculated 

capacitance for the Schottky diode is then 1.39 nF, matching the peak capacitance of 
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our device, and showing that charging across the p-n heterojunction structure is 

limited by the charging capabilities of the Schottky barrier diode.  

6.4 Discussion 
Thermal neutron irradiation of the c-Si atoms has a significant cross-section 

for scattering events, but not for capture or displacement events (𝑐𝑐𝑛𝑛𝑒𝑒𝑛𝑛𝑎𝑎𝑝𝑝𝑎𝑎𝑛𝑛 ≪ 𝑐𝑐𝐴𝐴𝐿𝐿). 

As a result, the c-Si lattice structure should only be perturbed by the energetic 7Li 

(0.84 MeV) and alpha particle (He+) (1.47 MeV) pairs created by 10B neutron capture 

events, in the boron carbide layer of the heterojunction. The neutron fluence and 

capture probability (outlined in the experimental section) should be such that the 

damage within the c-Si substrate of this experiment is minimal. We anticipate that for 

this experiment any changes in electrical or structural characteristics should be 

isolated to the amorphous partially dehydrogenated semiconducting boron carbide 

film, not due to the large amounts of damage in the c-Si substrate observed 

previously.  

In an effort to identify changes in the device as a function of irradiation, high 

resolution transmission electron microscopy (HRTEM) images and selected area 

electron diffraction (SAED) patterns were obtained both of the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦/𝑆𝑆𝑆𝑆 

interface, and in the bulk Si far from the interface (800 nm), but still within the 7Li 

and He+ ion range. These images are shown in Fig. 6.5, with the SAED of the 

𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film shown as the inset of Fig. 6.5(a), and the SAED of the Si shown as 

an inset in Fig. 6.5(b). Both the HRTEM image and the SAED of the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 

film show it remains amorphous. While there appears to be a narrow region (less than 

1 nm) of strained Si, the interface remains abrupt. Finally, no discernable damage is 

apparent in either the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 or the Si substrate, in either HTREM image or the 

SAED pattern, however point defects in Si are undetectable with this technique until 
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they occur in concentrations high enough that point defect agglomeration begins to 

occur [16]. This is in agreement with our previous findings that device improvement 

as a result of irradiation is not due to changes in the interface, changes in structure of 

the amorphous material, or changes in structure of the crystalline material. Instead, 

our supposition remains that the improvement is due to defect passivation of the 

amorphous material. 

 

Fig. 6.5: The HRTEM image and SAED pattern of (a) the a-B10C2+xHy film – Si (001) interface after 40 
hours of neutron irradiation and shows that the Si substrate remains crystalline near the interface and 
the a-B10C2+xHy film – Si (001) junction interface remains abrupt and the a-B10C2+xHy film remains 
amorphous. And (b) is taken 800 nm away from the interface showing that the Si remains crystalline 

with no point defect agglomeration as witnessed in [16]. 

If defect passivation is the driving force behind device improvement, that will change 

the carrier concentration of the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film (toward a more intrinsic material), 

if some of the passivated defects had contributed to the carrier concentration. Such 

changes should be evident in the built-in potential of each constituent semiconducting 

material comprising the heterojunction structure. The device built-in potential (𝜑𝜑𝑏𝑏𝐿𝐿) is 

the sum of the built-in potential within each constituent semiconducting material (i.e. 

the narrow band-gap material and the wide band-gap material): 

Equation 6-9 

𝜑𝜑𝑏𝑏𝐿𝐿 = 𝜑𝜑𝑏𝑏1 + 𝜑𝜑𝑏𝑏2 

Where 𝜑𝜑𝑏𝑏1 is the built-in potential of the Si, and 𝜑𝜑𝑏𝑏2 is the built-in potential of the 

𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film, and are given by: 

(a) (b) 
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Equation 6-10 

𝑑𝑑𝑏𝑏𝐿𝐿1 =
𝜀𝜀2𝑁𝑁2(𝜑𝜑𝑏𝑏𝐿𝐿 − 𝑑𝑑)
𝜀𝜀1𝑁𝑁1 + 𝜀𝜀2𝑁𝑁2

 

𝑑𝑑𝑏𝑏𝐿𝐿2 =
𝜀𝜀1𝑁𝑁1(𝜑𝜑𝑏𝑏𝐿𝐿 − 𝑑𝑑)
𝜀𝜀1𝑁𝑁1 + 𝜀𝜀2𝑁𝑁2

 

Where 𝜀𝜀1𝑁𝑁1 are the dielectric constant and doping concentration of semiconductor 1 

(i.e. the silicon substrate), and 𝜀𝜀2𝑁𝑁2 are the dielectric constant and doping 

concentration of semiconductor 2 (i.e. 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦), and 𝜑𝜑𝑏𝑏𝐿𝐿 is the total built-in 

potential, or the device built-in potential. (𝜑𝜑𝑏𝑏𝐿𝐿), and the acceptor carrier concentration 

was extrapolated from the C(V) measurement at 100 kHz and is shown in Fig. 6.6. 

Remembering that Fig. 6.4 demonstrates that the reverse bias capacitance is 

dominated by the junction capacitance component, and starting with Equation 6-6, by 

taking the derivative of Equation 6-6 with respect to applied voltage and solving for 

𝑁𝑁2 it can be shown that: 

Equation 6-11 

𝑁𝑁2 =
−2𝑁𝑁2𝜀𝜀2

𝐴𝐴2𝑞𝑞𝜀𝜀1𝜀𝜀2𝜀𝜀0𝑁𝑁2 �
𝑑𝑑(1 𝐶𝐶2⁄ )
𝑑𝑑𝑑𝑑𝑎𝑎

� + 2𝜀𝜀1
 

Where 𝑛𝑛�1 𝐶𝐶2⁄ �
𝑛𝑛𝑉𝑉𝑎𝑎

 is numerically determined from the small reverse bias region of a 1 𝐶𝐶2⁄  

versus Voltage plot as shown in Fig. 6.6, and 𝐴𝐴 is the device cross sectional area. 

According to the relationships of Equation 6-11, as the slope in Fig. 6.6 �𝑛𝑛�1 𝐶𝐶2⁄ �
𝑛𝑛𝑉𝑉𝑎𝑎

� 

increases, the carrier concentration decreases. 
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Fig. 6.6: 1/C2 versus voltage relationship is plotted to allow for the extrapolation of the device built-in 
potential (𝑑𝑑𝑏𝑏𝐿𝐿) and acceptor carrier concentration (𝑁𝑁𝐴𝐴). 

While it is well understood that radiation damage significantly reduces charge 

carrier lifetimes in silicon [18,36], and that bulk radiation damage has a significant 

effect on charge carrier concentration profiles [37–43], the damage due to 7Li/He+ 

pairs following thermal neutron capture are expected to be well below the thresholds 

for such results. Calculations above (as outlined by Hoglund et al. [28]) estimated 

approximately 3.2×104 7Li/He+ pairs are generated per hour of irradiation. It has been 

reported that 1014 particles/cm2 (~ 1 MeV neutrons) do not cause fundamental 

problems in Si based radiation detectors [37], however, Gill et al. showed that there 

are changes within the bulk Si. After a sufficient particle fluence, the bulk n-type 

silicon, is observed to type invert and behave as p-type material after a flux of 

~2×1013 particles/cm2 (~ 1 MeV neutrons). Ionized particles such as the 7Li/He+ pairs 

will also effect the effective doping concentration of the bulk silicon, but it has been 

reported that fluences greater than 1010 alpha particles are required to impact the 

“diode blocking voltage” (also known as the break down voltage) [36], a good 

measure of changes in the electrical characteristic of the device. These reported 

changes in the silicon are many orders of magnitude greater than the radiation 

exposure our samples experienced after 40 hours of irradiation. It is expected that 

1
𝐶𝐶2�

(𝐹𝐹
−
2 )

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑇𝑇𝑠𝑠 
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there will be some local changes in Si carrier concentration, due to ion tracks, but that 

the carrier concentration of the bulk silicon substrate (𝑁𝑁1) may be treated as a 

constant. 

Using the assumption that the silicon carrier concentration is constant, and 

Equation 6-11, the carrier concentration of the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film decreases with 

neutron irradiation, as shown in Fig. 6.8. The dielectric response and device value 

𝜀𝜀1=11.68, 𝜀𝜀2=3.5 (see Appendix C for modeling and formulation), 𝐴𝐴=5.1×10-5 m2, 

𝑁𝑁1=4.5×1019 m-3 (as calculated by [34]) were used to estimate the carrier 

concentration (Fig. 6.7). Please note that the low frequency (d.c.) relative dielectric 

constant (𝜀𝜀2) of 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 is unknown, and we are not asserting in this manuscript 

that 𝜀𝜀2 = 3.5 for this material, but represents a best guess from ellipsometric 

measurement and modeling. While quantitatively, any deviation in 𝜀𝜀2 will change 𝑁𝑁2, 

qualitatively, the trends will remain the same. In addition to the calculation outlined 

above, the capacitance versus voltage C(V) data of Fig. 6.6 was experimentally fit by 

Equation 6-6 allowing the carrier concentration and built-in voltage, to be fitting 

parameters. We found excellent agreement between the two methods: numeric 

calculation of 𝑁𝑁2 and experimental fitting of 𝑁𝑁2. The results are shown below in Fig. 

6.7. It was found that for the virgin sample, the carrier concentration was 1.50 ×1020 

1 𝑐𝑐3⁄ . That drops slightly after 10 hours of irradiation to 7.10 ×1019 1 𝑐𝑐3⁄ . There is a 

further drop to 1.68 ×1019 1 𝑐𝑐3⁄  after 20 hours of irradiation. This is followed by 

another slight drop to 1.25 ×1019 1 𝑐𝑐3⁄  after 40 hours of irradiation. As pointed out in 

prior work [16] and reinforced in Fig. 6.6 (the increase in slope indicating a decrease 

in carrier concentration), the amorphous material seems the most likely candidate for 

changes as a result of initial irradiation through defect passivation.  
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Fig. 6.7: 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film carrier concentration as a function of neutron exposure as calculated by 
Equation 6-11 and fitted to the data in Fig. 6.6. 

If there is indeed a decrease in the charge carrier concentration of the 

𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film as shown in Fig. 6.7, this will result in a shift of the Fermi Energy 

Level (𝐸𝐸𝐹𝐹) away from the valence band (𝐸𝐸𝑉𝑉) as the material becomes more intrinsic in 

nature. Because the conduction band and valence band discontinuities (∆𝐸𝐸𝐶𝐶 and ∆𝐸𝐸𝑉𝑉) 

are not a function of carrier concentration, but are resultant from the interface of two 

semiconductor materials with differing 𝐸𝐸𝑔𝑔 values, the band re-alignment requires a 

change in the built-in potential within each semiconductor. Fig. 6.8 shows the band 

diagram of a p-n heterojunction with the n-type narrow band-gap material on the left 

(Si substrate), and the p-type wide band-gap material on the right (𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 

film). Equations 6-9 & 6-10 show that the barrier to charge translation of the 

constituent materials are dependent on the relative di-electric constant and carrier 

concentration of the other constituent material (i.e. 𝜑𝜑𝑏𝑏1 is dependent on 𝜀𝜀2𝑁𝑁2). 
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Fig. 6.8: The thermal equilibrium energy-band diagram of two semiconductors of opposite type and 
different energy band gaps (𝐸𝐸𝑔𝑔), i.e. a p-n heterojunction, after [44]. 𝜑𝜑𝑏𝑏1 and 𝜑𝜑𝑏𝑏2 represent the built-

in potential in semiconductor 1 and 2 respectively. 

As shown in Fig. 6.8, as 𝐸𝐸𝐹𝐹 of the p-type material shifts toward mid bandgap, 𝜑𝜑𝑏𝑏1 and 

𝜑𝜑𝑏𝑏2 must change. The relation below shows that 𝜑𝜑𝑏𝑏2 must be increased and 𝜑𝜑𝑏𝑏1 must 

be decreased as 𝑁𝑁2 is decreased. 

Equation 6-12 

𝜑𝜑𝑏𝑏1
𝜑𝜑𝑏𝑏2

=
𝜀𝜀1𝑁𝑁1
𝜀𝜀2𝑁𝑁2

 

Combining the data of Fig. 6.7 with Equations 6-9 & 6-10 we can plot the device 

built-in potential as well as the barriers to charge translation within each constituent 

material. This is shown in Fig. 6.9. 

Vacuum Level 
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Fig. 6.9: The extrapolated device built-in potential of the p-n heterojunction as a function of neutron 
exposure taken from Fig. 6.6 and shown as black triangles (▲). The calculated barrier to charge 

translation of the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 and Si substrate are shown as red squares (■), and green triangles () 
respectively. 

 The trends of Fig. 6.9 matches expectations. A reduction in the charge carrier 

concentration means less band bending and a smaller device built-in potential. This 

would also account for the dramatic increase in the forward bias diode current of Fig. 

6.2. As the built-in potential within the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film increases (from 0 to 20 

hours of irradiation), so does the charge carrier lifetime as seen in Figs. 6.9 and 6.3 

respectively. From 20 to 40 hours of irradiation, even though the majority of the 

barrier to charge translation is located within the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film, the overall 

device built-in potential continues to drop, dictating a drop in the built-in potential of 

the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film, and again the charge carrier lifetime in Fig. 6.3 follows that 

trend. 

6.5 Conclusions 

In conclusion, amorphous partially dehydrogenated semiconducting boron 

carbide was synthesized via PECVD on n-type single crystal silicon. A Cr-Si 

Schottky barrier was created on the backside of the silicon to create a series 

capacitance limiting the charge buildup on the p-n heterojunction. By placing a 
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Schottky barrier on the back side of the Si substrate, and limiting the charge build up 

(dominated by the smaller capacitance) at the p-n metallurgical interface (the physical 

interface between the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film and Si substrate – not to be confused with 

the metal contact) the electric field of the interface is limited, and the depletion width 

is decreased. This allows for the probing of the p-n heterojunction device that would 

otherwise have the properties of a narrow-base device (a device with a quasi-neutral 

region on the order of a charge carrier diffusion length or smaller) or a device that 

suffers from punch-through (a device with no quasi-neutral region). This device was 

irradiated with thermal neutrons having energies around 0.02 eV. The device 

electrical properties where measured and characterized at several irradiation intervals. 

This research provides evidence that the electrical properties of amorphous partially 

dehydrogenated semiconducting boron carbide on silicon p-n heterojunction diodes 

initially improve with neutron irradiation, contrary to nearly all traditional electronic 

devices. The cause for the device improvement is most likely a result of a reduction in 

the carrier concentration within the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film, which has an effect on the 

barrier to charge translation in the Si substrate. The reduction in barrier height allows 

for a greater number of charges to contribute to the current density as shown in Fig. 

6.2 and quantified in Fig. 6.3. Further, there is a direct correlation between the trends 

of the built-in potential of the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film and the charge carrier lifetime.  

This research indicates that some disorder within the amorphous 

semiconductor film (in the form of defects) allows for healing with initial irradiation. 

This increases the operational lifetime of the device. Perhaps more importantly, this 

research provides further evidence that future devices should be based on field effect 

devices. For a truly radiation hard device, it may not be sufficient to remove the 

crystalline silicon component and replace it with an n-type amorphous film.  
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Chapter 7 Summary and Conclusions 

 

The projects involved in this dissertation focus on the transport properties of 

semiconducting partially dehydrogenated amorphous boron carbide synthesized via 

plasma enhanced chemical vapor deposition (PECVD) on silicon substrates forming 

p-n heterojunction diodes with irradiation. It has been demonstrated through current 

versus voltage measurements that such p-n heterojunctions exhibit an improvement in 

their electrical characteristics with moderate amounts of He+ irradiation. While it is 

believed that such improvements are due to bond defect passivation leading to 

changes in the effective carrier concentrations, and resulting in band realignment, this 

work cannot definitively prove that. It does however provide a body of evidence that 

the durability of the device is limited by the fragility of the silicon substrate to the 

irradiation. Device degradation is not associated with any interaction of the irradiating 

ions with the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film in these studies. 

 Drift carrier lifetime was examined with and without the inclusion of linker 

molecules such as benzene and pyridine. It was found that the benzene doping of the 

p-type semiconducting partially dehydrogenated boron carbide (ortho-carborane) 

increases the drift carrier lifetime by 2 orders of magnitude (7043 % increase), while 

the benzene doping of the n-type semiconducting partially dehydrogenated boron 

carbide (meta-carborane) increases the drift carrier lifetime 6 fold (500 % increase). 

The addition of pyridine to the p-type (PECVD) semiconducting boron carbide 

(ortho-carborane) increases the drift carrier lifetime by an order of magnitude (900 % 

increase). 

A model was presented for calculating conductance as a function of frequency 

for semiconductors under irradiation. This model was then used to interpret measured 
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data and infer physical and chemical changes in the device. For low doses of 

irradiation, there was a change in a resistive component of the model. This was most 

likely due to band realignment of the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦/𝑆𝑆𝑆𝑆 heterojunction as the irradiated 

silicon type-inverts creating a p-p+ heterojunction and reducing the barrier height. 

Simultaneously, the crystalline Si substrate is being damaged. Point defects are 

decreasing the average carrier relaxation time, and dopants are being de-activated, 

resulting in an increase in the resistivity of the Si. For moderate doses of irradiation, it 

is believed that the electronic energy deposition from the irradiating ions may be 

perturbing the atoms within the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film allowing for the elimination of 

defects, and decreasing the hole concentration (NA). Even though the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 

film is fully depleted of charge carriers, changes to the defect concentration (i.e. 

concentration of generation/recombination centers), and hole concentration (NA) will 

change the Fermi energy (EF) location within the HOMO-LUMO gap. This in turn 

causes band re-alignment, and would change the energy barrier at the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦/

𝑆𝑆𝑆𝑆 junction. Therefore, if the a-B10C2+xHy film has been altered to have less 

recombination/generation centers and/or smaller NA the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦/𝑆𝑆𝑆𝑆 junction 

resistance will increase. 

Lastly, this research demonstrates that similar to ions, neutron irradiation also 

causes an initial increase in the device electrical performance. The cause for the 

device improvement is most likely a result of a reduction in the carrier concentration 

within the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film causing a band re-alignment between the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 

and silicon. The band re-alignment causes a reduction in the charge carrier barrier-

height as it relates to the built-in potential of the silicon. The reduction in barrier 

height allows for a greater number of charges to contribute to the current density as 

shown in Fig. 6.2 and quantified in Fig. 6.3. Further, there is a direct correlation 
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between the trends of the built-in potential of the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦  film and the charge 

carrier lifetime. As the electric field in that material strengthens, charge separation 

efficiency is increased, and the lifetime increases. When the electric field is then 

reduced, so too is charge separation efficiency, and the lifetime is decreased. 

This research indicates that some disorder within the amorphous semiconductor 

film (in the form of defects) allows for healing with initial irradiation. This increases 

the operational lifetime of the device. Perhaps more importantly, this research 

provides further evidence that future devices should be based on field effect devices. 

For a truly radiation hard device, it may not be sufficient to remove the crystalline 

silicon component and replace it with an n-type amorphous film. The changes in 

charge carrier concentration of the p-type material with irradiation could still result in 

band re-alignment within any p-n junction based device resulting in reduced charge 

collection efficiency.  

In conclusion, one of the main challenges in this research has been the fact that 

we have been working with and studying a device that suffers from punch through, a 

device that does not have a quasi-neutral region in the p-type material. As a result, the 

governing equations that are typically available for modeling and analysis are not 

valid, and do not apply. Isolating the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 film, or growing a sufficiently 

thick film with known ohmic device contacts must be the next step in the research. 

Uncoupling and examining the single component of a complex system will allow for 

the definitive results of transport properties in amorphous boron carbide films. Only 

then will we truly know the potential of how efficient such devices will be at 

detecting neutrons. And, only after removing the crystalline substrate, and replacing it 

with an n-type 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 layer will we determine the amount of irradiation such a 

device is capable of operating in before degradation sets in.  
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7.1 Appendix A 

Recognizing that the complex impedance of a resistor and capacitor in parallel is 
Equation 7-1 

𝑍𝑍𝑅𝑅1𝐶𝐶1 =
𝑅𝑅1(𝑗𝑗𝑗𝑗𝐶𝐶1)−1

𝑅𝑅1 + (𝑗𝑗𝑗𝑗𝐶𝐶1)−1 

The equivalent complex impedance of the circuit in Fig. 5.1 is 
Equation 7-2 

𝑍𝑍𝑒𝑒𝑞𝑞 = −
𝑅𝑅1 𝑗𝑗

𝐶𝐶1 𝑗𝑗 �𝑅𝑅1 − 𝑗𝑗
𝐶𝐶1 𝑗𝑗�

−
𝑅𝑅2 𝑗𝑗

𝐶𝐶2 𝑗𝑗 �𝑅𝑅2 − 𝑗𝑗
𝐶𝐶2 𝑗𝑗�

+ 𝑅𝑅3 

The complex admittance (𝑌𝑌) is the reciprocal of the complex impedance 
Equation 7-3 

𝑌𝑌 =
1
𝑍𝑍𝑒𝑒𝑞𝑞

= �
−1

𝑅𝑅1 𝑗𝑗
𝐶𝐶1 𝑅𝑅1 𝑗𝑗 − 𝑗𝑗   +  𝑅𝑅2 𝑗𝑗

𝐶𝐶2 𝑅𝑅2 𝑗𝑗 − 𝑗𝑗  −  𝑅𝑅3
� 

The conductance of a device is the real part of the complex admittance. To obtain the 

real component of 𝑌𝑌, normalize the equation 
Equation 7-4 

𝑌𝑌 = −(𝐶𝐶1 𝑅𝑅1 𝑗𝑗 − 𝑗𝑗)(𝐶𝐶2 𝑅𝑅2 𝑗𝑗 − 𝑗𝑗) ⁄ [(𝑅𝑅1 + 𝑅𝑅2 + 𝑅𝑅3 + (𝐶𝐶2 𝑅𝑅2 𝑅𝑅3 𝑗𝑗 𝑗𝑗) +

(𝐶𝐶2 𝑅𝑅1 𝑅𝑅2 𝑗𝑗 𝑗𝑗) − (𝐶𝐶1 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2 𝑅𝑅3 𝑗𝑗2 ) + (𝐶𝐶1 𝑅𝑅1 𝑅𝑅2 𝑗𝑗 𝑗𝑗) + (𝐶𝐶1 𝑅𝑅1 𝑅𝑅3 𝑗𝑗 𝑗𝑗)]  

Multiply by the complex conjugate 
Equation 7-5 

𝑌𝑌

= −
(𝐶𝐶1 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2 𝑗𝑗2 − 1)𝜎𝜎3

𝜎𝜎1
+

(𝐶𝐶1 𝑅𝑅1 𝑗𝑗 + 𝐶𝐶2 𝑅𝑅2 𝑗𝑗)𝜎𝜎2
𝜎𝜎1

+         �
(𝐶𝐶1 𝑅𝑅1 𝑗𝑗 + 𝐶𝐶2 𝑅𝑅2 𝑗𝑗)𝜎𝜎3

𝜎𝜎1
+

(𝐶𝐶1 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2 𝑗𝑗2 − 1)𝜎𝜎2
𝜎𝜎1

� 𝑗𝑗 

where 

𝜎𝜎1 = 𝜎𝜎22 +  𝜎𝜎32 

𝜎𝜎2 = 𝐶𝐶1 𝑅𝑅1 𝑅𝑅3 𝑗𝑗 + 𝐶𝐶2 𝑅𝑅2 𝑅𝑅3 𝑗𝑗 + 𝐶𝐶1 𝑅𝑅1 𝑅𝑅2 𝑗𝑗 + 𝑅𝑅1 𝑅𝑅2 𝐶𝐶2 𝑗𝑗 

𝜎𝜎3 = 𝑅𝑅1 + 𝑅𝑅2 + 𝑅𝑅3 − 𝐶𝐶1 𝑅𝑅1 𝐶𝐶2 𝑅𝑅2 𝑅𝑅3 𝑗𝑗2 

 

Taking the real part of Equation 7-5 gives the equation modeling the measured 

conductance 
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Equation 7-6 

𝑮𝑮𝒎𝒎

=
𝑗𝑗2�(𝐶𝐶1 𝑅𝑅1 𝑅𝑅2 + 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2)(𝐶𝐶1 𝑅𝑅1 + 𝐶𝐶2 𝑅𝑅2) + 𝑅𝑅3(𝐶𝐶1 𝑅𝑅1 + 𝐶𝐶2 𝑅𝑅2)2�

𝜎𝜎4

−
(𝐶𝐶1 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2 𝑗𝑗2 − 1)(−𝐶𝐶1 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2 𝑅𝑅3 𝑗𝑗2 + 𝑅𝑅1 + 𝑅𝑅2 + 𝑅𝑅3)

𝜎𝜎4
 

where 

𝜎𝜎4
= (𝐶𝐶1 𝑅𝑅1 𝑅𝑅3 𝑗𝑗 + 𝐶𝐶2 𝑅𝑅2 𝑅𝑅3 𝑗𝑗 + 𝐶𝐶1 𝑅𝑅1 𝑅𝑅2 𝑗𝑗 + 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2 𝑗𝑗)2

+ (−𝐶𝐶1 𝐶𝐶2 𝑅𝑅1 𝑅𝑅2 𝑅𝑅3 𝑗𝑗2 + 𝑅𝑅1 + 𝑅𝑅2 + 𝑅𝑅3)2 

7.2 Appendix B 

When a 10B atom captures a neutron, a 11B compound nucleus forms which fragments 

into 7Li and an alpha particle with large translational energy, and 94% of the time, 

gamma radiation. This is represented below: 

 
10B + n → 7Li (0.84 MeV) + 4He (1.47 MeV) + ɣ (0.48 MeV)  (94%) 
10B + n →  7Li (1.02 MeV) + 4He (1.78 MeV)   (6%) 

7.3 Appendix C 

The value of the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 dielectric constant (𝜀𝜀2) is modeled through variable 

angle spectroscopic ellipsometry measurements using a Cody-Lorentz Model [1] and 

converting the 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 pseudo optical layer constants 𝜀𝜀1 (volume polarization) 

and 𝜀𝜀2 (volume absorption) [2] to the complex dielectric function [3]: 

Equation 7-7 

𝜀𝜀1(𝑗𝑗) = 1 +
2
𝜋𝜋
𝑃𝑃�

𝑗𝑗′𝜀𝜀2(𝑗𝑗′)
𝑗𝑗′2 − 𝑗𝑗2 𝑑𝑑𝑗𝑗

′
∞

0
  

Equation 7-8 

𝜀𝜀2(𝑗𝑗) = −
2𝑗𝑗
𝜋𝜋
𝑃𝑃�

𝜀𝜀1(𝑗𝑗′) − 1
𝑗𝑗′2 − 𝑗𝑗2 𝑑𝑑𝑗𝑗′

∞

0
 

Equation 7-9 

𝑃𝑃 = � 𝑑𝑑𝑗𝑗′
∞

0
= lim

𝛿𝛿→0
�� 𝑑𝑑𝑗𝑗′

𝜔𝜔−𝛿𝛿

0
� 𝑑𝑑𝑗𝑗′
∞

𝜔𝜔+𝛿𝛿
� 
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Where 𝑃𝑃 is “principal part of the integral”, 𝑗𝑗 = 2𝜋𝜋𝜋𝜋, and 𝑗𝑗′ is the complex angular 

frequency. Equations 7-7 & 7-8 show that the integral of 𝜀𝜀2 is tied to the shape and 

magnitude of 𝜀𝜀1. The complex dielectric function as a function of wavelength (𝜀𝜀(𝑗𝑗)) 

is then: 

Equation 7-10 

𝜀𝜀(𝑗𝑗) = 𝜀𝜀1(𝑗𝑗) + 𝑆𝑆𝜀𝜀2(𝑗𝑗) 

Fig. 7.1 plots 𝜀𝜀(𝑗𝑗) versus wavelength energy (eV) of a 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦/𝑆𝑆𝑆𝑆 p-n 

heterojunction structure. Fig. 7.1 shows that probing wavelengths less than 2.0 eV are 

dominated by volume polarization effects such as atomic polarization (i.e. NaCl ionic 

bonding), electronic polarization (i.e. depletion region electric field), and/or dipole 

moments. Only for probing wavelength energies greater than 2.0 eV do absorption 

effects begin to contribute to the complex dielectric function as Urbach tail excitation 

occurs. The relative dielectric constant is taken as the value of the complex dielectric 

function when the incident wavelength energy approaches zero. This is shown in Fig. 

7.1 to be 3.5, and is the value utilized for the calculations of charge carrier 

concentration using Equation 6-11 and plotted in Fig. 6.7. 
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Fig. 7.1: Semi-log plot of the relative dielectric function versus wavelength. A semiconducting 
materials relative dielectric constant is taken as the value when the incident wavelength energy 

approaches zero. For 𝑎𝑎-𝐵𝐵10𝐶𝐶2+𝑥𝑥𝐻𝐻𝑦𝑦 the value approaches 3.5. 
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