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The 3He supply problem in the U.S. has necessitated the search for alternatives for
neutron detection. The neutron detection efficiency is a function of density, atomic composition,
neutron absorption cross section, and thickness of the neutron capture material. The isotope 10B
is one of only a handful of isotopes with a high neutron absorption cross section—3840 barns for
thermal neutrons. So a boron carbide semiconductor represents a viable alternative to 3He. This
dissertation provides an evaluation of the performance of semiconducting boron carbide neutron
detectors grown by plasma enhance chemical vapor deposition (PECVD) in order to determine
the advantages and drawbacks of these devices for neutron detection. Improved handling of the
PECVD system has resulted in an extremely stable plasma, enabling deposition of thick films of
semiconducting boron carbide. A variety of material and semiconducting characterization tools
have been used to investigate the structure and electronic properties of boron carbide thin films,
including X-ray diffraction, X-ray photoelectron spectroscopy, atomic force microscopy,
infrared/Raman spectroscopy, current-voltage measurements and capacitance-voltage
measurements. Elemental concentrations in the boron carbide films have been obtained from
Rutherford backscattering and elastic recoil detection analysis.

Solid state neutron detection devices have been fabricated in the form of heterostructured
p-n diodes, p-type boron carbide/n-type Si. Operating conditions, including applied bias voltage,
and time constants, have been optimized for maximum detection efficiency and correlated to the
semiconducting properties investigated in separate electronic measurements. Accurate
measurements of the neutron detection efficiency and the response of the detector to a wide
range of neutron wavelengths have been performed at a well calibrated, tightly collimated,
―white‖ cold neutron beam source using time-of-flight neutron detection technique. Because
neutron detection measurements indicate that charge capture in boron carbide is affected by the
nanocrystalline/amorphous nature of the semiconductor, the effects of incomplete charge
collection efficiencies on the neutron detection efficiencies and pulse height spectra in
heterostructured p-n diode neutron detectors have been modeled using a Monte Carlo GEANT4
simulation.
The dissertation ends with suggestions for devices with improved neutron detection
efficiencies.
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Chapter 1 Introduction
This dissertation is focused on an exploration of boron carbide thin film based neutron
detectors for real-world applications as an alternative to 3He detectors and supports the
hypothesis that boron carbide neutron detectors are attractive candidates for the next generation
of commercially realizable neutron detectors. Determining the ultimate performance of boron
carbide detectors has previously been difficult because of the lack of knowledge of their material
characteristics and because of irreproducibility and lack of stability of the thin films.
Consequently, the exploration of semiconducting boron carbide neutron detectors in this
dissertation is devoted to exploring two major streams: (i) neutron detection experiments or
simulations using the boron carbide material (Chapter 6-9) and (ii) independent studies to
investigate the physical and electronic properties of the material in the thin film (Chapter 2-5).
The dissertation begins, in Chapter 2, with a discussion regarding the optimal conditions
for boron carbide sample preparation using Plasma Enhanced Chemical Vapor Deposition
(PECVD). The crucial improvement reported here is the ability to maintain a stable plasma for
long periods of time in order to deposit thick films, because thick boron carbide films are
indispensable in enhancing the neutron detection efficiency. Chapter 3 employs ion beam
analysis (IBA) techniques to obtain the exact elemental compositions of thin and thick boron
carbide films and reveal that the films contain a certain amount of hydrogen as well as boron and
carbon. The molecular structures of boron carbide films are inferred from infrared (IR) and
Raman spectroscopies in Chapter 4. The elemental information from Chapter 3 validates the use
of the fingerprint method to identify the resonant vibrational frequencies in IR and Raman
spectra. Previous work had shown that boron carbide films can change from p-type to n-type
semiconductors with the addition of Ni as a dopant. Chapter 5 is focused on the control of Ni
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dopant concentrations and the resulting Fermi level shifts of the Ni-doped boron carbides, which
are both important to the development of homojunction boron carbide p-n diode neutron
detectors. Chapter 6 introduces general concepts regarding the generation and moderation of
neutrons and neutron detection. Neuron detection experiments using thermal neutrons and a
heterojunction boron carbide/n-type Si p-n diode are described in Chapter 7 and similar
experiments with cold neutrons are described in Chapter 8. Specifically, Chapter 8 details
neutron detection as a function of neutron wavelength using time-of-flight (TOF) techniques, as
well as allowing for a detailed and reliable measure of neutron detection efficiency. The boron
carbide neutron detectors employed in this dissertation are based on heterostructure p-n diodes
where the p and the n type materials differ in their crystal/electronic structures, and charge
transport properties. A Monte Carlo simulation using GEANT4 introduced in Chapter 9 allows
for predictions of efficiency and pulse height spectra as a function of semiconducting properties
in the heterostructured p-n diode neutron detectors.
This dissertation concludes with a summary that describes the progress achieved so far
and details ideas for future experiments.
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Chapter 2 Preparation of PECVD Grown Boron Carbide Thin
Films
Part of the work reported in this chapter on XPS was performed in collaboration with
Marjorie A. Langell of Department of Chemistry, University of Nebraska-Lincoln, Lincoln, NE,
U.S.A.

2.1 Introduction
Since the first discovery of a boron carbide compound in 1858, there have been many
different material preparation routes [1], each of which results in specific combinations of
composition and structure, and both physical and chemical properties. Figure 2.1 shows one
boron-carbon phase diagram that reveals the wide phase homogeneity range for bulk boron
carbides. Among all possible phases, B12C3 (often called B4C) is understood to be the
stoichiometric single crystal boron carbide. A study of the free energy of boron carbides by
Emin shows that replacing carbon atoms within B4C with boron atoms enables a wide range of
compositions explaining the wide single-phase regime [2].

Figure 2. 1 Boron-carbon phase diagram. O: hot-pressed samples, P: peritexy, F: congruent melting,
E: eutectic (adapted from Ref. [3]). —•— (adapted from Ref. [4]), ——— corresponds to vertical
limits, ‒ ‒ ‒ ‒ (adapted from [5-8]). Figure adapted from Ref. [1].

4

The study of phase diagrams for thin films of the boron-carbon system deposited by laser
chemical vapor deposition (LCVD) from a reaction gas mixture consisting of BCl3, CH4, and H2
showed multiple phases, rhombohedral boron carbide and graphite (stable phases), and a
tetragonal boron rich carbide (meta-stable phase) [9]. In general, phase diagrams for thin films
show a strong dependence on the deposition technique and vacuum conditions [10]. Various
deposition techniques have been used to grow boron carbide thin films: RF/DC magnetron
sputtering using boron carbide targets (mostly B4C) [11-13], reactive sputtering using a boron
target [14], ion beam deposition [15], pulsed laser deposition [16] and chemical vapor deposition
(CVD) [17-26]. Plasma Enhanced CVD (PECVD) grown boron carbide films [20-32] show
semiconducting properties, enabling applications that include semiconducting diode devices [21,
24, 26], Fermi level engineering via impurity doping [23, 26, 30] and all solid state neutron
detectors [32-35]. The semiconducting properties are highly sensitive to deposition conditions
and the particular growth technique. This chapter outlines the film fabrication methods and other
useful information related to the deposition procedures for the PECVD grown boron carbides.

2.2 PECVD system
PECVD is a film deposition technique in which chemical reactions occur between
gaseous source molecules and a plasma. This deposition technique yields fast deposition rates
without loss in film quality and is often used in semiconductor manufacturing [28, 36-41].
The PECVD chamber used in boron carbide film growth consists of two parts: a main
deposition chamber [24], based on the Gaseous Electronics Conference design [42], consisting of
a 10 inch stainless steel sphere and a second chamber connected to the main chamber via a gate
valve. The second chamber enables sample loading to the main chamber without opening the
PECVD chamber. This load lock system enables us to keep the surface of the PECVD chamber
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passivated so that we obtain the desirable boron carbide film composition (more details are given
in section 2.3.3). In addition to functioning as a load-lock, the second chamber is used for
sputter deposition of various magnetic and nonmagnetic metal targets. For device fabrication,
in-situ sputter deposition of electrodes on a film is possible using mask systems. PECVD
chamber accessories such as gas lines, RF power, temperature controlling system, vacuum
pumps, have been illustrated and explained in the theses and dissertations of previous group
members [43-46].

2.3 Sample depositions
2.3.1 Source molecules
While sputter depositions use solid state targets to grow a crystal, PECVD uses vapor
phase source molecules. The molecular structure and stoichiometry of source compounds may or
may not be preserved in films grown by PECVD and this may be investigated by comparing
molecular bonds in the precursor and the thin films (see Chapter 4), as well as by measurements
of the elemental composition of thin films (see Chapter 3). Three different icosahedral carborane
isomers: ortho-, meta-, para- closo-dicarbadodecaborane(12) (C2B10H12) [47] have been used at
UNL as source compounds for semiconducting boron carbide films. They are distinguished by
the differing positions of carbon atoms in the icosahedral cage, resulting in different optical and
electrical properties of the corresponding films [48, 49]. In this dissertation, we deal with the
ortho isomer, orthocarborane (o-carborane), as the source molecule for boron carbide films. We
also describe nickelocene, which is used for n-type doping of the boron carbide films.
Orthocarborane (ortho-carborane, or closo-1,2,-dicarbodecaborane) has been successfully
used as a source molecule for the growth of semiconducting boron carbide films on n- or p-type
Si substrates [20, 21, 24, 26], n-type SiC substrates [24], and insulating substrates [50]. The
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icosahedral molecular structure of orthocarborane is shown on the left side of figure 2.2. The
two black spheres represent carbon atoms, with the remaining ten apical sites occupied by boron
atoms. The twelve hydrogen atoms that are bonded to the carbon and boron atoms are not shown
in the figure. Orthocarborane, with the natural isotopic abundance of boron (19% 10B) is
purchased from Sigma-Aldrich [51] in the form of a white powder. The product has 98% purity
and a molecular weight of 144.23 g/mol. It melts at 260 °C and the heat of sublimation
measured at 300 K is 70 kJ/mol [52]. The hydrogen bonds are relatively weak, resulting in a
significant loss of the bonds after thin film deposition while the 5:1 ratio of boron to carbon is
well preserved (see Chapter 3).
Nickelocene (nickel-biscyclopentadienyl, Ni(C5H5)2, or NiCp2), an n-type dopant for the
boron carbide film [23], is an alkali-metal cyclopentadienyl complex where the Cp ligand bonds
to Ni through all five carbon atoms as shown on the right-hand side of figure 2.2. The molecule
was purchased from Sigma-Aldrich [51] in the form of a green powder. This organonickel
compound has been also used as a source molecule to prepare Ni films using decomposed Ni
atoms from gaseous nickelocene on a hot substrate [53, 54]. The hydrocarbon ligands are
released after the decomposition. The Ni in the PECVD grown boron carbide films, however, is
incorporated into the icosahedral cage [27] and does not exist as a pure metal. In order to avoid
the well-known light-induced decomposition [55], the nickelocene was handled and kept in the
dark.
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Figure 2. 2 A cartoon of the molecular structure for orthocarborane and nickelocene. Figure
adapted from [51].

2.3.2 Substrates
Numerous substrates have been shown to be suitable for growth of boron carbide films.
The cleaning processes and deposition conditions differ slightly, depending on the type of
substrate.
The most commonly used semiconducting substrates were n-type or p-type Si substrates.
Si wafers are cleaned in acetone, methanol, and deionized water in an ultrasonic cleaner for 5
min. The wafers are then chemically etched in 4.9% hydrofluoric (HF) acid solution to remove
the surface SiO2 layer, as checked by ellipsometry measurements [56]. Boron carbide films on
the Si grow and adhere with or without post-annealing. For insulating substrates, various
optically transparent substrates were tested: glass, A- or R- plane sapphire, and quartz. They
were cleaned using a similar process as described for the Si wafers, with the exception of HF.
Films on insulating substrates were not as robust and delaminated fairly easily. Additional heat
treatments of the substrates increased the time over which the films were stable, but these, too,
eventually delaminated. The delamination problem is thought to originate from significantly
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different thermal expansion coefficients between the boron carbide film and the substrate used.
However, an in-situ post-annealing at 600 °C in an Ar atmosphere after film growth prevented
film delamination. The use of insulating substrates enabled fabrication of resistive boron carbide
devices, magnetic tunnel junction devices, and semiconducting thin film transistors. As is
discussed later in Chapter 3, post-annealing changes the elemental composition on the surface of
the boron carbide film.
Si/SiO2 substrates are widely used as an insulating substrate for many electronic devices.
The substrate was relatively thin and fragile compared to the other insulating substrates
mentioned above and so was much easier to cut to a suitable size for the devices. The substrate
was tested for boron carbide film growth with the same cleaning process as for the other oxide
substrates. As-deposited boron carbide films on Si/SiO2 substrates did not show any
delamination. Deposition on insulating Si/SiO2 substrate, therefore, excluded possible concerns
about modified surface effects on device properties which might arise in the devices during postannealing.
2.3.3 Deposition conditions
The deposition protocol for PECVD has been well described in Ref. [43] and the films
described in this dissertation followed the same deposition process, unless mentioned otherwise.
In this section, the deposition conditions are outlined and additional explanations are given about
the parameters that differ from those in Ref. [43].
The following list gives the parameters chosen for the PECVD grown boron carbide films:


Reactor or carrier gas: Ar.



Substrate temperature for deposition: 330 – 350 °C.



Temperature of carrier gas lines: 90 °C.
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Temperature of PECVD chamber: 90 °C.



Temperature of the orthocarborane source molecule vial: 90 °C. (This temperature
was previously set at 70 °C but has been changed to 90 °C to avoid arc discharge in
the PECVD chamber during deposition, caused by a temperature difference between
the orthocarborane and its carrier gas. Previously, arcing hindered long depositions.)



Temperature for the nickelocene dopant molecule vial: Room temperature. (This
temperature is lower than the temperature of carrier gas, but did not cause arcing
because the amount of dopant introduced to the chamber was small.)



Base pressure for PECVD chamber: 10-6 to 10-7 Torr.



Working pressure for PECVD chamber: 200 mTorr in an Ar atmosphere



RF power: 30W



Plasma etching of substrate prior to deposition: 30 min in an Ar plasma.



Post-annealing condition: After film growth, the chamber temperature was increased
to 600 °C over a period of one hour, held stable for 20 min, and then slowly cooled
down to 90 °C over times longer than one hour.



The Ni doping concentration was controlled by changing the flow of Ar gas to the
orthocarborane and nickelocene vials by using the mass flow controllers (MFC)
settings. For example, we can fix the MFC that controls the flow to the
orthocarborane vial at 1 SCCM and vary the MFC to the nickelocene vial as required.
This change will give us information about relative changes in Ni dopant
concentration.



Chamber passivation: The passivation of the main chamber inner surfaces was done
by performing a 10 min test deposition of orthocarborane molecules in a cleaned
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chamber. This step is important in obtaining the correct right ratio (5:1) of boron to
carbon. Figure 2.3 is an X-ray photoelectron spectroscopy (XPS) for boron carbide
films grown in a passivated chamber (red line) and virgin chamber (black line). On
both films, carbon peaks are clearly visible but the sample deposited in the virgin
chamber did not show a boron peak. Moreover, the film grown in a virgin chamber is
easily delaminated even on Si substrates. From the XPS results, we conclude that a
passivation process is necessary for all boron carbide film growth. We hypothesize
that the thin insulating coating that is deposited on the PECVD chamber’s inner walls
changes the electric field distribution.

Earlier theses and dissertations have described the process of deposition in extensive
detail. Key improvements that enabled the measurements described in the rest of this
dissertation include: (1) detailed process parameter control: In particular, the rf power and the
temperature of the carrier gas and the source molecule were carefully controlled during the
deposition, (2) chamber passivation enabled us to make films with the appropriate stoichiometry,
and (3) post-annealing processes broadened the substrate choices. The improvements resulted in
greatly improved semiconducting properties. Briefly, we were able to fabricate diodes with
much smaller leakage currents (nA-A) and much greater reverse breakdown voltages (>40 V),
we were able to make much thicker films and maintain the stoichiometry over the entire
thickness range, and we were able to control the amount of Ni doping and hence the Fermi level
with unprecedented accuracy.
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Figure 2. 3 XPS spectra of undoped boron carbide films on Si substrates. Passivation of the
PECVD chamber surface is necessary if we are to obtain the desirable boron to carbon ratio in the
thin film.
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Chapter 3 Stoichiometry of PECVD Grown Boron Carbide Films
Part of the work reported in this chapter on RBS and ERDA was performed in
collaboration with Y. Q. Wang of the Ion beam Materials Laboratory, Materials Science and
Technology Division, Los Alamos National Laboratory, Los Alamos, NM, U.S.A. and Carina
Höglund1,2, Jens Jensen2, Jens Birch2, and Lars Hultman2 of 1European Spallation Source, Lund,
Sweden and 2Department of Physics, Chemistry and Biology (IFM), Thin Film Physics Division,
Linköping University, Linköping, Sweden.

3.1 Ion Beam Analysis (IBA)
The elemental composition of the orthocarborane source molecule for boron carbide thin
film deposition is C2B10H12. The ratio of boron to carbon and the presence or absence of
hydrogen in the resultant thin films are important quantities for calculations of the neutron
detection efficiency and are difficult to ascertain with common techniques. Most X-ray
techniques for compositional analysis are blind to hydrogen and x-ray diffraction experiments
cannot distinguish B from C due to their very similar Z values (5 and 6). The presence of
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B at

a fraction of 20% in naturally occurring boron results in very high absorption of neutrons,
leading to difficulties in the interpretation of neutron diffraction data.
There have been several attempts to investigate the composition of plasma enhanced
chemical vapor deposition (PECVD) grown boron carbide films using X-ray photoelectron
spectroscopy (XPS) [1] and Auger electron spectroscopy (AES) [2]. These show a range of
compositions for the boron carbide films that depend upon deposition conditions, thickness, and
heat treatments. These previous studies indicate the sensitivity to sample preparation conditions,
but were unable to pinpoint the amount of hydrogen in the film.
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Here, we have used two ion beam analysis techniques (IBA) to investigate the
composition and elemental depth profiles of as-deposited and post-annealed boron carbide films
on Si substrates. IBA refers to analytical techniques utilizing ion beams with energies in the
MeV range to probe the elemental composition of light/heavy materials. The specific IBA
techniques used in this dissertation are Rutherford backscattering spectrometry (RBS) and elastic
recoil detection analysis (ERDA).

3.2 Rutherford Back Scattering (RBS)
RBS is an analytical technique which measures the number and energy of projectile ions
(usually alpha particles and less commonly protons) backscattered from the atoms of a target foil
[3]. The classical model for an elastic collision works well to describe the process of interaction
between the bombarding ion and the target nucleus. In RBS experiments, the energies of the
bombarding ion are chosen to be high enough so that interactions with the electron cloud do not
lead to appreciable scattering except in the forward direction, but low enough so that the ion
remains outside the nucleus and the interactions between the ion and the nucleus are purely
electrostatic in nature.
The energy loss of a projectile ion backscattering at a given angle depends on the target
atomic number and is given by the kinematic factor K which is the ratio of projectile energy after
the scattering to before. The kinematic factor (K) is defined in equation (3.1), where E is the
energy of the alpha particle, M is the mass of the incident alpha article, Mt is the mass of the
target atom, and  is the scattering angle.

𝐾=

𝐸𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑
𝐸𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

1−

=

𝑀 𝛼 𝑠𝑖𝑛𝜃
𝑀𝑡

2

𝑀
1+ 𝛼
𝑀𝑡

2
𝑀 𝑐𝑜𝑠𝜃
+ 𝛼
𝑀𝑡

(3.1)
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The energy loss mechanism for scattering is momentum transfer from the projectile to the target
which is higher for lighter elements and results in higher accuracy of the mass resolution of RBS
for light elements. Because the ions cannot be backscattered by atoms of smaller masses, alpha
particles cannot be backscattered by hydrogen (and helium), so additional experiments are
necessary to obtain the hydrogen concentration in boron carbide films.
The yield for alpha particles backscattered from a target into a given solid angle of
detector is related to the differential scattering cross section, which relates to the probability of
observing a scattering event. The differential scattering rate will depend on the density of target
atoms and the intensity of the incident beam, as well as the interaction strength (or scattering
𝜕𝜎

length) of the target/ion pair. The differential scattering cross section (𝜕Ω) for RBS for alpha
particles is described in equation (3.2), where Zt is the target atomic number, Z is the alpha
particle mass number, Ω is solid angle , and the total cross section is obtained by integrating over
solid angle.

𝜕𝜎
𝜕Ω

=

𝑍𝛼 𝑍𝑡 𝑒 2
4𝐸

2

1−
4

∙ 𝑠𝑖𝑛 4 𝜃 ∙

𝑀 𝛼 𝑠𝑖𝑛𝜃
𝑀𝑡

1−

2

2

+𝑐𝑜𝑠𝜃

𝑀 𝛼 𝑠𝑖𝑛𝜃
𝑀𝑡

2

(3.2)

The scattering cross section is proportional to the square of the atomic number of the target atom
(~Zt2) leading to a higher relative yield for heavy elements. RBS is more sensitive to heavy
elements, but this signal sensitivity should be distinguished from the mass resolution discussed
above, which is higher for light elements.
RBS experiments were conducted at the Ion Beam Materials Laboratory at Los Alamos
National Laboratory (LANL) [4]. Figure 3.1 shows a schematic diagram of the beam line for the
RBS/ERDA measurements at LANL. RBS measurements were obtained on two thin boron
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carbide films (~50 nm) on Si substrates, as-deposited and post-annealed at 600 °C, using 2 MeV
alpha particles. The alpha particle is normally incident on the target, the RBS detector is fixed at
a scattering angle of 167° and covers a solid angle of 2.23 msr.

Figure 3. 1 A schematic diagram of the RBS and ERDA system in the Ion Beam Materials
Laboratory at LANL. Figure adapted from Ref. [4].

Because the distance between nuclei (~2×10-10 m) is much larger than the size of nucleus (~1015
m) [3], the probability of the Rutherford backscattering collisions is small. Collisions with the
electron cloud are more probable, but the low charge density in the electron cloud leads mainly
to forward scattering. As the alpha particles travel through the film, they dissipate energy, and
the energy dissipation is dependent on the material’s stopping power [5]. For 2 MeV alpha
particles, the stopping power and the corresponding range in the boron carbide film were
calculated using SRIM/TRIM software [6], and are shown in table 3-1. Here, the electronic
stopping power refers to the interactions of the alpha particle with the electrons and the nuclear
stopping power refers to glancing collisions with the target nuclei. The projected range of 4.52
m implies that the alpha particles penetrate the total thickness of the 50 nm films with minimal
reduction in the energy.
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Table 3. 1 SRIM/TRIM results for 2 MeV alpha particles in the boron carbide film. The density of
boron carbide is 2.463 g/cc obtained from the critical edge measurement of X-ray reflectivity. Here,
straggling refers to the square root of the variance of range representing the statistical fluctuation.

Alpha particle
Energy

dE/dx
(Elec.)

dE/dx
(Nucl.)

Projected
Range

Longitudinal
Straggling

Lateral
Straggling

2 MeV

1.495
MeV/(mg/cm2)

1.164×10-3
MeV/(mg/cm2)

4.52 m

1499 Å

1236 Å

Figure 3.2 shows the spectrum for the as-deposited (black line) and post-annealed thin
boron carbide film (red line) as a function of the scattered alpha particle energy. The higher
energy peaks result from scattering off the heavier elements, with lower momentum transfer. The
peaks are indexed to the respective elements. Because the orthocarborane source molecule
contains naturally occurring boron with a 10B: 11B ratio of 1:4, we expect that the film will
preserve that ratio. The two peaks for boron are separated by the different masses of the 10B and
11

B nuclei, resulting in differing kinematic factors.

The areal densities for 11B, 12C, and 16O are

obtained by integrating the area under the peak and normalizing to the appropriate cross section,
and are shown in the figure in units of 1015 atoms/cm2. Because the alpha particle penetrates the
total thickness of the thin films, the areal density (the product of atomic density and thickness) is
proportional to the total amount of each element in a given thickness of the film, without any
need for adjustment for depth resolution. Any change in composition with depth would be
invisible to RBS in this case.
The relative elemental ratio of the films are calculated based on the areal densities shown
in figure 3.2 by taking into account the natural abundance of isotopes for boron, carbon, and
oxygen. Table 3.2 shows the elemental ratio normalized to the carbon concentration. There is no
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significant difference in the compositional ratio between the as-deposited and post-annealed thin
films, but both ratios deviate quite significantly from the stoichiometry of the source molecule
C2B10H12 in which the boron/carbon ratio is 5 to 1. There are two possible scenarios: 1) carbon
contamination of the surface results in a false higher carbon concentration, and/or 2) the PECVD
process destroys the icosahedral cage of C2B10H12 during film growth, leading to a totally
different composition from that of the source molecule. Because we have previously observed
adventitious carbon contamination on the surface [7], the former scenario is likely. An additional
puzzling feature is the high concentration of oxygen. Previous X-ray photoelectron spectroscopy
(XPS) results (see Chapter 4) indicate the presence of oxygen on the surface, indicating that the
boron carbide film surface is easily oxidized. Since RBS results reflect the relative elemental
concentrations within the whole 50 nm thickness, additional experiments (described later in this
chapter) are necessary to clarify the elemental concentration.
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Figure 3. 2 RBS spectrum for as-deposited (black line) and post-annealed (red line) 50 nm boron
carbide films on Si substrate. The incident energy of the alpha particles was 2 MeV. The spectrum
was obtained at LANL.

26

Table 3. 2 Relative compositional ratio of the as-deposited and post-annealed 50 nm boron carbide
film obtained from RBS results at LANL. These results probe the entire thickness of the film.

B

C

O

As-deposited film

3.13

1.00

0.37

Post-annealed film

3.09

1.00

0.45

3.3 Elastic Recoil Detection Analysis (ERDA)
ERDA, another ion beam analysis technique, uses heavy ions to strike the target ions, and
detects the recoil of the target atoms, rather than the energy of the scattered bombarding ions.
The kinematic factor for the projectile particle (the fraction of the primary energy retained by the
projectile particle after scattering) is the same as in RBS, shown in equation (3.1). For the recoil
particles, the recoil kinematic factor (Kr) describes the fraction of energy transferred from
incident projectile to recoil particle. Equation (3.3) shows the recoil kinematic factor calculated
from energy and momentum conservation at a given recoil angle of, where 1 and 2 denote
the primary and recoil particle, respectively.
𝐾𝑟 =

4𝑀1 𝑀2 𝑐𝑜𝑠 2 𝜑
(𝑀1 +𝑀2 )2

(3.3)

The scattering and recoiling occur simultaneously and the M2/M1 ratio determines the relative
weight of the kinematic factor for each. For example, if M2/M1 is higher than 1, the scattering
kinematic factor is larger than the recoiling one.
ERDA is advantageous in the detection of light elements, with the relevant information
being carried by the target nuclei themselves, not by the backscattering of the bombarding ions,
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as in RBS [9]. Therefore, the compositional analysis of boron carbide, which consists of mostly
light elements such as boron, carbon, and hydrogen, benefits greatly from ERDA. In
conventional ERDA heavy primary ions are used and an absorber foil/detector combination is
employed to stop the bombarding particles as shown in figure 3.1. Since the scattering in ERDA
occurs in the forward direction, both scattered primary ions and recoil particles would enter the
detector. The absorber foil stops the heavy primary particles while light energetic recoil particles
can still reach the detector. The absorber foil/detector combination makes ERDA sensitive to
light elements in a heavy matrix which is not the case for RBS. The results from ERDA
experiments are obtained in terms of areal densities (atoms/cm2) and concentration ratios (%) of
the elements at a fixed areal density, just as in RBS.
ERDA were conducted at two different experimental set-ups 1) the same set-up as for our
RBS experiments at LANL using 3 MeV alpha particles for the primary ion and 2) an ERDA setup in Linköping University, Sweden, which uses iodine ions. The first one was performed for
thin 50 nm boron carbide films on Si substrates to investigate the absolute concentration of
hydrogen. The second set-up was for 1 m thick boron carbide films on Si substrates to
investigate all elements of the thick film sample as a function of depth.
Figure 3.3 shows the ERDA results for hydrogen in the thin as-deposited (black line) and
post-annealed (red line) film from LANL. The hydrogen concentration was calculated based on
a hydrogen standard (a 200 nm thick hydrogenated Si film on Si substrate) in which the
hydrogen concentration was already known. The alpha particles scattered from the samples were
completely stopped by an 18 m Mylar absorber foil in front of the detector. About 34% of
hydrogen is reduced by the post-annealing at 600 °C showing good agreement with previous
infrared (IR) spectroscopy measurements [10] which shows a significant suppression of the
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boron-hydrogen peak after annealing. The relative elemental ratio between the hydrogen from
ERDA and the carbon from RBS is about 2.15 to 1 (H to C) for the as-deposited and 1.78 to 1 for
the post-annealed. Therefore, if we assume that the elemental composition does not change with
depth, the elemental composition is B3.13C1H2.15O0.37 for the as-deposited and B3.09C1H1.78O0.45
for the post-annealed films respectively, quite distinct from the elemental composition of the
B10C2H12 orthocarborane source molecule, showing a relatively higher concentration of C and a
reduction in the concentration of hydrogen.
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Figure 3. 3 ERDA spectrum for as-deposited (black line) and post-annealed (red line) 50 nm boron
carbide film on Si substrate. The incident energy of the alpha particles was 3 MeV. The spectrum
was obtained at LANL. (The X-axis indicates the energy of the recoiled particle. With a thicker
absorber foil, the peak position would move to the left.)
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The second experiment, time-of-flight ERDA, performed at Linköping University
enables an elemental analysis as a function of areal density (or sampling depth) for thick 1m
boron carbide films, 20 times thicker than the thin films for the RBS/ERDA at LANL. These
ERDA experiments utilize primary ions of 30-40 MeV iodine, which are stopped completely in
the boron carbide film at an incident angle of 66 degree, thus eliminating the background signal
from the Si substrate. Depth profiling was performed by sputtering of the thin film and the
correlation between depth and energy was obtained by evaluating the stopping powers and the
corresponding energy loss of the primary ion. Figure 3.4 shows the ERDA results as a function
of areal density for as-deposited (a) and post-annealed at 600 °C (b) 1 μm boron carbide films on
a Si substrate. In the case of the as-deposited film, the sample began delaminating during the
experiment, which was therefore conducted only for about 2 minutes, resulting in fewer data
points. (Note that the annealed film also delaminated about 1 year after the measurement. A
possible reason for the delamination is that these two films were cut from 3 inch circular samples
using a diamond cutter. Since the cut is not perfectly clean, the films start delaminating at the
edges because there is a component of stress that can act more effectively at the edge, where
cutting may have started interfacial cracking.)
As shown in figure 3.4, the elemental composition varies near the surface slightly for the
as-deposited film and significantly changes for the post-annealed film. Both films show
stoichiometries converging to constant elemental ratios as the depth increases. As seen from
RBS, the boron carbide films are contaminated by oxides but the ERDA data show that the
oxygen contamination is only on the top surface and disappears at an areal density of 1000×1015
atoms/cm2 for the both films. Therefore, we infer that oxygen contamination arises from contact
with air.
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Figure 3. 4 Relative amount (at. %) for each element is shown as a function of sampling depth in
units of 1015 atoms/cm2 for the as-deposited (a) and post-annealed (b) boron carbide films obtained
from ERDA.
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The sampling depth in terms of the areal density can be converted to a depth in
nanometers by the following equation where t is the depth, x is the areal atomic density
(atoms/cm2), M is the relative mass (g/mol) (the relative mass is the material mass and depends
on the elemental composition),  is the gravimetric density (g/cc) and NA is Avogadro's number
(atoms/mol) [11].
x∙M

t = ρ∙N

A

(3.4)

The corresponding depth profiles are shown in figure 3.5. The step size for the depth is ~6.6 nm
and ~3.3 nm with a total scan depth of 215 nm and 345 nm for the as-deposited (a) and postannealed (b) film, respectively.
The oxygen contamination range is the same for both films, arising only from the top 50
nm of the film. There is a negligible amount of oxygen within the bulk of the film. The
hydrogen surface concentration (~ 50 nm from the surface) drops rapidly after the post-annealing
treatment. However, the post-annealed film contains a higher hydrogen concentration at larger
depths as compared with the as-deposited one. Consequently, we infer that the hydrogen
diffuses into the film due to the post-annealing treatment. We speculate that previous data on the
IR spectrum that revealed a much weaker boron-hydrogen bond [10] on annealing is because IR
spectroscopy is surface sensitive [12].
The elemental compositions are constant beyond a certain depth from the surface and the
corresponding average atomic concentrations for each element are tabulated in the boxes in
figure 3.5. As with the thinner films, we show the elemental stoichiometry for the thick films
(where the carbon concentration is assumed to be unity) in table 3.3. For these thick boron
carbide films, the boron to carbon ratio is about 5 to 1, the same as for the source molecule. Postannealing does not change the relative ratio between the boron and carbon concentrations.
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Figure 3. 5 Relative amount (at. %) for each element is shown as a function of sampling depth in
nm for the as-deposited (a) and post-annealed (b) boron carbide films obtained from ERDA.
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Table 3. 3 Relative compositional ratios of the as-deposited and the post-annealed 1 m boron
carbide films obtained from ERDA.

B

C

H

O

As-deposited film

5.17

1.00

1.98

0.04

Post-annealed film

5.37

1.00

3.53

< 0.01

ERDA measurements allowed us to define the composition of these films as B5C1H2,
which we used in our simulation and calculations for neutron detection efficiency. The RBS
results on the thin (50 nm) boron carbide films show a compositional ratio of about 3 to 1 for the
boron to carbon concentrations. In order to resolve the discrepancy between the RBS and ERDA
measurements, we plot the relative concentrations of boron and hydrogen with respect to carbon
(a and c), and carbon and hydrogen with respect to boron (b and d) in figure 3.6 for both thick
films as a function of scan depth. (a) and (c) indicate that the boron/carbon ratio drops to 3.8 and
3.0 at the top surface. With increasing depth, the boron to carbon ratio saturates at 5 to 1. Since
the RBS experiments did not perform a depth profile, the overall elemental compositions for the
thin films was dominated by the surface signal and the relatively low boron concentration for the
thin boron carbide films in table 3.2 is a surface effect.
IBA is an excellent technique for investigating the exact atomic composition, but cannot
give us information regarding the chemical structure. Here, the IBA results for the thin and thick
boron carbide films indicate compositional changes as a function of film depth and thickness.
Our results are consistent with preservation of the icosahedral cage of the source molecule in the
deposited films but to confirm this we performed both IR and Raman spectroscopy, as detailed in
Chapter 4.
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Figure 3. 6 Relative concentration of each element with respect to carbon (a and c) and with respect
to boron (b and d) as a function of film depth in nm obtained from ERDA. Left-hand side shows
the plots for as-deposited and right-hand side for post-annealed thick boron carbide films.
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Chapter 4 Vibrational and Rotational Spectra of PECVD Grown
Boron Carbide
Part of the work reported in this chapter on IR and Raman spectroscopy was performed
in collaboration with Orhan Kizilkaya of Center for Advanced Microstructures and Devices
(CAMD), Louisiana State University, Baton Rouge, Louisiana, U.S.A. and Wei Xiong of LaserAssisted Nano Engineering Lab., Department of Electrical Engineering, University of NebraskaLincoln, Lincoln, NE, U.S.A.

4.1 Introduction
Covalently bonded boron rich carbon compounds have drawn attention for their use as
armor ceramics due to their ultra hardness against high-pressure impact [1-4]. B4C (or B12C3) is
generally accepted to be the most stable crystal structure in this family, but a wide range of stable
compositions (~8-20 at. % C) exists [5, 6] with different distributions of boron and carbon atoms.
Approaches to investigation of the crystal structure of the various boron carbides have been
based on the composition B4C [7-10], with changes in the stoichiometry being modeled by
various disorder (mixing) mechanisms [11-14]. Attempts to interpret the diffraction data of the
crystal structure of B4C to assign elemental placements of the boron and carbon atoms remained
elusive because the x-ray form factors of B and C are nearly equal, and because the neutron
scattering lengths for 11B and 12C are so similar [15]. In addition, neutron diffraction
experiments have to contend with the high absorption of neutrons by the 10B isotope, which
occurs at a 19% fraction in naturally occurring boron.
In the investigation of semiconducting PECVD grown boron carbide, the structure plays
an important role because it enables identification of the material with the best semiconducting
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properties. The simultaneous presence of multiple polytypes results in defects, states in the gap,
lower mobilities and trapped charge. Knowledge of the structure enables us to vary growth
parameters to correlate improved semiconducting properties with structural changes and hence to
make the material with the desired properties.

X-ray diffraction (XRD) measurements of the

PECVD grown boron carbides (B5C1H2 and Ni-doped B5C1H2, discussed in Chapter 5) did not
enable us to predict the constituents of the icosahedral cages and the linear chains which connect
the icosahedral cages in the rhombohedral crystal structure generally assigned to the boron
carbides. In fact, both XRD and electron diffraction measurements show no clear indication of
long range order. Instead in this chapter we will consider the interaction of electromagnetic
radiation with molecular vibrations and rotations using two complimentary techniques, infrared
(IR) spectroscopy and Raman scattering, to investigate the molecular structure of the PECVD
grown boron carbide films.
Lazzari et al. [7] predicted the atomic structure of icosahedral B4C by comparing existing
IR absorption and Raman measurements with the results of accurate ab initio lattice-dynamical
calculations. They take into account three ordered configurations of B4C 1) the chain
configuration: B12 icosahedra + C-C-C intericosahedral chains 2) the polar configuration: B11C
icosahedra wherein a C is placed in one of the polar sites + C-B-C chains 3) the equatorial
configuration: B11C icosahedra wherein a C is placed in one of the equatorial sites + C-B-C
chains. Figure 4.1 shows the atomic structure of B4C and descriptions of each site. Their
theoretical model showed that the lowest energy was for the polar configuration of B4C. Here
we discuss our IR and Raman measurements and fingerprint the vibrational modes from existing
data. A more in depth analysis will require extensive theoretical computations.
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Figure 4. 1 Atomic structure of B4C. Depending on the configuration, each site may contain either
B or C atoms. Figure adapted from Ref. [7].

Figure 4.2 shows the icosahedral cage of the orthocarborane precursor (C2B10H12) used in
PECVD growth of boron carbide films. The boron and carbon atoms are on the vertices of the
icosahedra, with two nearest neighbor carbon atoms. Hydrogen atoms are bonded to the B and C
atoms on all twelve vertices. The ERDA results in Chapter 3 show an elemental ratio of B5C1H2
for the as-deposited thick boron carbide film. If we assume that the icosahedral cage remains
intact during deposition, we might guess that 8 hydrogen bonds to either boron or carbon are
broken during the PECVD process. Because neither XRD nor TEM have shown the existence of
long range order in the thin films, this elemental composition is at best an average over the film.
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From the results of IR and Raman, we investigated the major chemical bonds which exist both 1)
within the icosahedral cage and 2) outside the icosahedral cages, for example in chains that
connect the icosahedrons.

Figure 4. 2 Orthocarborane molecular structure. This figure is obtained from a Gaussian 03
simulation.

4.2 Experimental details
Fourier transform infrared (FT-IR) spectroscopy was performed using the IR
microspectroscopy beamline at the Center for Advanced Microstructures & Devices (CAMD)
[16]. The IR synchrotron radiation at CAMD [17] measured a ~1 m thick undoped and a Nidoped B5C1H2 film on Si wafers grown using PECVD with a substrate temperature of 330 °C
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[18]. The Ni-doped B5C1H2 was deposited using 1 SCCM of Ar carrier gas through the
orthocarborane vial and 9 SCCM of Ar carrier gas through the nickelocene vial leading to a
heavily Ni doped sample, designated as Ni(9)-B5C1H2 in Chapter 5. The orthocarborane source
compound was also examined by FT-IR using the globar source at CAMD [17]. The source
molecule was mixed with KBr powder and pressed to make a KBr disc. The Thermo Nicolet
Nexus 670 FT-IR spectrometer is used for the both IR beam sources, in reflection mode for the
boron carbide film samples and in transmission mode for the orthocarborane disc sample.
Raman spectroscopy of an ~1 m thick undoped B5C1H2 film on Si and an ~1 m Nidoped B5C1H2 film on Si was conducted using a Renishaw Raman spectrometer. The films were
deposited under the same conditions as the films used for the IR measurements, albeit in separate
deposition runs. A diode laser with a wavelength of 785 nm and a power of 12.5 mW was used
as the excitation source (1.58 eV). The beam was focused to a spot diameter of approximately
5m. Two independent scans, one was centered at 400 cm-1 and the other centered at 980 cm-1,
were performed in static-mode to cover an extensive range from low to high frequencies. One
Raman mode was selected to map a wide area of 90×70 m2 to investigate the homogeneity of a
particular chemical bond in the undoped B5C1H2 film.

4.3 Results and discussion
We first simulated the structure of orthocarborane (C2B10H12) using an electronic
structure modeling tool (Gaussian 03[19]) to understand the chemical structure and possible
vibration modes. Table 4.1 shows a summary of the calculation conditions including the
calculation method and the basis set. The distance matrix of C2B10H12 obtained from the
calculation (shown in table 4.2) is compared with the result of XRD measurements for
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orthocarborane powder in figure 4.3. Since there are 24 atomic sites in the orthocarborane
molecule, the distance matrix shows 552 possible distances between each atom. Because x-rays
are nearly insensitive to hydrogen, this is reduced to 132 possible atom to atom distances that we
expect to see in x-rays. Table 4.3 shows the various atom to atom distances for H, B, C. The BB distance varies from 1.78 Å to 2.9 Å , B-C from 1.70 Å to 3.23 Å , and the C-C distance is 1.63
Å . The XRD results show 6 separate peaks corresponding to distances that range from 1.9 Å to
2.98 Å . Although we cannot definitively assign the XRD peaks to particular atom to atom
distances obtained from Gaussian 03, the range of atom to atom distances is comparable. The
lack of a discernible peak at or close to the C-C distance may be attributed to the low expected
amplitude of this peak.

Table 4. 1 A summary of the Gaussian 03 calculation conditions used to obtain the stationary
molecular geometry and the vibrating modes.

Calculation type

Freq

A calculation of the vibrational frequencies of the
molecule.

Calculation method

RB3LYP

A restricted calculation of a closed shell configuration

Basis Set

6-31G(d,p)

A polarized basis set which adds p functions to
hydrogen atoms in addition to the d functions on heavy
atoms.
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Table 4. 2 Distance matrix of the icosahedra shown in figure 4.2 simulated by Gaussian 03
with the calculation conditions in table 4.1. Distances are in Å .

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

B
B
B
B
B
B
B
B
H
H
H
H
H
H
H
H
H
C
H
H
H
B
C
B

6
7
8
9
10
11
12
13
14
15
16
17
18

B
B
B
H
H
H
H
H
H
H
H
H
C

1
0
1.784664
2.891901
1.777649
2.880545
3.388815
2.89133
1.780954
4.562346
3.952971
3.94492
2.59189
2.602658
2.585116
1.18267
3.907331
2.634497
1.69855
2.44693
3.94087
3.663222
2.880814
2.750985
1.779645
6
0
1.780779
2.891286
1.182684
2.602531
2.591607
3.944639
3.952965
3.940733
4.562407
2.634602
3.907374
2.751009

2

3

4

5

0
1.779832
1.777645
2.880334
2.880663
1.780582
2.891336
3.940884
2.602613
3.94467
2.591662
3.952935
1.182684
2.58522
2.634696
3.907196
1.69866
2.447127
4.562318
3.663183
3.388774
2.750976
2.891816
7

0
2.877888
2.877743
1.779784
1.764748
3.402642
2.554752
2.569881
3.930072
3.93011
4.587224
2.554552
3.891948
1.180523
3.869558
1.719468
2.392042
3.891832
2.391929
2.891908
1.719428
2.911123
8

0
1.783161
2.880355
1.792546
1.792361
3.993296
2.635754
2.622771
1.185202
2.635718
2.683289
2.682884
3.986359
3.986098
2.739229
3.730999
3.993251
4.303452
2.880396
3.225171
2.877583
9

0
1.777463
1.792533
1.792493
2.682914
2.635552
1.1852
2.622824
2.635961
3.993297
3.993289
3.986173
3.986286
3.225172
4.303443
2.683222
3.730888
1.777716
2.739184
2.877776
10

0
2.907366
2.668734
1.184796
2.620001
2.619833
3.978142
2.668409
3.965977
2.701867
4.567612
2.74803

0
3.965926
3.977887
2.619986
2.620047
1.184803
3.966135
2.668603
4.567689
2.701954
2.748102

0
3.116876
3.128002
4.9845
4.939605
4.905548
5.729988
3.000833
4.77673
3.760837

0
3.06891
3.06894
4.960107
3.116851
4.939616
3.150509
5.750086
3.811567
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19
20
21
22
23
24

H
H
H
B
C
B

11
12
13
14
15
16
17
18
19
20
21
22
23
24

H
H
H
H
H
H
H
C
H
H
H
B
C
B

16
17
18
19
20
21
22
23
24

H
H
C
H
H
H
B
C
B

21
22
23
24

H
B
C
B

3.663201
2.585403
2.447036
1.784803
1.698703
2.892014
11
0
3.070034
3.069554
4.98458
4.984531
4.9625
4.962712
4.410246
5.487812
3.128444
4.711303
2.5919
3.802621
3.930146
16
0
4.665085
2.497604
2.732763
4.776851
2.732575
3.907319
2.497536
3.869764
21
0
2.446957
1.082354
2.392297

3.707566
3.966306
3.707581
2.891507
2.748108
3.402611
12

3.707626
2.66846
3.707635
1.780737
2.748067
1.764653
13

4.542726
2.960984
2.82513
2.585092
2.48389
3.891811
14

4.676894
4.939814
4.676762
3.952999
3.811546
4.587197
15

0
3.06951
3.128337
3.128017
4.962572
4.962606
3.802643
4.711411
4.984644
5.487822
3.94485
4.410245
3.930025
17

0
4.939769
3.116525
5.750136
3.15011
3.811368
4.676576
3.11656
4.676661
2.602563
3.811381
2.569386
18

0
2.960988
3.000613
4.776542
2.483776
2.825162
5.729851
4.542531
4.562288
3.760668
3.891613
19

0
4.777047
3.000889
2.484163
2.825621
4.905577
4.543064
3.94095
3.761033
2.554716
20

0
2.49737
2.7324
3.000662
2.732768
2.634591
2.497495
1.180528
22

0
1.082357
3.760754
2.316176
2.750945
1.625472
1.719436
23

0
4.542565
2.579533
3.663084
2.316082
2.391987
24

0
2.825243
1.182675
2.483911
2.554645
25

0
1.69858 0
1.779798 1.719593 0
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Based on the stationary molecular geometry calculated with Gaussian 03, we obtained the
vibration frequencies for the orthocarborane icosahedron and compared the simulation results
with the IR spectrum for the orthocarborane condensed phase measured by the manufacturer
(Sigma-Aldrich [20]). As can be seen from figure 4.4, the vibrational modes arise in two regions
1) a low frequency range from 500 cm-1– 1500 cm-1 and 2) a high frequency range from 2400
cm-1-3500 cm-1. Although the two spectra do not match exactly, the regions of the peaks show
fairly good agreement. According to the Gaussian 03 results, the peaks in the low frequency
range are due to the various vibrations of B-B, B-C bonds, the peaks at ~2700 cm-1 are due to BH bonds, and the peak at 3250 cm-1 is due to C-H bonds.

Figure 4. 3 XRD results obtained from orthocarborane powder showing 6 diffraction peaks. d1-d6
indicate the atomic distance for each diffraction peak.
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Figure 4. 4 (a) FT-IR spectrum for the orthocarborane condensed phase obtained from SigmaAldrich, (b) Vibrational modes for an orthocarborane icosahedron calculated by Gaussian 03.

Similar to figure 4.4, the IR spectrum of the orthocarborane KBr disc serves as an
indicator of the IR active modes for the icosahedral cage of the boron carbide films. Figure 4.5
(c) shows the FT-IR spectrum of the orthocarborane and (a) the undoped B5C1H2 film on Si and
(b) the Ni-doped B5C1H2 film on Si. The interference fringes in figure 4.5 (a) and (b) indicate
identical thicknesses of the two films. The strongest two peaks in the high frequency range for
orthocarborane are the B-H stretch mode (2590 cm-1) and C-H stretch mode (3070 cm-1) [21-23].
The width of the B-H stretch mode arises from the various resonant frequencies of each B-H
bond at different sites of the slightly distorted icosahedron. The two films, undoped and Nidoped B5C1H2 films show B-H stretch modes at the same frequency (2590 cm-1) whereas the CH frequency is absent for both. Hence, hydrogen appears to be preferentially bonded to B after
deposition. The numerous low frequency peaks in the orthocarborane IR spectrum (1300 cm-1–
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700 cm-1) are due to the icosahedral cage vibrations of the B-B bonds, the B-C bonds or the
―breathing‖ mode [23, 24]. The spectrum for the undoped film in figure 4.5 (a) shows two
distinct peaks at 770 cm-1 and 1060 cm-1 within this frequency range, but these peaks are absent
in the Ni doped film.

The vibration peaks near the frequency of 770 cm-1 appear in many boron

rich carbon films including amorphous/crystalline pure boron films, arising from the B-B bonds
in the icosahedra [22, 25, 26]. The other vibration peak at 1060 cm-1 is assigned to B-C
vibrations within the icosahedra [22, 25, 26]. Therefore, the FT-IR results in figure 4.3 indicate
that the icosahedral structure is preserved in the undoped B5C1H2 film, but is either completely or
partially destroyed in the Ni-doped B5C1H2 film leading to the disappearance or attenuation of
the IR absorption mode. The two peaks at 1524 cm-1, 1640 cm-1 (a) and 1545 cm-1, 1660 cm-1 (b)
are related to the presence of carbon contaminants [22, 25] and a similar two peak feature is
assigned to the presence of CO2 as a result of carbon contamination on the surface oxide layer
[27]. The expected IR absorption frequency of B-C bonds associated with the intericosahedral
C-B-C chains lies near 1500 cm-1 [13, 26, 28, 29] which cannot be distinguished from the carbon
peaks. Hence from the IR data, we deduce that the icosahedral structure remains intact for the
undoped boron carbide film, is greatly diminished in the highly doped boron carbide film and
that the hydrogen is preferentially bonded to B rather than C. There is no evidence for
interiscosahedral bonding because the expected chain absorption lines are overshadowed by the
peaks from carbon contamination.
Figure 4.6 shows the Raman spectra, after background subtraction, for the undoped and
Ni-doped B5C1H2 films on Si substrates. The low frequency range from 200 cm-1-800 cm-1 is
displayed on the left and the higher frequency range from 700 cm-1-1200 cm-1 is on the right. The
negative intensity shown in (c) is due to the background subtraction. The lowest frequency
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Raman peak that is visible is at 302 cm-1. Theoretical predictions [28, 30] and previous
experiments [31-33] on boron rich carbon compounds reveal two peaks at 270 cm-1 and 320 cm-1
near the peak at 302 cm-1. These peaks are attributed to bond bending between the three-chain
atoms and equatorial atoms in the icosahedra due to chain rotation and icosahedra wagging [31,
32]. The two Raman modes are separately assigned to either the C-B-B or the C-B-C chain [31]
since the vibration mode is highly dependent on the specific chain end (B or C) and the
equatorial atom. The existence of only one peak in this range for the PECVD grown boron
carbide films reveals the existence of one type of chain configuration. This is the first evidence
that PECVD grown boron carbide film might contain center chains. However Raman spectra
reveal local chemical bonds rather than long-range order and so the crystal structure of the
PECVD grown boron carbide films remains ambiguous. The other three peaks (435 cm-1, 620
cm-1, and 670 cm-1) in figure 4.4 (a) and (c) have not been identified yet due to the lack of
fingerprints at those frequencies for boron carbon compounds. Figure 4.6 (b) and (d) show the
Raman spectra in the high frequency range. The peaks in this range are related to the icosahedral
cages, including hydrogen bonds. The first weak peak at 820 cm-1 is assigned to B-B bonds but
it is not clear whether the bonds are intraicosahedral or intericosahedral [32]. The Raman
spectrum of orthocarborane shows multiple peaks for the B-B stretching mode of icosahedrons at
this position [23], indicating that our peak at 820 cm-1 might be due to intraicosahedral B-B
bonds. The two peaks at 940 cm-1 and 981 cm-1 are related to stretching and rotating modes of
the C-B-C chains [32, 34]. The weak and broad peak at the highest frequency at 1022 cm-1 is
assigned to a breathing mode of the icosahedrons [32, 34]. Previous IR experiments have
reported a significant enhancement of this mode for high temperature vacuum annealed PECVD
grown boron carbide films [35] perhaps due to increased crystallization.
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Figure 4. 5 FT-IR spectra for undoped B5C1H2 on Si (a) Ni-doped B5C1H2 on Si and orthocarborane
powder (c).
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Figure 4. 6 Raman spectra for the low frequency range 200 cm-1 to 800 cm-1 on the left and for the
high frequency range 700 cm-1 to 1200 cm-1 on the right. (a) and (b) are the spectra for the undoped
B5C1H2 film on a Si substrate, and (c) and (d) are for the Ni-doped B5C1H2 film on a Si substrate.

To investigate the homogeneity of the undoped B5C1H2 film, we performed a mapping of
the peak area of the 302 cm-1 Raman mode, which is assigned to the chain to equatorial atom
bond, with >500 scans over an area of 90×70 m2, with a resolution defined by the 5 m area of
the beam. The optical image of the unscanned area shows that the film surface does not have
any large scale surface contaminants or scratches. The inset in figure 4.7 shows the scale of the
color brightness. The lowest limit (the darkest color) is for a peak area of 121500 (Arb. Units),
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and the highest limit (the brightest color) is for a peak area of 147200 (Arb. Units). The red curve
in the inset shows the distribution of the peak area over the entire scanned area. The scanned
image indicates that the maximum variation of the chemical homogeneity of the film is 17.5%
within the scanned area with a resolution of 5m.
Both IR and Raman spectra for the PECVD deposited undoped and Ni-doped B5C1H2
films show the presence of icosahedral bonds. This is the first evidence that the icosahedral cages
in the thin films remain intact while the hydrogen bonds are greatly reduced. In addition, the
Raman spectra showed the first evidence of intericosahedral chains, which may be evidence of
the formation of nanoscale crystals. However, as indicated by the areal mapping of a particular
Raman mode, there are large-scale inhomogeneities within the film, which will complicate the
interpretation of diffraction data.

Figure 4. 7 A mapping of 302 cm-1 Raman mode for the undoped B5C1H2 film over an area of 90×70
m2.
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Chapter 5 Ni Doping of Semiconducting Boron Carbide
This chapter is taken from my journal publication, Journal of Applied Physics 107,
024513 (2010), with some supplemental results.

5.1 Introduction
In the development of a semiconductor, the ability to control both n- and p- type doping
is of paramount importance for device applications [1]. The development of a semiconducting
form of boron carbide has resulted in heterojunction diodes [2-6], a junction gate field-effecttransistor (JFET) [2], Esaki-type tunnel diodes [3,7,8], homojunction diodes [3], heterojunction
neutron detector [9-10], a high temperature heterojunction diode with SiC [4], and a
homojunction neutron detector. Semiconducting boron carbide devices have been found to be
valuable in a variety of unique device applications. Chief among them are solid state neutron
detectors due to the high cross section of 10B for thermal neutrons [13, 14] and the ability to both
capture neutrons and sweep out charge in the same material. In addition, the high resistivity and
dielectric constant of boron carbide (~8) make it eminently suitable as a tunneling barrier for
magnetic tunnel junctions [15]. Photoemission studies of boron carbide/Co interfaces show no
quenching of the Co magnetic moment at the interface, an important consideration for spintronic
applications [16]. Controlled doping of the boron carbide barrier layer will allow for precise
positioning of the Fermi level, hence changing the tunneling characteristics.
In the absence of intentional doping, boron carbide is a p-type semiconductor with
resistivity of ~ 1010 cm at room temperature. Ni has been found to be an excellent n-type
dopant [3,7,8], and boron carbide homojunction diodes have been made using Ni doped n-type
and undoped p-type boron carbide. The correlation between increasing Ni concentration and n-
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type semiconducting characteristics are confirmed by XPS and I-V measurement. Ni doping
results in a significant upward shift of the Fermi level and does not lead to significant changes in
the surface quality; however x-ray diffraction results indicate a change in the crystallinity.

5.2 Experimental details
The PECVD growth of semiconducting boron carbide films has been well-documented
[4]. PECVD lends itself quite easily to good control of the dopant density, if a suitable precursor
molecule can be found. C2B10H12 (orthocarborane) [17] is used as the precursor molecule for
boron carbide deposition, and Ni(C5H5)2 (nickelocene) [17] as the source molecule for
introduction of the Ni dopant [3,7,8]. A vial of nickelocene in parallel with the orthocarborane
vial (at a temperature of 90 ºC) is inserted into the gas handling system and maintained at a
temperature of 27 ºC. The argon gas flow through the two vials is varied as shown in table 5.1.
The ratio of the two precursors in the mix will depend on the respective vapor pressures and inlet
and outlet tube geometries and must be a monotonic function of the relative gas flows, since all
other variables remain unchanged. The vapor pressures of nickelocene and orthocarborane as a
function of temperature are well known [18, 19], giving a ratio of 0.001135 atoms of Ni per
molecule of orthocarborane (~0.11%) for a dilution ratio of 1. For all other dilution ratios, the
proportion of Ni in the gas mix will rise in proportion to the Argon gas flow. Hence for the 9:1
dilution ratio, the incoming gas will contain 1% of Ni. Two series of samples were made, one
on n-type Si with a measured resistivity of 100 cm corresponding to a dopant density of
4.5  1013 cm3 and one on p-type Si with a resistivity of 16 cm corresponding to a dopant

density of 1 1015 cm3 . At each dilution ratio, the samples on the n-type and p-type Si were
grown simultaneously in the same chamber; hence we expect the film compositions on the two
different substrates to be identical. X-ray reflectivity data, which is not shown, indicated the
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same growth rate (~ 10 nm/min) for each sample when the Ar flow rate through the
orthocarborane vial is fixed. Substrates were cleaned using acetone, methanol, deionized water,
and 5 % HF before insertion into the PECVD reactor. Inside the reactor, a 30 min Ar ion etch
was performed prior to deposition. All samples were deposited at a substrate temperature of 330
ºC for 1 hour, leading to films that are 600 nm thick.
The structural properties of undoped and doped boron carbide were compared by atomic
force microscope (AFM) and theta-two theta x-ray diffraction (XRD) scans using Cu K
radiation (=1.54 Å ) at room temperature. The relative Ni concentrations as a function of the Ni
source molecule’s flow rate were investigated by XPS measurements using a Physical
Electronics 04-548 dual x-ray anode with unmonochromatized Mg K radiation. The
photoemission was energy analyzed with an Omnicron EA 125 concentric hemispherical
analyzer operating at a constant pass energy of 15 eV for carbon, boron and oxygen, and 50 eV
for nickel. The spectra were taken in 0.1 eV increments and were averaged for 25-50 scans.
Binding energies were calibrated to adventitious carbon, with C1s taken to be 284.6 eV. In situ
surface treatment could be performed with inert ion bombardment with a Physical Electronics
04-303 differentially pumped ion source. Ion sputtered substrates were treated using 3 kV Ar+ in
normal incidence mode for 40 min leading to the removal of ~ 20 nm of surface material. The xray absorption near edge structure (XANES) spectra were undertaken at the double crystal
monochromator (DCM) beamline at the Center for Microstructures and Devices (CAMD).
Monochromatic light was obtained by using a double crystal monochromator of Lemonnier type
[20], equipped with Ge(220) crystal pair with overall resolution of ~2 eV. The fluorescence
yield mode utilizing a Canberra 13-element high purity germanium diode array detector was
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used to collect the XANES data. The monochromator was calibrated at the Ni K edge at 8333
eV using a Ni foil.
The variations in semiconducting properties were established from the I-V curves of each
heterojunction diode. Circular ohmic Cr/Au contacts with diameters ranging from 1 to 5 mm
were sputter deposited on both sides of the boron carbide/Si heterojunction.

Table 5. 1 Ar gas flow through the orthocarborane and nickelocene vials for all samples. The
dilution ratio is defined as the ratio of Ar gas flow through the nickelocene vial to Ar gas flow
through the orthocarborane vial. The Ni concentration in the gas phase increases with increasing
dilution ratio.

Sample name

B5C1H2

Ni(1)- B5C1H2

Ni(3)- B5C1H2

Ni(5)- B5C1H2

Ni(7)- B5C1H2

Ni(9)- B5C1H2

Orthocarborane

1 SCCM

1 SCCM

1 SCCM

1 SCCM

1 SCCM

1 SCCM

Nickelocene

0 SCCM

1 SCCM

3 SCCM

5 SCCM

7 SCCM

9 SCCM

Dilution ratio

0

1

3

5

7

9

5.3 Characterization of undoped B5C1H12 films
We began by characterizing the semiconducting properties of the undoped film. A
typical I-V curve of undoped B5C1H2 films (~1 m) with Cr contacts on a sapphire substrate is
shown in figure 5.1. After deposition of the B5C1H2 layer, at 330 C, the sample is post-annealed
in-situ at 600 °C in an Ar atmosphere to prevent film delamination (refer to Chapter 2). The Cr
electrodes were grown directly on the sample without breaking vacuum, so as to minimize
contamination of the interface between the B5C1H2 film and the Cr electrode. The I-V curve in
figure 5.1 is ohmic and indicates a resistivity of 108-1010 Ωcm (obtained from multiple samples)
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for the undoped B5C1H2 film. We were not able to deposit a good Ni-doped B5C1H2 film on
either a sapphire or a glass substrate even with post-deposition annealing. Even a small amount
of Ni doping reduced the film lifetime on the insulating substrates resulting in a short circuit in
the resistive layer due to film delamination.
The resistivity for p-type undoped B5C1H2 can be written as a function of the
corresponding hole mobility as given by equation (5.1), where 𝜌 is the resistivity, 𝑁𝐴 the density
of holes, and 𝜇ℎ the hole mobility. The density of holes, NA, is obtained from C-V measurements.

𝜌 = 1/𝑒𝑁𝐴 𝜇ℎ

(5.1)

The calculated hole mobility is between 10-4 and 10-2 cm2/V·s. This low value of mobility has
implications for charge capture in boron carbide neutron detectors, which we explore in Chapter
7.

Figure 5. 1 (Left) A schematic diagram of the resistive layer consisting of Cr metal contacts and an
1 m undoped B5C1H2 film on a sapphire substrate. (Right) I-V curve for the resistive layer
showing ohmic behavior, resulting in a resistivity of (108-1010 Ωcm) for the undoped B5C1H2 film.
The red line is a linear fit to the I-V plot.
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Energy band gap measurements were performed using UV-VIS spectroscopic
ellipsometry (SE) and indicate an optical band gap of 2.2 eV, which is consistent with extensive
investigation of the band gap by Ravi Billa [21].
P-n diodes are the most commonly used devices for boron carbide based neutron
detectors because the depletion region at the interface results in an internal electric field that
sweeps out the charge produced following each neutron capture. The width of the depletion
region, together with the magnitude of the reverse leakage current, which results in increased
noise levels [9-11], are important parameters in the investigation and understanding of the pulse
height spectra and neutron detection efficiency of these devices. Figure 5.2 shows typical I-V
curves of the undoped B5C1H2 (~500 nm)/Si p-n diode at room temperature. Here we are
specifically interested in the leakage currents in the reverse bias region as a function of the
diameter of the Cr/Au electrode. (the forward bias region shows little change with an almost
constant turn on at ~0.7 V).

Figure 5. 2 I-V curves for three different diameters (d) of the electrodes; d=1mm (black), d=2 mm
(red), and d=3 mm (green). The leakage current increases with area faster than expected.
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Table 5. 2 Leakage current (A) vs. bias voltage (V) for the three electrodes (d=1 mm, 2mm, and
3mm).

Leakage
Current (A)
Bias (V)

d=1 mm

d=2 mm

d=3 mm

0

3.82015×10-11

6.63008×10-12

1.16543×10-11

-5

-3.60688×10-8

-2.60796×10-7

-5.35759×10-7

-10

-5.72432×10-8

-4.78646×10-7

-1.00658×10-6

-15

-7.72405×10-8

-6.90868×10-7

-1.52128×10-6

-20

-1.02143×10-7

-8.97725×10-7

-1.9748×10-6

-25

-1.53738×10-7

-1.18876×10-6

-2.77668×10-6

-30

-3.66589×10-7

-1.57489×10-6

-2.99874×10-6

-35

-5.37086×10-7

-2.03641×10-6

-3.46135×10-6

-40

-1.56217×10-6

-2.69216×10-6

-4.35617×10-6

The depletion region was investigated by measuring the capacitance as a function of bias
voltage as shown in figure 5.3. The plots in figure 5.3 (b) shows the 1/ 𝑉 dependence of the
capacitance as would be expected from a step junction [22]. We calculate the doping
concentration from the C-V measurement using a heterostructure p-n diode model [22]. We first
assume that for reverse bias voltages greater than 10 V, the B5C1H2 layer is fully depleted, so
that increasing the reverse bias beyond this results in increases in the depletion width only on the
Si side. This assumption is realistic because 1) the thickness of B5C1H2 layer is so low (~1 m)
and 2) the doping concentration in the undoped B5C1H2 layer is much smaller than in the n-type
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Si, resulting in larger fractions of the depletion region in the Si. The depletion width of each
layer is given by
2𝑁𝐴 2 𝜀 1 𝜀 2 𝑉𝑏𝑖 −𝑉

𝑊𝐷1 = [𝑞𝑁

𝐷 1 𝜀 1 𝑁𝐷 1 +𝜀 2 𝑁 𝐴 2

1

2𝑁𝐷 1 𝜀 1 𝜀 2 𝑉𝑏𝑖 −𝑉

]2 , 𝑊𝐷2 = [𝑞𝑁

𝐴 2 𝜀 1 𝑁 𝐷 1 +𝜀 2 𝑁𝐴 2

1

𝜀 1(2)

]2 , 𝐶𝐷1 2 = 𝑊

𝐷 1(2)

(5.2)

where, 𝑊𝐷 is a depletion width, 𝐶𝐷 is the capacitance per unit area of the junction, 𝑁𝐴 (𝑁𝐷 ) is the
acceptor (donor) impurity concentration, 𝜀 is permittivity, 𝑉𝑏𝑖 is the built-in potential (=0.7 V), V
is the applied bias voltage, and 1(2) denotes the B5C1H2 (Si) layer. Therefore, the slope of the C2
vs. 1/(Vbi-V) line beyond 10 V is entirely due to increasing depletion in the Si. The dopant
concentration of the n-type Si is known and is equal to 4.5×1013 cm-3, and the dielectric constant
of the B5C1H2 layer is ~8. Using the parameters, we obtain a dopant concentration of 4.5×1012
cm-3for the undoped B5C1H2 layer.
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Figure 5. 3 C-V curves for a 3 mm diameter electrode as a function of bias voltage at three

different frequencies at room temperature.
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5.4 Ni doping
The structure of the interface is an important parameter in the development of tunnel
junctions and homojunction diodes. The AFM images of undoped (left) and highly doped (right)
boron carbide films on Si substrates in figure 5.4 indicate an rms roughness of 2.1 nm and 2.5
nm respectively. High dopant concentrations have no discernible effect on the surface roughness,
leading us to conclude that PECVD is a viable method for the growth of homojunction diodes
and highly doped tunnel junctions.

Figure 5. 4 AFM images for undoped B5C1H2 (left) and Ni(9)-B5C1H2 (right) on Si substrates,
showing no significant change in the surface quality. Rms roughness values are 2.1 nm for B 5C1H2
and 2.5 nm for Ni(9)- B5C1H2. The z range is 15 nm.

XRD scans are shown in figure 5.5 for a subset of the samples. The undoped and lightly
doped films show x-ray peaks at 2 ~23.5o and 43o and typical crystallite sizes of ~ 10 nm,
substantially less than the film thickness of 600 nm [4]. Two key differences between these two
films are observed: in the undoped film, the peak at 43o consists of two barely resolved peaks at
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42.7o and 43o, whereas in the lightly doped sample, only a single peak at 43.59o is seen. The
ratio of the intensities of the two peaks (at 43 o and 23o) changes from ~7.5 for the undoped
sample to 17 for the lightly doped sample. The more highly doped B5C1H2 films show no x-ray
diffraction peaks, implying that the addition of Ni leads to yet further disruption of any
crystalline structure. Similar effects have been seen in sputtered semiconducting thin films and
have been attributed to decreasing crystallite size with increasing dopant concentration [23].
Identification of the crystal structures of boron carbide based on x-ray data is fraught with
difficulty, owing to the plethora of similar crystal structures that may differ only in the placement
of C atoms and/or small differences in the size of the unit cell (and hence the position of the
diffraction peak). All are based on the structure of icosahedral B, with the icosahedra at the
corners and/or faces of rhombohedral and tetrahedral unit cells. Restricting ourselves to a single
polytype, the positions of the split peak at 43o for the undoped sample and the peak at 23o
indicate a structure similar to the crystal structure for orthorhombic B8C [24]. Differences in the
relative intensities as compared to the powder pattern may be attributed either to a preferential
growth direction or to the presence of 2 C atoms in the icosahedra from the precursor molecule.
At low levels of Ni doping, the crystallite sizes are not reduced, but the change in the relative
intensities may imply a change in the preferred orientation. N-type doping of rhombohedral
boron with transition metal elements [25] in powder samples indicate that the transition metal
elements enter interstitial sites, while maintaining the overall crystal structure, at concentrations
far higher than in the present samples. EXAFS and XANES measurements of Co doped boron
carbide at concentrations of ~1% [26] are consistent with Co atoms replacing one of the
icosahedral atoms. As we shall show below, the Ni atom concentrations in the present samples
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are well below this range, and hence structural information on the position of the Ni atoms is
hard to obtain.

Figure 5. 5 XRD data for Ni(0, 5, 7, and 9)-B5C1H2 films on Si substrates over a selective region
(20°-50°) chosen to optimally display the B5C1H2 peaks. The Si (111) and SiO2 peaks are at 28.5°
and 25.5°, respectively. Undoped B5C1H2 and Ni(5)-B5C1H2 show diffraction peaks at 23.5° and 43°.
The peak at 43° in the undoped sample consists of two peaks at 42.7° and 43° with almost equal
intensities. In the Ni(5)-B5C1H2 sample, a single peak at 43.59° is seen. The relative intensities of
the x-ray peaks are obtained from Gaussian fits shown. No peaks are seen for Ni(7)- B5C1H2 and
Ni(9)- B5C1H2.

To investigate the presence of Ni atoms in the semiconducting thin film, both XPS and
XANES measurements are shown in figure 5.6. The Ni2p region shown in figure 5.6 (b) was
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obtained after Ar ion sputtering, showing peaks that are characteristic of metallic Ni with low
satellite structure and binding energies of 2p3/2 = 852.1 eV and 2p1/2 = 869.5 eV comparable to
literature spectra for the metal [27], consistent with the interstitial sites shown previously for
transition metal dopants [25, 28]. Similar measurements taken before surface sputtering (figure
5.6 (a)) showed the existence of NiO with 2p3/2 = 854.5 eV and 2p1/2 = 872.2 eV and strong,
characteristic satellite structure, indicating the presence of surface oxides. To calculate relative
concentrations, the Ni2p3/2 peak in the sputtered samples is normalized by the total area of the
B1s peak intensity obtained on the same sample and this normalized peak intensity is shown in
figure 5.6 (c) as a function of the nickelocene flow rate. Since a fixed Ar flow rate through the
orthocarborane vial was used (resulting in the same growth rate for each sample), we assume a
constant quantity of boron within the film. The undoped sample shows Ni peak intensities barely
above the noise level. As the nickelocene ratio increases, so too does the relative Ni
concentration, leading us to conclude that the atomic ratios in the thin film are essentially
proportional to the gas phase ratios. XANES measurements of the characteristic absorption edge
of nickel at a value close to the expected 8333 eV of the Ni K-edge, are shown in the inset to
figure 5.6 (c) on the 7:1 sample, providing additional confirmation of the presence of Ni within
the film. The shape of the signal is distinct from that of pure Ni, indicating hybridization of the
Ni atoms. Exact details of the hybridization will require samples with much higher doping levels.
The detection limit for this XANES set up is 10 p.p.m. and an order of magnitude estimate of the
amount of Ni in the sample indicates a level of ~0.1%, significantly reduced from the proportion
of Ni atoms in the precursor gas mix, which is calculated at close to 0.8%. These minute
quantities of dopant atoms have a significant effect on the electronic properties, a characteristic
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of doping, quite distinct from the Co and Fe doped B5C1H2 films, with far higher impurity
concentrations of ~ 1% within the film.

Figure 5. 6 Ni 2p XPS spectrum (a) before and (b) after sputtering to remove surface contaminants.
Measurements of the surface before sputtering indicate the presence of NiO. After sputtering, the
peak shape is similar to that of metallic Ni. (c) Plot of Ni 2p peak area as a function of dilution ratio.
The Ni peak intensity is normalized to the area under the corresponding B1s peak. Increasing the
ratio of Ni in the gas phase leads to a corresponding increase of Ni concentration in the thin films.
The inset shows the XANES data of a Ni(7)-B5C1H2 thin film, showing the Ni edge close to the
expected energy of 8333 eV. (d) C1s XPS spectrum after sputtering showing the absence of
graphitic carbon in both undoped and Ni doped boron carbide.
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Concerns regarding the C content of the nickelocene precursor molecule and its effects
on the B5C1H2 structure were probed by XPS measurements of the C1s peak as a function of Ni
doping. We looked for both an increase in graphitic carbon as well as changes in the icosahedral
cage. Figure 5.6 (d) shows C1s peaks for the Ni(0, 5, 9)- B5C1H2 samples after Ar+ ion
sputtering. Each peak was fit (using a 25% Lorentzian-Gaussian function) to two separate peaks.
The blue peak at 281.0 eV corresponds to the C-B-C chain and the cyan peak at 282.2 eV
corresponds to the B11C icosahedral cage [29, 30]. There is no substantial change in the ratio or
position of the two peaks on increasing the Ni concentration from 0 to the highest doped 9:1
sample. Moreover, unlike sputter deposited B5C1H2 films [29, 30], these PECVD grown boron
carbide films do not show the presence of the characteristic graphite peak at ~ 284.4±0.2 eV,
either with or without the addition of Ni. This is consistent with the much higher resistivity of
the PECVD [31] grown samples as compared to hot-pressed [32] and sputter deposited [29, 30]
B5C1H2 samples.
With increased concentrations of dopant atoms, distinct changes in the electronic
properties are apparent in the room temperature I-V curves of the complete series of
heterojunction diodes, shown in figure 5.7. Positive voltage is applied to the p-type layer, i.e.
boron carbide layer (p-type Si layer) in the left (right) panel. The figure dramatically illustrates
the effect of increased doping. Undoped boron carbide on n-type Si forms excellent diodes.
Looking from top to bottom in the left panel for n-type Si substrates, the diode quality worsens
with increased Ni doping, until at a dilution ratio of 1:9, the I-V curve reverses. In contrast, in
the right panel for p-type Si substrates, the diode properties improve with increased Ni doping.
Clearly, increasing the concentration of Ni results in a substantial increase of n-type character.
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Figure 5. 7 Current-Voltage (I-V) curves of Ni(X)-B5C1H2 (X=0, 5, 7, and 9) on n-type Si (left hand
column, figures a-e) and on p-type Si (right hand column, figures f-j) at room temperature showing
clear evidence for the trend towards n-type behavior at higher doping concentrations.
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The forward biased turn on voltage, Vbi, is a measure of the difference in Fermi levels
between two isolated semiconductors, in our case, Si and B5C1H2 – changes in Vbi reflect a
change in the Fermi level, a signature of doping. The net increase in Vbi in going from the
undoped, p-type B5C1H2 to the highest Ni doping concentration is 0.8 V, raising the Fermi level
by 0.8 eV, a significant fraction of the optically measured band gap of 2.2 eV in B5C1H2. In
terms of energies,
qVbi=q B5C1H2 +(Ec B5C1H2-EF B5C1H2)-[q  Si+(EcSi-EFSi)]

(5.3)

where , EC, and EF are the electron affinities, the conduction band energies, and the Fermi
levels in each semiconductor.
Although the electron affinity and the position of the Fermi level are not known for the
B5C1H2 film, we can tentatively draft a possible band structure for the Si/ B5C1H2 heterojunction
diodes if we assume that the electron affinity and band gap do not change with doping i.e. that
we are in the non-degenerate limit. For B5C1H2 on n-type Si - corresponding to the I-V curves in
the left column – the diode curve reverses at the highest doping concentration studied, providing
an important quantifiable piece of evidence for placement of the energy bands. The Fermi level
for the n-type Si substrate is 0.337 eV below the conduction band. The Fermi level for the
B5C1H2 film is below this level until a doping concentration corresponding to a dilution ratio of
>7 is reached. At a dilution ratio of 9, the I-V curve reverses, implying that it is now easier for
electrons to diffuse from the B5C1H2 to the Si. Together with the knowledge of the band gap of
B5C1H2 and the shift of the Fermi level upward by 0.8 eV, the final Fermi levels are tightly
constrained and are shown graphically in figure 5.8 for the B5C1H2/Si heterojunction. At
equilibrium, the Fermi levels are constant across the heterojunction. The I-V curve indicates that
Ec B5C1H2 is higher than EcSi until a dilution ratio of 9 is reached, at which point the Fermi level in
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the B5C1H2 has shifted upwards towards the conduction band by 0.8 eV and EC B5C1H2 is lower
than EcSi. Algebraically, we can express this as
(Ec-EF) for undoped B5C1H2 -0.8 eV < (Ec-EF) for the given

n-type Si.

(5.4)

which implies that for undoped B5C1H2 the Fermi level can be at most 0.037 eV below mid-gap,
very close to intrinsic (Note that we have neglected the effects of the interface dipole potential, a
correction which amounts to ~0.1 eV for most heterojunctions [33]). A similar structure for the
p-type Si substrate, in which the Fermi level is 0.245 eV above the valence band, may also be
constructed.

Figure 5. 8 Energy band diagram of undoped B5C1H2, n-type Si, and highly Ni doped B5C1H2. The
electron affinity for B5C1H2 is unknown. The constraints on the positions of the Fermi level in the
B5C1H2 arise from the behavior of the I-V curves with increased doping. All quantities for the Si
substrate are well known. For details see text.
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For crystalline heterojunction diodes in the non-degenerate limit, the relationship
between the energy levels and doping concentrations is straightforward and Vbi is given by
Vbi   

kT  nn N c, p 
ln
.
q  n p N c,n 

(5.5)

where  is the difference in electron affinity values, nn (np) are the electron carrier
concentrations and Nc, n(Nc, p) are the effective density of states at the conduction band edge on
the n(p) sides of the junction. A similar expression exists for the hole concentration and the
density of states at the valence band. The relative increase in carrier concentration is apparent in
figure 5.9, a plot of Vbi versus the log of the relative Ni concentration (as obtained from XPS)
normalized to the Si carrier density.
For the junctions on n-type Si, we can rewrite equation (5.4) as
Vb i   

kT  N c ,S i  kT  nBC 
ln 
ln 

.
q  N c ,BC  q  nS i 

(5.6)

and, for junctions on p-type Si, as
Vb i   

kT  N c ,S i  kT  nBC 
ln 
ln 

.
q  N c ,BC  q  nS i 

(5.7)

Vbi is plotted against the natural log of the relative Ni concentration obtained from XPS,
normalized to the electron carrier concentration of n or p-type Si. Assuming that Ni doping
leaves both the electron affinity and the density of states unchanged and that the n-type carrier
concentration in B5C1H2 is a linear function of the Ni concentration, both sets of data should lie
on straight lines with a negative slope for the diodes on n-type Si and a positive slope for those
on p-type Si. Clearly, this is not the case, leading to the conclusion of a more complex
relationship between the Fermi level and doping concentration. Even in the case of purely
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crystalline semiconductors, ND=n is only true when ND>> NA. In the case of doped B5C1H2, in
which the undoped material has p-type characteristics, there must be doping concentrations at
which NDNA, in which case the entire expression for
2



 N D   N A 
2
ND  N A
 n .
n
 

i
2
2



(5.8)

is necessary. In the case of amorphous and micro-crystalline semiconductors in which there
exists a small, albeit finite, density of states in the gap, the shift in the Fermi level due to doping
is dominated by the expression


ND 

g()

 1 e  
( 

F

)

d .

(5.9)

where ND+ is the density of fully ionized dopants in the semiconductor [34] and the limits of
integration
extend from the Fermi level of the undoped semiconductor to the conduction band
edge. In these semiconductors, changes in the electronic properties arise from changes in the
occupation of states within the gap. Paradoxically, as elucidated by Spears [34], in order for
small concentrations of dopant atoms to produce visible changes in the electronic properties, it is
necessary that the density of states in the gap be low. Preliminary photoemission measurements
of this entire series of samples indicate minimal tailing and a well-defined gap with a negligible
density of states within the gap.
Complex doping mechanisms have been noted in amorphous [35], microcrystalline [36],
and polycrystalline Si [37] in which the interaction between dopant atoms, local defects and
hydrogen passivation control the doping efficiency. Hydrogen plays an important role in
passivating defects, thus enabling the structural sensitivity necessary for doping in the
amorphous material. In polycrystalline Si, at low dopant atom concentrations, there is no change
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in carrier concentration; the dopant atoms play the role of defect compensation, and changes in
carrier concentrations are noted only at higher dopant atom concentrations. As is the case in
Si:H, the CVD growth process for doping boron carbide using hydrogen rich precursor gases
(specifically nickelocene) are potential sources for the introduction of hydrogen into the film.
We note however, that in previous experiments using PECVD grown films of B5C1H2 doped
with nickelocene, IR measurements indicate no significant increase in the intensity of the B-H or
C-H bond with doping, implying at best only a small increase in the H concentration [7]. Doping
effects are readily apparent at rather low levels of doping, implying that defect compensation
plays a minor role. Further measurements of the density of gap states, the electron affinity and
the band structure are necessary to elucidate the doping mechanism.

Figure 5. 9 The plots of built-in potential vs. natural log of relative Ni concentration normalized by
the electron carrier concentration of n (or p)-type Si. The top scale shows the dilution ratio,
increasing to the right. Since nSi for the p-type Si substrate is much smaller than that for the n-type
substrate, all data on the p-type Si are shifted to the right. The non-linearity of these curves
indicate that the carrier concentration n in the B5C1H2 layer is not proportional to the dopant
concentration, ND .
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5.5 Conclusions
We have demonstrated controlled doping of semiconducting boron carbide thin films
grown by PECVD using Ni as an n-type dopant. The overall trend from p to n was investigated
as a function of dilution ratio which was controlled by the source molecule’s flow rate. Doping
does not affect the surface roughness, but does alter the crystal structure. Incorporation of Ni
into the B5C1H2 film was shown to be relatively inefficient; however, even these small quantities
of dopant are shown to notably affect the electronic properties. Over the range of doping
investigated, there is a significant change in the position of the Fermi level as measured by the
built–in voltage. The controlled doping of semiconducting boron carbide over this large range is
extremely promising for future applications in neutron detectors and magnetic tunnel junctions.
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Chapter 6 An Introduction to Neutrons, Neutron Capture, Neutron
Detectors, and Moderators
6.1 Introduction: The shortage of 3He
As the nuclear weapon stockpile has declined, the U.S. supply of 3He, which depends
entirely on the decay of tritium ( 31𝑇 → 32𝐻𝑒 1+ + 𝑒 − + 𝜐𝑒 ), has dwindled [1]. After the 9/11
terrorist attacks, the U.S. has used large amounts of 3He in portal monitors at U.S. borders in an
effort to interdict illicit nuclear materials and so-called dirty bombs [2, 3]. Currently, fast
neutrons emitted by weapons grade plutonium-239 are detected by gas proportional 3He neutron
detectors, which are one of the few detectors that are sufficiently sensitive to the relatively low
flux [1]. According to the 2010 U.S. Department of Energy (DOE) report, the demand for 3He is
approximately 65 m3 per year while the supply is about 20 m3 per year [4]. This imbalance has
resulted in intensive discussions of alternative neutron detector technologies for homeland
security, specifically for radiation portal monitor (RPM) systems [1, 4-6].
Alternatives to 3He detectors hitherto developed include BF3 filled proportional counters,
boron-lined proportional counters, lithium-6 loaded glass fibers, and wavelength-shifting fibers
coated with scintillator and 6Li. The advantages and disadvantages of these individual detectors
are well summarized in Ref. [5, 6] and briefly explained in the next section. None possess the
required combination of high neutron detection efficiency, gamma-neutron discrimination,
commercial availability, non-hazardousness, and robustness of deployment [1].
Because neutrons are neutral, currently available neutron detectors use the products of
neutron capture to generate a detectable signal. For example, 10B based neutron detectors use the
secondary charged particles consisting of alpha and 7Li ions which interact with the surroundings
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through ionization or generation of electron-hole pairs. The development of a neutron detector
with sufficiently high detection efficiency is not trivial due to the few elements with large
neutron absorption cross sections. These include 3He (5360 barns), 6Li (961 barns), 10B (3866
barns), 157Gd (254,780 barns), and 235U (688 barns), where the absorption cross section is quoted
for thermal 0.025 eV neutrons [7]. The detection of the secondary ions produced on neutron
capture requires additional functionality in the detectors. Boron carbide solid-state neutron
detectors, which are the focus of the following three chapters, are attractive candidates for a
room temperature, small size, non-toxic, semiconducting neutron detector [8]. The
semiconducting property of the boron carbide solid form reveals a great advantage of generating
huge numbers of electron-hole pairs in the neutron capture layer because the capture reaction
product ions are highly energetic (7Li (0.84 or 1.02 MeV) and 4He (1.47 or 1.78 MeV)) while the
ionization energy to generate an electron-hole pair is of the order of a few eV. At present, our
biggest limitation to large area detectors is the increase in leakage current, resulting in increased
noise.

6.2 Currently available alternative neutron detectors
6.2.1 BF3 filled gas proportional neutron detectors
The 10B atoms in the BF3 gas absorb neutrons and the neutron capture products of alpha
and 7Li particles are detected by the gas proportional counter. This detector shows better gamma
discrimination than 3He detectors [5], however it requires very high operating voltage of 2300 V
which exceeds the maximum voltage that can be supplied by the Science Applications
International Corporation (SAIC) RPM. BF3 is also very toxic (CAS 7637-07-2) [9] requiring
strict regulations for the material transportation. The size and fragility are typical of gas-filled
detectors.
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6.2.2 Boron-lined proportional counters
Boron-lined proportional counters are thin boron coated tubes filled with an appropriate
gas mixture which is chosen to optimize desired counting characteristics [5]. This gas-filled
proportional counter is non-toxic but the neutron detection efficiency is limited because the
thickness of the boron coatings cannot usefully exceed the range of the secondary ions, which is
of the order of a few microns.
6.2.3 Lithium-6 loaded glass fibers doped (or coated) with scintillating materials
Neutrons are absorbed by the 6Li atoms in the glass fiber and generate charged
particles ( 63𝐿𝑖 + 𝑛 → 31𝐻 + 42𝐻𝑒 + 4.78 𝑀𝑒𝑉). The fiber is either doped or coated with
scintillation materials to emit light [10-12]. Glass fibers can be easily formed into the desired
shapes and the detector size is variable. However, the gamma sensitivity is very high relative to
3

He detectors.

In contrast, solid-state semiconducting boron carbide neutron detectors are small, low
mass, robust, operate at low power and at room temperature and are potentially highly efficient
even at very low thickness. Below, we show the neutron absorption efficiency for enriched and
naturally occurring boron carbide thin films to thermal neutrons, showing that 50% efficiency is
achieved at a thickness of 25 m.
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Figure 6. 1 Neutron capture efficiency for thermal neutrons for enriched and naturally occurring
B5C1H2 films.

6.3 Thermal neutrons
The neutron has no charge and a mass similar to that of a proton. The free neutron is
unstable with a half-life of about 13 min and eventually decomposes to an electron, a proton, and
a neutrino. Due to its charge neutrality, primary ionization by the neutron does not occur so that
a neutron-nuclei reaction to generate secondary ions is necessary for neutron detection. Since
the absorption cross section for the neutron-nuclei interaction is a strong function of neutron
energy, different techniques have been developed for neutron detection in different energy
ranges [13].
Neutrons are arbitrarily divided into slow and fast neutrons subcategories depending on
the neutron’s kinetic energy. Fast neutrons have energy greater than 1 eV, 0.1 MeV, or
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approximately 1 MeV (depending on the definition). Slow neutrons have an energy less than or
equal to 0.4 eV. Slow neutrons are further divided into smaller groups depending on their energy
as shown below.


Hot neutrons: E ~ 0.2 eV



Thermal neutrons: E ~ 0.025 eV



Cold neutrons: 5×10-5 eV < E < 0.025 eV

In this dissertation, we are mainly interested in the detection of slow neutrons using solid-state
boron carbide neutron detectors.
6.3.1 Energy distribution of slow neutrons
Neutrons released by the fission reaction in a reactor or by the fusion reaction (DT or DD)
of a neutron generator travel with high kinetic energies. The fast neutrons can be slowed down
rapidly through numerous collisions with a moderating material and this process is called
moderation or, alternatively, thermalization. Thermal neutrons are defined as neutrons in thermal
equilibrium with their immediate surroundings. The energy or velocity distribution of neutrons
that have been moderated by elastic collisions with moderator nuclei are approximately
equivalent to a Maxwell-Boltzmann distribution, corresponding to the temperature of the
surrounding medium [14, 15].
The velocity distribution of the neutrons in thermal equilibrium with a moderator can be
written as
dn = n v dv =

4πn 0
2πkT /m 3/2

2

v exp −

1
mv 2
2

kT

dv

(6.1)

where n0 is the number of neutrons per cm3, m is the neutron mass, T the temperature, and k the
Boltzmann constant. The corresponding energy distribution is:
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dn = n E dE =

2πn 0
πkT 3/2

E

E1/2 exp − kT dE

(6.2)

Here, the distribution functions n(v) and n(E) give the number of neutrons per unit velocity
interval and per unit energy interval, respectively.
dn

dn

n v = dv and n E = dE

(6.3)

Figure 6. 2 The velocity distribution of neutrons in accordance with the Maxwell-Boltzmann
distribution at 20 K (cold neutrons), 300 K (thermal neutrons), and 1000 K (hot neutrons). (Inset:
Energy distribution at 300 K)

Figure 6.2 shows the Maxwell-Boltzmann distributions as a function of velocity at different
moderator temperatures. By differentiating equations (6.1) and (6.2) and setting these equal to
zero, the most probable velocity and the most probable energy can be obtained as follows.
1



the most probable velocity vp =

2kT 2
m
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1



its corresponding energy Ep = 2 mvp2 = kT



the most probable energy E0 = 2 kT



Ep = 2E0

1

6.3.2 Neutron sources
To test boron carbide neutron detectors, we have used two neutron sources. The first one
is the CG1D High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL) [16]
that uses highly enriched uranium-235 as the fuel. It operates at 85 MW and the fast fission
neutrons are thermalized (or moderated) by a liquid hydrogen moderator cooled to ~20 K to
generate thermal and cold neutrons.
The other neutron source is the Thermo Scientific MP 320 neutron generator [17] in our
lab which is commercially designed for field or laboratory applications. It is available with
either a Deuterium-Tritium (DT) or a Deuterium-Deuterium (DD) neutron tube and results in
neutrons of 14 MeV energy with a yield of 1.0×108 n/s. A 10 cm cube of beryllium (Be) placed
directly in front of the DT generator acts as a moderator and a neutron multiplier. Moderation
occurs because Be has a relatively large neutron scattering cross section, thereby slowing down
the neutrons. In addition, the 9Be isotope interacts with neutrons to produce 2 alpha particles and
2 neutrons, effectively doubling the number of neutrons, via the reaction
9
4𝐵𝑒

+ 𝑛 → 2 42𝐻𝑒 + 2𝑛.

Further moderation is achieved using a hydrogen rich material, in our case a 1 inch paraffin wax
block right after the Be block and paraffin wax shielding which surrounds the neutron generator
and detector system as shown in figure 6.3. The process of moderation can be treated as elastic
collisions between neutrons and the nucleus of atoms in the moderator. Conservation of
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momentum dictates that the energy loss of the neutron is greater for low mass target atoms. The
large fraction of hydrogen in paraffin wax allows it to effectively moderate neutrons.
Calculations indicate that this combination of Be and paraffin wax are sufficient to fully
thermalize the fast neutron beam and the expected energy distribution of the moderated neutrons
will follow a room temperature Maxwell-Boltzmann curve. The incoming neutrons will be
scattered within the paraffin wax, leading to an isotropic neutron beam on any detectors we test.
We measure the neutron flux with a calibrated 3He neutron detector [18] with an efficiency of 20%
to thermal neutrons [18]. The 3He detector is only calibrated for normal incident neutrons,
resulting in difficulties in measuring the total isotropic neutron flux.

Figure 6. 3 A schematic diagram illustrating the MP 320 neutron generator and its

moderation system. The position and the angle of the 3He detector have been changed to
test the distance and angle dependence of the neutron flux in the presence of Be and
paraffin wax moderators.
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6.4 Calibrations of the neutron beam flux generated by MP 320 surrounded
by paraffin wax
The fast 14 MeV neutrons produced in the MP320 are emitted via a small aperture which
acts as a point source, radiating neutrons in all directions. After thermalization, however,
calculations indicate that the thermalized neutrons should be isotropically emitted. We have used
several different geometries of the 3He detector in an attempt to characterize the thermal neutron
flux magnitude and direction. The detector is calibrated at 20% efficiency, but this assumes a
normal incidence beam through the front face of the detector. In fact, the detector active volume
is a rectangular parallelepiped of dimensions of 2.0 inch by 4.5 inch by 0.5 inch and is fully
transparent to neutrons over its entire surface. This complicates the beam calibration because the
path length of neutrons (and hence the probability of capture) within the detector varies with the
position at which it strikes the surface. Figure 6. 4 (a) shows the counts in the 3He detector
(which is proportional to the neutron flux) with current in the generator when the voltage of the
MP-320 is fixed and figure 6. 4 (b) shows the voltage dependence when the current is fixed. The
neutron flux increases linearly with respect to the current and exponentially with respect to the
voltage. This agrees with the results from the manufacturer [17].
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Figure 6. 4 The neutron flux calibrated by varying voltage at a fixed current of 30 A (a) and by
varying current at a fixed voltage of 80 kV (b).

92

To check on the beam intensity as function of angle and distance, we have performed two
sets of experiments. In the first, the detector is covered with 0.025 mm thick Cd foil, which will
block >94% of thermal neutrons. The relevant measurements are shown below.

Case
1
2
3
4
5
6
7

Description
The front window (2.00‖ ×4.50‖) covered with a Cd foil and facing
to the NG head
The front window (2.00‖ ×4.50‖) covered a Cd foil and facing away
from the NG head.
The front and back windows covered (2.00‖ ×4.50‖) a Cd foil and
facing to the NG head
All area covered (10.00‖ ×3.50‖ ×0.90‖) a Cd foil and facing to the
NG head
A circle (D=3mm) opened where all other area was covered (10.00‖
×3.50‖ ×0.90‖) a Cd foil facing to the NG head
Only front window opened (2.00‖ ×4.50‖) facing to the NG head
Only front window opened (2.00‖ ×4.50‖) facing away from the NG
head

Neutron counts
1.4×104
1.1×104
1.02×104
4.0×102
4.0×102
3.0×103
3.0~3.05×103

Figure 6. 5 (Top) An illustration of the 3He detector where the black volume contains 3He gas
sensitive to neutrons. (Bottom) Detector counts with Cd foil covering certain areas of the 3He
detector.

93

The comparison between 6 and 7 indicate that there is no (or little) preferred orientation of the
neutron flux. Comparing 1,2 and 3 indicate that the entire cover of the detector is transparent to
neutrons and that the neutrons come from all directions.
We have also varied the in-plane angle (θ) of the 3He detector and the distance (R) from
the Be powder block.

Table 6. 1 The neutron flux as functions of angle and distance with a constant voltage of 80 kV and
a constant current of 30 A.

R=14 cm

R=18 cm

θ=0°

7.32×103 (n/cm2·s)

3.01×103 (n/cm2·s)

θ=24°

7.74×103 (n/cm2·s)

3.19×103 (n/cm2·s)

Table 6. 1 (second column) shows the dependence on angle when the front face of the detector is
fixed at 14 cm from the Be with a constant voltage of 80 kV and a constant current of 30 A on
the MP 320. The angle is measured with respect to the surface of the neutron generator head as
shown in figure 6.3. Our data show only a slight increase (of a few percent) in the measured
neutron flux, as measured by the 3He detector, with increasing angle. If in fact the neutrons have
a preferred orientation along the beam tube direction, the increase in incident angle would result
in a neutron trajectory that is approximately 10% longer in the 3He detector, and result in some
neutrons traversing the entire width (or length) of the detector. This would result in significantly
higher neutron count numbers than observed. Table 6.1 shows the distance dependence when the
angle is fixed at 0 º and 24 º, for distances of 14 cm and 18 cm from the block. The larger
distance leads to a 60% decrease in the neutron flux as the distance increases. This is evidence
that the neutron beam flux is not homogeneous along the initial fast neutron beam direction. A
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complete set of figures and tables for the calibration of the neutron beam using the 3He detector
is shown in the Appendix.
A calculation of the detection efficiency for the 3He detector for any angle other than
normal incidence is complicated by the finite thickness of the active volume. A neutron that
enters the detector via any of the six faces has a path length within the detector that depends on
the angle of incidence, the face it enters and the position at which it enters. An isotropic beam
vastly complicates this already complex situation. We have instead calibrated our boron carbide
detector at a well-calibrated neutron source (see Chapter 8) and used that calibration to obtain the
isotropic neutron flux (see Chapter 7). We assume that at a fixed position, for a given current
and voltage, the flux is constant.
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Chapter 7 Boron Carbide Based Solid State Neutron Detectors: the
Effects of Bias and Time Constant on Detection Efficiency
This chapter is taken from my journal publication, Journal of Physics D: Applied Physics 43,
275101 (2010), with some modifications and supplemental results.

7.1 Introduction
The development of efficient all solid state neutron detectors is hampered by the
transparency of most materials to the passage of neutrons. Few elements possess a significant
capture cross section for thermal neutrons and, among these elements, those suitable for forming
a semiconducting solid are rare indeed. Boron is uniquely suitable, having a large capture cross
section for thermal neutrons, generating high energy ions that are easily detectable on neutron
capture and forming a boron rich semiconducting solid, boron carbide [1, 2], grown by plasma
enhanced chemical vapor deposition (PECVD). The growth and properties of a semiconducting
form of boron carbide have been intensively studied for the last 20 years, resulting in
heterojunction and homojunction diodes [1, 3-7], Esaki tunnel diodes [8], and, most relevant for
this manuscript, solid state neutron detectors [2, 9].
These all solid state neutron detectors are quite distinct from conversion layer detectors,
in which the neutron capture coatings do not function as semiconducting materials. In such
conversion layer detectors, 6Li, 10B, 113Cd, and 157Gd have been used to capture the neutrons,
resulting in secondary particles that are transferred to the semiconducting charge capture layers
[10-13]; these neutron detectors suffer from self-absorption effects [12] that leading to low
attainable efficiencies. Semiconducting boron carbide circumvents these restrictions by
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combining both neutron absorption and charge capture in the same material, leading to much
higher potentially attainable efficiencies.
The neutron capture reaction with 10B is well known :
(94%) 10B + n → 7Li (0.84 MeV) + 4He (1.47 MeV) + γ (0.48 MeV)
(6%)

10

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

(7.1)

and results in the ejection of highly energetic charged ions that generate large numbers of
electron-hole pairs in a semiconductor. Naturally occurring boron contains 19% 10B; for a fully
enriched thin film of boron carbide, 50% neutron capture efficiencies would be attainable at a
thickness of 14.5 m [14]. Planar conversion layer detectors are limited to efficiencies of ~4%
due to neutron absorption effects. Non planar geometries, such as pinhole and vias, relax this
constraint somewhat, resulting in calculated efficiencies of 20-30% , depending on aspect ratio
[15]. However, these more complex geometries require a concomitant increase in the
complexity of construction. Unlike planar conversion layer detectors calculated neutron capture
efficiencies in boron carbide based diodes scale with thickness; however, the overall detection
efficiency is highly dependent on the charge capture efficiency in both semiconductors. As the
thickness of the boron carbide layer is increased, the semiconducting properties of the boron
carbide layer assume increased importance.
This fundamental difference between the two types of detectors leads to differing
efficiencies, pulse height signatures and detection thresholds as shown both in GEANT4 Monte
Carlo simulations [16] and a simple physical model [14, 16]. There is a clear distinction between
a true solid state boron carbide neutron detector, in which the boron carbide layer is capable of
both neutron absorption and charge capture, and conversion layer detectors. There are two
striking differences—the models indicate that for a boron carbide/Si diode, the energy deposition
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spectra are weighted to higher energies, with a cut-off below the lowest energy signature at 0.84
MeV, whereas in the boron carbide conversion layer, the pulse height spectra are weighted
towards lower energies with a cut-off at the highest energy of 1.78 MeV. In both cases, a
thickness of 1 m boron carbide leads to a substantial smearing of the individual peaks
associated with the He and Li ions. In addition, in the case of the diode detector, sum peaks at
the energies of the sum of the Li and He ion should be present, an effect absent in the case of a
conversion layer detector since charge capture and neutron capture occur in two different layers.
Both predictions are modified in the presence of electronic and statistical noise and both depend
on the assumption of 100% charge capture, an assumption we will show is highly dependent on
the parameters of the associated processing electronics and the properties of the semiconductor.
In thin boron carbide/thick Si heterojunctions, much of the charge capture occurs in the
Si layer due to geometrical constraints, and hence the neutron detection signatures are very
similar to those of conversion layer detectors. In the earliest successful solid state neutron
detector, a 276 nm thick film of boron carbide formed a diode with n-type Si [9], leading to a
neutron detection efficiency of 5×10-5, much lower than the expected neutron detection
efficiency of 1.3×10-3. Subsequent measurements on a 232 nm thick B5C1H2/n-type Si
heterojunction diode [2] resulted in a much improved efficiency of 3.35×10-3 even at zero
applied bias—almost exactly equal to the calculated neutron capture efficiency. We attribute this
higher efficiency to the improved semiconducting properties of the boron carbide that allow for
more efficient charge capture. The effect of increasing the bias led to small increases in the
detection efficiency of less than 10%, leading to the conclusion that such a large amount of
charge is liberated on neutron capture that capturing even small fractions of it leads to a charge
pulse above threshold noise [2]. Subsequent efforts on neutron detection in boron carbide/Si
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heterojunction diodes have focused on the parameters important for increased efficiency.
Although increasing the thickness of the boron carbide layer must increase the neutron capture
rate, the entire process from neutron capture to charge collection (in both the boron carbide and
the Si) and the subsequent pulse processing are found to play important roles in the overall
detection efficiency.
In this manuscript, we describe neutron detection experiments on 640 nm boron carbide
on n-type Si. This increase in thickness over previous samples leads to a greater proportion of
charge being captured in the semiconducting boron carbide layer. As expected, the properties of
the boron carbide play a much larger role in the neutron detection efficiencies. As we
demonstrate below, the charge pulse risetime is governed by the characteristics of the
semiconducting material and is substantially different for the two materials. Both the applied
bias voltage and the integration time constants are shown to lead to much improved detection
efficiencies.
The neutron capture reaction in the boron carbide/Si heterojunction detector for thermal
neutrons is described in equation (7.1) and illustrated in figure 7.1. Neutron capture occurs only
in the p-type boron carbide side, with the neutron capture site serving as the origin for highly
energetic Li and He ions. Electron-hole pairs are generated by the passage of these secondary
ions through the semiconductor. The signal at either electrode arises mainly from charges
generated within the depletion layer. The charge carriers are accelerated due to the internal
electric field, with negative (positive) charge drifting towards the positive (negative) electrode.
Depending on the ground and center conductor connection of the coaxial cable, the charge pulse
consists either of electrons (from the Si side) or holes (from the B5C1H2 side). Hence the charge
pulse we collect consists of only one type of charge. Since the mobility of carriers on the boron
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carbide and Si side differ vastly, the choice of time constants has a significant impact on the
charge collection and, consequently on the neutron detection efficiency. We will show that there
is a significant difference in the signal, depending on whether electrons or holes are collected at
the center conductor.

Figure 7. 1(Top) A neutron capture event in a boron carbide (B5C1H2)/Si heterojunction diode
detector. (Diagram not to scale) The boron carbide film is fully depleted at 0 V. Increased bias
leads to an increase in the depletion width on the Si side. The neutron is captured in the boron
carbide layer, resulting in 4He and 7Li ions, which move in opposite directions, generating electronhole pairs on both sides of the junction. The charge sensitive preamplifier may be connected to
either side of the junction, collecting either a hole or an electron current. (Bottom) Schematic
diagram of the neutron detection system used showing the associated electronics. Oscilloscope
traces taken directly after the preamplifier are dominated by the risetime associated with charge
capture within the semiconductor whereas oscilloscope traces taken after the DSP show a
convolution of the risetime with the selected time constant.
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7.2 Experimental details
The 640 nm boron carbide layers were grown on n-type Si (111) substrates (resistivity
~100 Ωcm) using PECVD from an orthcarborane closo-1,2-dicarbadodecaborane (C2B10H12)
precursor [17] in a custom designed parallel plate 13.56 MHz rf PECVD reactor [1]. The base
pressure was 4×10-7 torr and the working pressure was 200 mtorr Ar gas. The substrate
temperature was held at 330 ºC during deposition with 30 W rf-power supplied. The film growth
rate, 80 nm/10 min., was deduced using ex situ grazing incidence x-ray reflectivity. Elastic
recoil detection analysis (ERDA) showed the boron carbide film composition to be B5C1H2.
Ohmic contacts for B5C1H2 and Si layers were sputter-deposited using Cr and Au metal
targets [1] with contact areas ranging in size from 0.785 to 19.625 mm2 on the B5C1H2 side. The
Si side contacts covered the entire area of the chip, ~ 1 cm2. The p-n diode showed the built-in
potential, Vbi = 0.7 V determined by the first derivatives of current-voltage (I-V) curves on the
selected area at room temperature. A capacitance-voltage (C-V) curve (Chapter 5, Figure 5.3)
confirmed the same turn on voltage at the same condition. Vbi is a measure of the Fermi level in
the two semiconductors [18] and the unchanging turn-on voltage (reproduced numerous times)
confirms the reproducibility of the PECVD growth process for B5C1H2.
The neutron source used was a Thermo Electron Corporation MP320 [19], operated to
generate a flux of 1.0×108 n/s 14 MeV neutrons. Moderation was effected using a 10 cm thick
beryllium block followed by 8 cm of paraffin wax. A coaxial cable connected the detector to a
Canberra 2004 charge-to voltage preamplifier and subsequently to a Canberra Digital Signal
Processor (DSP 9600) for pulse counting. The outer shield of the coaxial cable was grounded
and connected to either the p or n side of the junction. The scope traces were obtained on a
Tektronix TDS520D oscilloscope. Three different trapezoidal time constant filters were used to

103

process the signal from the preamplifier. Background measurements were obtained using a
0.025 mm Cd foil, as a thermal neutron shield [20]. All experiments with and without Cd foil
were performed under identical conditions of neutron flux and applied bias, to obtain the most
reliable measurement of background.

7. 3 Results and discussion
A typical I-V curve for the p-type B5C1H2/n-type Si heterojunction diode is shown in
figure 7.2. The low leakage currents are crucial in suppressing the noise peak and enabling the
detection of neutron capture signals. The combination of low leakage current and large reverse
breakdown voltage (> 20V) allow for the application of large bias voltages without significant
increases in the noise level. This enhancement of the device properties for neutron detection was
accomplished by use of more stable plasma control, low-doped (100 Ωcm) Si wafers, and thick
B5C1H2 deposits. The 640 nm B5C1H2 layer with a contact area of 3.14 mm2 and a leakage
current of 0.244 A, (corresponding to a current density of 3.4 A/cm2) at an applied bias of -19
V shows about 500 times decrease in the leakage current compared to the thin boron carbide
diode used in previous work [2].
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Figure 7. 2 I-V curves of the 640nm B5C1H2/Si heterojunction diode at room temperature in linear
(top) and log (bottom) scales. The built-in voltage is 0.7 V.

In a diode detector, the active region for charge capture is the depletion region, where
charge recombination is highly suppressed. The depletion region thickness increases with
increasing reverse bias as expected, as was shown in the C-V measurement in Chapter 5, with a
dependence expected for a step junction [21]. The C-V curve indicates that the device is
not entirely depleted over the range of reverse bias used for neutron detection measurements
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(from 0 to -19 V). The calculated doping density (in Chapter 5) of 4.5×1012 cm-3 in B5C1H2,
corresponds to a depletion width of 10 m at zero bias—well above the thickness of the B5C1H2
film. Hence, over the entire bias range, the B5C1H2 is always fully depleted. Application of a
reverse bias leads to an increase of the depletion width on the Si side of the heterojunction, as
well as increasing the internal electric field, both of which have implications for charge
collection. Previous measurements of the resistivity of boron carbide range from 108 to 1010
Ωcm imply a mobility ranging from 10-4 to 10-2 cm2/Vs, many orders of magnitude lower than
the mobility of the n-type Si (1400 cm2/Vs). This substantially lower mobility has a pronounced
effect on charge capture efficiency.
Neutron detection pulse height spectra with and without Cd foil are shown in figures 7.3
and 7.4 as functions of applied bias and integration time constants respectively. All data shown
in these figures were collected from the Si n-type side of the heterojunction diode, with the
B5C1H2 side grounded, and hence correspond to electron collection. Four bias voltages (figure
7.3) using the longest time constant with rise and fall times of 28 s and a flat top time of 3.0 s,
and three different trapezoidal time constants (figure 7.4) at a fixed bias voltage are shown. The
details of the trapezoidal time constants are indicated in figure 7.4 (right-hand side).
The pulse height spectra for the 640 nm B5C1H2 diode detector show three peaks,
corresponding to the 0.84 MeV 7Li ions (first peak), 1.47 MeV 4He ions (second peak), and 1.78
MeV 4He ions (much smaller third peak). At 0 V, part of the 0.84 MeV peak is subsumed within
the noise peak but is clearly discernible at an applied reverse bias of 10 V. The low intensity of
the 1.78 MeV peak arises from the much lower probability (6%) of the reaction generating the
1.78 MeV He ions. A peak from the 1.02 MeV 7Li ions is not distinguishable within our energy
resolution but may be embedded within the first peak.
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With increasing applied bias, the pulse height spectrum broadens and shifts to higher
channel numbers—an effect also seen in earlier work on thinner detectors [2]. The secondary
ions produced as a result of neutron capture within the B5C1H2 layer are emitted with equal
probability in all directions. Momentum conservation dictates that the He and Li ion travel
initially in opposite directions, as shown in figure 7.1. These ions have path lengths of a few m
in both the boron carbide and the Si (the path lengths are not identical), and hence the amount of
energy lost by the ions within the diode varies from a minimum which occurs when the ions are
emitted normal to the film plane to a maximum which occurs when the ions are emitted parallel
to the plane of the sample. The capture product energy loss corresponds to the number of
electron-hole pairs produced and; of these, the electron-hole pairs produced in the depletion
region are available for charge collection. An increase in the applied bias results in increases in
both the depletion width and the internal electric field. Both will lead to a greater fraction of
charge being collected from the electron-hole pairs produced by the highly energetic ions. The
increase in the depletion width allows for collection over a larger region and increases in the
internal electric field accelerate the charges, resulting in less charge trapping and recombination.
The broadening of the pulse may be explained by considering the range of possible angles that
lead to a charge collection signal. At low bias and small depletion widths, charge is only
collected from ions that are emitted almost parallel to the sample plane, since, compared to ions
emitted at angles close to the normal, these ions lose a larger fraction of their energy within the
depletion layer. At larger depletion widths, charge may be collected from a much larger range of
solid angles, resulting in a larger range of energies deposited and collected, leading to a
broadening of the energy deposition peaks.
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Figure 7. 3 Pulse height spectra as a function of reverse bias voltage with (ο) and without (•) Cd foil
on the 640 nm B5C1H2/Si heterojunction detector, both with a trapezoidal time constant with rise
and fall times of 28 s and a flat top time of 3.0 s. Four different bias voltages are shown. As the
bias increases, the channel numbers for each peak increase due to the longer depletion width and
resulting increase in charge collection. The broadening of these peaks with increased bias is due to
the larger solid angle over which charge may be collected as the depletion width increases.
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Figure 7. 4 Pulse height spectra as a function of time constant with (ο) and without (•) Cd foil on the
640 nm B5C1H2/Si heterojunction detector at 5 V reverse bias. Right-hand side figures depict the
shape of the trapezoidal time constants for each case.
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A quantitative measure of the shift in the pulse height spectra with increasing bias may
be obtained by using the second peak. A plot of the peak position versus the applied bias (figure
7.5) shows a 𝑉 dependence, similar to that of the C-V curve, further suggesting that, as the
depletion width (or reverse bias) increases, the fraction of charge collected increases
proportionately. The peak position approaches, but does not reach, saturation even at 20 V and,
since the device is not entirely depleted, we may assume that applying still higher bias voltages
would lead to increased charge collection. Because the range of the He ion in Si is ~5 m [20]
and because all ions must originate in the B5C1H2 layer, increasing the depletion width beyond 5
m in Si (reached at a bias voltage of 2.3 V) should lead to no further increase in the charge
collection. The increases in peak position at biases > 2.3 V must result from increased
acceleration of charge on both sides of the junction.
However, as will be discussed in figure 7.8, this does not correspond to increases in
efficiency. Unlike in solid state gamma and x-ray detectors [20], the positions of the peaks in the
B5C1H2/Si pulse height spectra provide no information about the neutron energy and energy
resolution is not important; rather, it is the intrinsic efficiency that must be maximized. For a
particular neutron capture event, incomplete charge capture will still lead to a neutron count
provided the signal to noise ratio is large enough.
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Figure 7. 5 (a) The channel number of the peak assigned to the 1.47 MeV 4He ion in the 640 nm
B5C1H2/Si heterojunction diode detector as a function of bias voltage (filled circles), and time
constant (unfilled squares). The channel number corresponds to the size of the collected charge
pulse and increases with applied bias. The dashed curve is a 𝑽 fit, indicating that the increase in
channel number (and charge capture) is proportional to the depletion width. Charge collection
increases in going from the rise and fall times of 0.4 s and the flat top time of 0.1 s time constant
to the rise and fall times of 12 s and the flat top time of 1.6 s time constant and saturates
thereafter, as expected from the ~20 s risetime of charge in the B5C1H2 layer. (b) The noise peak
channel as a function of bias voltage (squares) and time constant (triangles) with charge signal
obtained from the n-side. The noise channel is linear with bias voltage, similar to the leakage
current, and independent of the time constant. Hence, increases in signal-to-noise are best achieved
by increasing the time constant. The noise peak at 0 V for collection from the p-side of the diode is
also shown (red circle) and is significantly lower.

The time constant of the digital signal processor has a pronounced effect on the pulse
height spectra and the neutron detection efficiency, showing higher efficiency at larger time
constant. With increased time constant, the peaks become broader and shift to (slightly) higher
channel number, implying that longer time constants permit larger fractions of the charge to
contribute to the pulse height spectra. The effect is most pronounced on changing from the
shortest time constant with rise and fall times of 0.4 s and a flat top time of 0.1 s to rise and
fall times of 12 s and a flat top time of 1.6 s time constant. This is consistent with earlier
observations of a long rise time of ~20 µs for charge pulses within the B5C1H2 layer [2],
compared to the < 20 ns rise time for the signal from the Si layer. This large difference in

111

risetimes presents an obstacle to obtaining ideal efficiencies because the signal processor we
used (in common with other commercially available processors) may not recognize the long slow
risetime signal from the B5C1H2 as a peak when this signal follows the short risetime Si-sourced
signal, thereby ignoring the energy deposited in the B5C1H2.
These effects of the processing time constants are well described using both
mathematical convolutions of the time constant with a model charge pulse as well as scope traces
from the output of the DSP (see figure 7.6). Since the output signal from the DSP is a time
convolution of the trapezoidal weighting function and the peaks from the B5C1H2 and Si layers,
the peak voltage for the integrated charge pulse determines the channel in the pulse height
spectrum and the values of the time constant are key in determining this peak voltage. A time
constant much shorter than the signal will lead to a deficiency in the peak voltage and may result
in a signal that is subsumed in the noise channels, whereas too long of a time constant will lead
to a flat top in the DSP output and a subsequent saturation of the signal.
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Figure 7. 6 (from top to bottom) Two simulated charge pulses, one using a short rise time of 20 ns
(as seen in Si) and the other using two risetimes, one of 20 ns (for Si) and 20 µs (for B 5C1H2). The
two trapezoidal time constants are illustrated in the second row. Outputs of the convolution
integral between the charge pulse and the filter are shown in (a) and (b). Note that the y-axis, albeit
in arbitrary units, is the same for (a) and (b); hence the heights may be directly compared.
Convolutions of the Si peak and the (B5C1H2+Si) peak with the short time constant overlap exactly,
since the short time constant ignores the contribution of the 20 µs signal. The convolution using the
long time constant with the (Si+ B5C1H2) pulse (red line in figure (b)) results in a higher voltage
peak. Two scope traces taken from the same sample using the same reverse bias voltage of 5 V are
shown in (c) and (d). The trace on the left is taken using a short time constant (rise and fall times of
0.4 s and a flat top time of 0.1 s) and the trace on the right a long time constant (rise and fall
times of 28 s and a flat top time of 3.0 s). It should be noted that the time over which charge is
collected is increased in the figure on the right. The convolution curves of (a) and (b) are scaled for
height and then overlaid on the scope traces indicating excellent agreement.
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A MATLAB [22] simulation, in which rectangular pulses with time durations
corresponding to the expected charge collection times in the Si (20 ns) and B5C1H2 (20 µs) layers
respectively are mathematically convoluted with the appropriate time constants, is shown in
figure 7.6(a) and (b). The area under each rectangular pulse is assumed to be the same,
corresponding to equal amounts of total charge collected, an assumption we will show later to be
erroneous. Black and red lines indicate the results of the convolution of the charge pulse from Si
and from (Si+ B5C1H2), respectively. The short 20 ns pulse from Si results in a voltage peak
independent of the time filter, since the pulse duration is much shorter than the shortest time
constant. The longer 20 µs pulse shows a significant (~75%) enhancement in the voltage peak
with increased time constant. This simulation is for a particular single pulse in which the same
amount of charge is liberated and collected in both the Si and the B5C1H2. The pulse height
spectra are histograms of a large number of events that record the frequency of occurrence of the
entire range of differing charge pulse heights, originating from B5C1H2 and Si. In general, for a
single event, the charge pulses in the B5C1H2 and the Si are of different heights. However, it is
reasonable to assume that on average the same amount of charge is generated in both, albeit with
some small differences due to the differing path lengths of the ions and the depletion width in
each. With longer time constants and the resulting improved charge collection form the B5C1H2
side, the entire pulse height spectra should be shifted to higher channel number by 75%—the
same amount seen for a single pulse, but this is not the case.
Scope traces of charge pulses taken after the DSP are shown in figure 7.6(c) and (d),
using the short (rise and fall times of 0.4 s and a flat top time of 0.1 s) and long (rise and fall
times of 28 s and a flat top time of 3.0 s) trapezoidal filters respectively with the same applied
bias of 5 V. The output signals from the DSP are processed using the chosen trapezoidal filter,
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allowing for an investigation of the effect of the time constant directly from these scope traces.
An overlay of the convolution integral on the corresponding scope traces indicate excellent
agreement as a function of time, the voltage heights having been scaled to match as shown in
figure 7.6. Hence, the discrepancy between the expected 75% increase in channel number and
the experimentally obtained 13% increase must result from incomplete charge capture, most
likely from the B5C1H2 side. Since the entire calculated increase results wholly from the signal
in the B5C1H2 layer, a simple calculation indicates that the 13% increase in channel number
implies that at most 20% of the charge generated in the B5C1H2 layer is captured. Impurities and
structural defects in the PECVD deposited B5C1H2, which is at best an imperfect crystal [18],
hamper the charge transport process, trapping charge carriers into deep impurity levels and/or
recombination centers leading to a loss of charge carriers [20].

Figure 7. 7 Scope traces at the output of the preamplifier from (a) electron signals (from the n-type
Si) and (b) hole signals (from the p-type B5C1H2). (c) and (d) Pulse height spectra for the 640 nm
B5C1H2/n-Si detector with the center conductor connected to the n-side (c) and the p-side (d) of the
diode. All data shown are at 0 V bias using the longest time constant. The efficiency for neutron
detection using signals from the p-side is 0.63 %, a 21% increase in efficiency compared to an
efficiency of 0.52 % for the n-side.
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The disparate charge collection times and efficiencies are also relevant in any discussion
of the expected sum peak. The position of the sum peak in the pulse height spectra obtained
from the Si side is complicated by the much lower charge collection from the B5C1H2
semiconductor. A simple analysis of the sum peak for the more probable neutron capture
reaction shows that the peak will deviate substantially from its expected position. Assuming that
only 20% of the charge liberated by the He and Li ions is captured within the B5C1H2 layer, the
sum peak position, rather than lying at the channel corresponding to 2.31 MeV, will instead be
spread over channels ranging from a low of 0.46 MeV (well below the first Li peak energy and
occurring for the rare event in which both ions are captured within the B5C1H2 layer) to a high of
1.64 MeV (for neutron capture events at the B5C1H2/Si boundary in which the He ion traverses
only the Si layer and the Li ion traverses the B5C1H2 layer). The substantial broadening and
lowering of energy make it impossible to definitively identify the sum peak in the pulse height
spectra. Any evidence of the sum peak will only be present as higher energy tailing of the He
peak and is subsumed within the less probable 1.78 MeV 4He peak.
The pulse height spectrum for charge (hole) capture on the p-type B5C1H2 side is shown
in figure 7.7, together with oscilloscope traces, at 0 V applied bias. Two striking differences are
apparent when compared to electron collection from the Si side of the junction. The noise and
signal peak are shifted to lower channel number (corresponding to lower voltage pulse heights),
and are extremely narrow. Correspondingly, the number of counts in the signal channel is
significantly higher, with a peak height of ~600 counts (as compared to ~175 and 75 for the Li
and He peaks respectively for charge collected from the Si side). The lowered noise level arises
from better grounding on the Si side due to the higher conductivity of Si as compared to B5C1H2.
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The neutron detection signal is peaked at channel 28, much lower than either the He or Li peak
identified in the pulse height spectra collected from the Si side, a consequence of the loss of
charge carriers within the B5C1H2 layer. The identification of the peak is not simple. Assigning
it to the 1.47 MeV 4He peak, the peak position at channel 28 (compared to the peak position of
channel 120 for collection on the Si side) is consistent with the low fraction of charge (20%) that
we estimate for collection at the B5C1H2 side electrode. However, the 0.63% efficiency obtained
is anomalously high, as in this scenario all signal from the Li ion is buried within the noise peak.
If, instead, the peak is assigned to overlapping Li and He peaks, then the increased efficiency
from the B5C1H2 side compared to the Si side may be attributed to the lower noise level and
hence the greater collection counts associated with the lower energy Li peak. In fact, the
separation of the signal peak from the noise is similar to that seen for the much higher bias
voltage of 10 V (figure 7.3(b)) for charge collection on the Si side and the efficiency is similar
for these cases—0.63% at 0 V for p-side and 0.65% at 10 V for n-side. The width of the peak, <
40 channels, is significantly lower than for charge collection on the Si side (> 200 channels).
This is because, for charge collection on the Si side, charge that is generated in the B5C1H2 layer
is severely attenuated by charge trapping and recombination, before reaching the Si layer,
whereas the charge generated by the passage of ions through the Si layer is barely attenuated.
Hence the charge collected is distributed over a large range of channels, with the lowest channel
number corresponding to charge production almost entirely within the B5C1H2 layer and the
highest channel number corresponding to charge production almost entirely within the Si layer.
For collection on the B5C1H2 side, however, all charges, whether generated in the B5C1H2 or Si
layer, must pass through the B5C1H2 layer, being severely attenuated by charge capture and
recombination. Hence, the spread in the charge pulse heights is small.
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The effects of increased bias voltage and time constant are summarized in figure 7.5 and
7.8. Figure 7.5 shows the channel number shift with applied bias and time constant. Increased
bias voltages shift both the signal and noise peaks to higher channel number, limiting the
efficiency attainable using increased bias. Increasing the time constant has no effect on the noise
peak position, but does cause a small increase in the signal channel number, that saturates at rise
and fall times of 12 s and a flat top time of 1.8 s time constant.
The ideal efficiency for a normally incident neutron beam with a room temperature
Maxwell-Boltzmann distribution may be calculated from
Detection efficiency = 1 − e−

ς eff (R.T.)ρ𝑙

(7.2)

where ςeff (R. T. ) is the effective absorption cross section of 10B averaged over a room
temperature Maxwell-Boltzmann distribution, ρ is the number density of 10B in the boron carbide
material, and l is the thickness of the neutron capture layer. For a 640 nm thick layer of, with
elemental composition B5C1H2, the neutron detection efficiency (assuming all captured neutrons
give rise to a measureable signal) is 0.474%. However, because the neutron source is moderated
and uncollimated after moderation, we expect the neutron beam to be isotropic. This has also
been experimentally verified by tests we carried out on the source with a 3He neutron detector as
shown in Chapter 6. For an isotropic neutron beam, the expression for the neutron detection
efficiency is
Detection efficiency for an isotropic neutrons = 2

θ max
0

1−e

−

ς eff (R .T.)ρ 𝑙
cos θ

sinθdθ (7.3)

where the limits range from ϑ =0 to a maximum that is given by cos-1(height/width). A
numerical integration using Maple 13 gives an expected efficiency of 5.4%.
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The commercial 3He neutron detector is calibrated only for normal incidence neutrons. A
similar calculation as given above for isotropic neutrons is complicated by the depth of the 3He
detector, necessitating a point-by-point calculation over the entire surface. Instead, we base our
efficiency numbers on the experiments described in Chapter 8 in which we obtain close to ideal
efficiency for normal incident neutrons in a well-calibrated beam. The data in Chapter 8 were
obtained at a bias voltage of -17 V with a time constant of rise and fall times of 28 s and a flat
top time of 3.0 s. Hence we normalize our efficiency to these conditions and set the efficiency
to 5.4% at these conditions.
The neutron detection counts were obtained as functions of bias and time constants by
taking the difference between the total integrated detected counts with and without Cd foil above
a chosen channel number (depending on the noise signal) and are shown in figure 7.8. Below
~10 V, increases in applied bias lead to marked increases in the neutron detection efficiency.
Above this value, there is little change in the efficiency although the pulse height spectra indicate
increased charge collection since, as long as each neutron capture event leads to sufficient charge
collection (i.e. above the noise level), further increases in charge collection lead to no increase in
efficiency. At 0 V, the depletion width in the Si is 2.45 m, comparable to the (totally depleted)
640 nm thickness of the B5C1H2 and a greater fraction of the charge will arise from the B5C1H2
layer, traveling through the depleted B5C1H2 and into the Si. Hence, at this low bias, the effect
of increased time constant is most pronounced, and arises from the greater fraction of charge
with the slow risetime associated with the low mobility of charges within the B5C1H2 layer. As
the bias increases, depletion on the Si side increases and leads to more efficient charge capture in
the Si.
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The average time interval between consecutive incident neutrons for our experiments is
0.01 s. The sum of the rise and decay times for charge generation and capture is less than
0.0001s for a single neutron capture event. Therefore, at ~5% detection efficiency, the average
time interval between successive incident neutrons is 2 orders of magnitude larger than the time
duration of the voltage pulse from a single neutron detection event (based on Poisson statistics)
making pulse pile-up highly improbable. The detector showed no degradation in neutron
detection efficiency over a period of 15 months.

Figure 7. 8 Neutron detection efficiencies as a function of bias voltage and time constant obtained
from either the p-type B5C1H2 layer or the n-type Si layer.

7.4 Conclusions
The parameters necessary for the efficient operation of the solid state 640 nm B5C1H2/Si
neutron detector have been investigated. The novelty of such a detector requires the
development of a fundamental understanding of their operation since it differs from that of other
detectors. This work investigated the effects of the disparate semiconducting properties, of
electronic and statistical noise, and the effects of the above on the pulse height spectra and
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efficiency on B5C1H2 layers that are much thicker than previously tested. Excellent diode
characteristics with low reverse bias current and much higher breakdown voltages facilitate
sensitive neutron detection.
The lightly doped B5C1H2 layer is fully depleted even at zero bias and so operation at
zero bias is feasible, albeit with somewhat reduced efficiency. Increased bias voltages lead to
increased charge collection, shifting the peak in the pulse height spectra to higher channel
number. At low bias, the effects of increased time constant are most pronounced due to the short
depletion width on the Si side and the low mobility of charge carriers in B5C1H2. This effect of
greatly enhanced efficiency with a longer time constant is the strongest evidence to date of
charge collection occurring in the B5C1H2 layer. If charge collection were occurring only in Si,
increasing the time constant would have no effect because the charge pulse risetime in Si is of
the order of < 20 ns. Neutron detection signatures from both the n-doped Si side and the p-doped
B5C1H2 side have been observed and the observed spectra from the B5C1H2 side are consistent
with the incomplete charge capture that we deduce from the behavior of the pulse height spectra
with increasing time constant. A surprising feature is the greatly enhanced neutron detection
efficiency for detection on the p-side of the junction, which we attribute to the lower noise due to
better grounding on the Si side.
The efficiency of neutron detection will be greatly improved by decreasing noise and
increasing the charge collection fraction within the B5C1H2 layer—a function of its
semiconducting properties. Recent investigations of the effects of growth temperature, in-situ
annealing and in-situ sputtering of the substrate are encouraging. Our data clearly show that
even at this much lower charge collection efficiency, highly efficient neutron detection in all
B5C1H2 detectors is possible, provided the noise level is adequately low.
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Chapter 8 Time-Of-Flight Neutron Detection Using PECVD Grown
Boron Carbide Diode Detector
Part of the work reported in this chapter on TOF neutron detection was performed in
collaboration with L. Crow of Neutron Facilities Development Division, Oak Ridge National
Laboratory, Oak Ridge, TN, U.S.A. The optical microscopic image was performed in
collaboration with Anil K. Rajapitamahuni of Department of Physics & Astronomy, University of
Nebraska-Lincoln, Lincoln, NE, U.S.A.

8.1 Introduction
In this chapter, I describe an experimental measurement of the neutron detection
efficiency of semiconducting boron carbide neutron detectors using time-of-flight (TOF)
experiments at a well-calibrated, non-monochromatic, normal incident cold neutron beam source.
Both the absolute efficiency and the wavelength dependence of the efficiency are investigated.
Because efficiency measurements are often plagued by uncertainties regarding the incident
neutron flux and wavelength distribution, this work provides an excellent benchmark for two
important questions that will affect the ultimate use of these materials as neutron detectors, viz.
the experimentally attainable efficiencies and the wavelength dependence of the efficiency. In
particular, the experimental neutron detection efficiency as a function of wavelength has not
been investigated in solid-state neutron detectors.
Additional motivation for this work comes from the impending shortage of 3He, as
discussed in Chapter 6. Because special nuclear materials (SNM) radiate over a wide range of
neutron energies and, because moderation of those neutrons will result in a thermal distribution
of neutron energies, it is imperative that the efficiencies of solid state neutron detectors are
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shown to follow the expected wavelength dependent efficiency, if they are to be used for the
detection of SNM.

8.2 Experimental details
640 nm thick boron carbide films were deposited on n-type Si (111) substrates (resistivity
~100 Ωcm) at 200 mTorr Ar gas ambient pressure by plasma-enhanced chemical vapor
deposition (PECVD) at a substrate temperature of 330 °C [1]. Orthocarborane closo-1,2dicarbadodecaborane (C2B10H12) [2], carried by 90 °C Ar gas, was used as a source molecule.
The source was not enriched in 10B, resulting in thin films with the naturally occurring 19.6%
fraction of 10B. Elastic recoil detection analysis (ERDA) results show that the boron to carbon
ratio of the source molecule is well preserved in the deposited boron carbide film and the
hydrogen concentration is dramatically reduced, leading to an elemental composition of B5C1H2.
The material density of 2.463 g/cc was determined from the critical angle observed in x-ray
reflectivity (XRR) measurements. The p-n diode properties of the p-type B5C1H2 on the n-type
Si detectors have been measured [1] using current-voltage and capacitance-voltage
measurements.
Neutron detection experiments were performed on the CG1D beam, a single chopper
TOF system, on the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory
(ORNL) [3]. The neutron beam has a square profile of 4.1 cm by 4.1 cm at the selected detector
position and was monitored by a divergence-mapping neutron camera during the entire
measurement process. A nitrogen (N2) monitor (manufactured by ORDELA, Oak Ridge, TN)
with a measured efficiency of 1.01×10-5 at 1.8 Å was placed behind the B5C1H2 diode detector to
obtain the incident neutron beam spectrum. There is a negligible loss of neutrons within the
B5C1H2 detector because of its small thickness and low efficiency. Neutron detection signatures
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from the B5C1H2 detector were monitored by TOF techniques and a multichannel analyzer,
respectively for one hour. The details of the electronics and data acquisition for pulse height
spectra have been described in Chapter 7. All data within the B5C1H2 detector reported here
were measured at room temperature with a reverse bias of 17 V.
A cold ―white‖ beam of incident neutrons, moderated by a hydrogen moderator cooled to
20 K, and transported through a curved guide with a 1.8 Å cut-off, was incident on a 40 Hz
chopper. The chopper opening was 2 degrees, leading to an open time of 139 s. The neutron
wavelengths were sorted by TOF techniques, with faster, short wavelength neutrons arriving first
at the detector. Both the N2 detector and boron carbide detector TOF measurements were
performed for one hour, accumulating 144,000 passes with a time bin width of 0.025 ms. The bin
width implies a wavelength resolution of 0.03305 Å over a wavelength range from 1.8 Å to
20.01 Å . The Bragg edges that arise from scattering off the Al in the beam path result in notches
in the continuous spectrum and were used for wavelength calibration of the TOF neutrons [3, 4].
Note that the absorption cross sections for both 10B and 14N scale with wavelength and that this
dependence must be taken into account when analyzing the detector TOF signal.

8.3 Results and discussion
Figure 8.1 (a) illustrates the incident neutron flux as a function of wavelength, obtained
by the TOF data on the N2 detector after correction for the linear dependence of the absorption
cross section as a function of wavelength. For 14N [5], this dependence is given by ς =
1.02λ where ς is the absorption cross section in barns and λ is the neutron wavelength in Å . The
two notches at 4.048 Å and 4.676 Å match the aluminum (200) and (111) diffraction peaks. The
shape of the spectrum is determined by the Maxwell-Boltzmann distribution for neutrons in
thermal equilibrium with the hydrogen moderator [6] and is given by Eq. (1)
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dn = n λ dλ = −4πn0

mn
2πkT

3
2

h3
m n 3 λ4

exp −

h2
2kT m n λ2

dλ

(1)

where n0 is the total number of neutrons per cm3, T is the moderator temperature, and k the
Boltzmann constant. The red line in figure 8.1 is a Maxwell-Boltzmann fit for the incident
neutron beam spectrum (black line). The best fit for the data measured on the N2 detector is
obtained for a moderator temperature of 49.40 K. The TOF experiment on the 640 nm thick
B5C1H2 detector shown in figure 8.1(b) was performed concurrently with that on the N2 detector.
Here too, the measured response has been normalized by the wavelength dependent absorption
cross section for 10B, given by ς = 2137λ [5]. A noise discriminator level was set high enough
to eliminate possible noise signals for the 640 nm detector, resulting in the smooth curve seen in
figure 8.1. The Maxwell-Boltzmann best fit for this detector shows an effective moderator
temperature of 57.16 K. The best fits for both detectors show a significantly higher moderator
temperature than 20K, an effect that is not unexpected. Thermal hardening effects, consisting of
the preferential capture of lower energy neutrons in the material along the beam path, together
with a steady influx of high energy fission neutrons in the reactor, will result in a preferential
weighting to the higher energy side of the spectrum. Secondly, the thermal moderator behind the
cold source in the HB-4 beamtube (see figure 1 of Ref. [7] for the four horizontal beamtubes at
the HFIR core assembly) contributes to the intensity of neutrons entering the guide [7]. Thirdly,
the hydrogen moderator is relatively thin and this leads to a slightly elevated effective moderator
temperature because the moderation is incomplete. All three factors generate effectively
―warmer‖ neutrons. In addition, the curved guide which cuts off the spectrum at about 1.8 Å
could modify the observed spectrum to lower effective temperatures. This cut-off is clearly
visible in figure 8.1.
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Figure 8. 1 Wavelength distribution of the incoming neutron flux from the CG1D beam source
(black line) and the fit to the Maxwell-Boltzmann distribution (red line) as expressed in equation
(6.3) obtained from TOF measurements on the N2 detector (left) and the B5C1H2 detector (right).
The wavelength dependence of the absorption cross section for each detector has been taken into
account so that the TOF curves represent the incoming neutron profile as a function of wavelength.

The calibrated N2 detector and boron carbide detector were placed in the beam path and
monitored simultaneously so as to obtain an accurate measure of the incident beam flux in real
time. However, the small path length difference between the two resulted in air attenuation and
so in a slightly attenuated beam for the N2 detector. Although air attenuation effects were
expected to be small, the low efficiency of the N2 detector (and the fact that it contains the major
gaseous constituent of air) necessitate a calculation of the air attenuation. We calculated the air
attenuation with the help of Dr. Lowell Crow at ORNL.
Air attenuation is sensitive to atmospheric conditions that determine the vapor pressure of
water in air. The model for this calculation used 1) a temperature of 25 °C ( room temperature),
2) a barometric pressure at 760 mmHg (standard atmosphere), and 3) a dew point at 10 °C
(checked against the weather conditions when the experiment was conducted). The gases
included in the model calculation were N2, O2, CO2, Ar, Ne, He, Kr, Xe, H2, CH4, N2O, and H2O.
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The distance between the two detectors was 31.4 cm, which was calculated from the time-towavelength conversion. Figure 8.2 shows a plot of the air transmission as a function of
wavelength under the above atmospheric conditions along the 31.4 cm pathway. Longer
wavelengths are attenuated more, causing a deformation of the neutron spectrum incident on the
N2 detector as compared to that incident on the B5C1H2 detector.

Figure 8. 2 Air transmission as a function of wavelength calculated based on the weather conditions
when the TOF experiment was performed.
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With the data shown in figure 8.2, we could construct a new spectrum for the N2 detector,
taking air attenuation into account. This spectrum, shown in figure 8.3, is the incoming neutron
spectra incident on the B5C1H2 detector, and is the spectral response that we would expect if the
N2 detector were at the same position in the beam path as the B5C1H2 detector. Figure 8.3
compares the TOF results for the N2 detector with (red line) and without (black line) air
attenuation. The spectrum after air attenuation is taken into account shows a small enhancement
of the longer wavelengths (as expected from the transmission versus wavelength plot in figure
8.2) and a slightly lower moderator temperature of 47.20 K.

Figure 8. 3 A comparison of the TOF spectrum of the N2 detector without air attenuation (black
line) and after taking into account air attenuation between the two detectors (red line).
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The overall shapes of the two TOF spectra for the two detectors are overlapped in figure
8.4. The spectrum from the B5C1H2 detector is shifted to slightly lower wavelengths by about
0.40 Å , an effect that could arise from uncertainty in the wavelength caused by the bin size of
0.025 ms as well as from inaccuracies in the positions of the Al Bragg edges due to insufficient
statistics. The close agreement between the two spectra in figure 8.4 is an important step in
confirming that the B5C1H2 diode detectors show the expected neutron detection behavior over
this range of wavelengths and are suitable as beam monitors.

Figure 8. 4 A comparison of the two TOF spectra for the N2 and B5C1H2 detector scaled by
wavelength dependent efficiency.
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The results of the wavelength dependence of the neutron capture efficiency of the B5C1H2
and the calibrated N2 detector allow us to make an accurate measure of the efficiency of the
B5C1H2 detector. Shown in figure 8.5 is the pulse height spectrum of the 640 nm B5C1H2
detector, indicating the number of neutrons captured at each channel number. The applied
reverse bias of 17 V and the integration trapezoidal time constant with rise and fall times of 28
s and a flat top time of 3.0 s have been shown in previous work [1] to result in optimal charge
collection and hence efficiency for the B5C1H2/Si detectors. The peaks in the pulse height
spectrum correspond to 7Li (0.84 MeV) and 4He (1.47 MeV). The total number of neutrons
incident on the 3.14 mm2 active area in the measurement time of 1 hour is 3,110,772, which is
calculated from the wavelength distribution of the incoming neutrons shown in figure 8.4. At
low channel numbers, the signal is dominated by noise, as shown by the green line, measured in
an identical experiment with the neutron beam off. Because the noise is zero for all channel
numbers > 31, the measured neutron efficiency of 1.25% with a cut-off at channel 32 (the green
line) is an excellent lower limit for the efficiency. Calculations of the neutron detection over the
entire spectral range require appropriate weighting factors for each wavelength. For a Maxwell
Boltzmann distribution at a temperature T, the effective absorption cross section is given
1

by 1.128

293 𝐾 1/2
𝑇

𝜎 𝑡ℎ , where 𝜎 𝑡ℎ is the absorption cross section at a temperature of 293 K

(0.0253 eV) [8]. Using the Maxwell-Boltzmann distribution at a temperature of 57.16 K, we
obtain an effective absorption cross section of 7710 barns. The corresponding neutron capture
efficiency over the entire range of wavelengths for the 640 nm B5C1H2 detector is ~1.07%.
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Figure 8. 5 The pulse height spectrum where the neutron beam was ON (red) or OFF (black). The
green line indicates the noise cut-off line (channel number 32) for the calculation of neutron
detection efficiency.

What are the possible uncertainties in our efficiency measurements and calculations?
Because we have simultaneous monitoring of the neutron spectra from the N2 detector, we can
rule out fluctuations in the beam intensity. The apparent spectral shift to higher energies seen in
the spectrum of the B5C1H2 detector could lead to slightly lower estimates of efficiency. If
instead, we used the spectrum obtained at the N2 detector, the calculated efficiency would
correspond to a Maxwell Boltzmann distribution corresponding to a temperature of 47.20 K and
would be higher, 1.12 %. Geometric effects, such as the angle of the detector with respect to the
beam direction, the collimation of the beam and the accuracy with which we can measure the
area of the electrode also contribute to the uncertainty in the measurements.

We consider each

effect individually: The neutron beam divergence has been measured to be <10 [9]. This slight
divergence over the detector area would increase the path length of neutrons within the boron
carbide layer by less than 0.001%, resulting in no detectable change in the neutron detection
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efficiency. Imperfect alignment of the detector with respect to the beam would result in angle
variations at most of ±30, resulting in a slightly higher path length and less than 1% increase in
the calculated neutron detection efficiency (i.e. from ~1% to 1.01%). The area measurement of
the electrode, however, has considerable uncertainty. The nominal 1mm radius is obtained from
the dimensions of the shadow mask used for deposition of the electrode but there are notable
shadowing effects, which may increase the electrode area significantly. This uncertainty in the
electrode area results in a corresponding uncertainty in the number of incident neutrons. From
measurements using an optical microscope, we obtain an electrode radius of 1±0.07 mm leading
to an uncertainty in the area of ~±0.31 mm2. This leads to an uncertainty of 307,114 in the
number of incident neutrons resulting in an experimental neutron detection efficiency which
ranges from 1.14% to 1.39%. This range of the measured efficiency is consistent with the
calculated neutron detection efficiency for the 47 K Maxwell-Boltzmann distribution.
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Figure 8. 6 An optical image of an electrode with its radius of 1 mm.

In conclusion, we have measured a Maxwell-Boltzmann neutron spectrum in an all solid
state neutron detector that shows excellent agreement with a known calibrated N2 detector.
Because the neutron source is collimated and well calibrated we are able to obtain an accurate
experimental neutron detection efficiency which ranges from 1.14% to 1.39% showing a good
agreement with the calculated neutron detection efficiency for a Maxwell-Boltzmann distribution
at a temperature of 47 K.

136

REFERENCES
1.

Hong, N., et al., Boron carbide based solid state neutron detectors: the effects of bias and
time constant on detection efficiency. Journal of Physics D: Applied Physics, 2010.
43(27): p. 275101.

2.

Sigma-Aldrich, http://www.sigmaaldrich.com.

3.

Crow, L., et al., The CG1 instrument development test station at the high flux isotope
reactor. Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 2011. 634: p. S71-S74.

4.

Lorusso, G., et al., Time-energy relation of the n_TOF neutron beam: energy standards
revisited. Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 2004. 532(3): p. 622-630.

5.

ENDF: Evaluated Nuclear Data File, http://www.nndc.bnl.gov/exfor/endf.htm.

6.

Liverhant, S.E., Elementary introduction to nuclear reactor physics. 1960, New York,:
Wiley.

7.

Robertson, J.I. and E.B. Iverson, Measurement of the neutron spectrum of the HB-4 cold
source at the High Flux Isotope Reactor at Oak Ridge National Laboratory. Proceedings
of the 13th International Symposium on Reactor Dosimetry, Akersloot, Netherlands, May
2008, World Scientific Publishing Co., Singapore, 2009: p. 85-93.

8.

Radiation Detection and Nuclear Instrumentation Laboratory,
http://inst.nuc.berkeley.edu/NE104/.

9.

Moon, R., Final design and Performance of Cold Guide Systems. ORNL internal report,
2001.

137

Chapter 9 GEANT4 Simulations of the Pulse Height Spectra and
Neutron Detection Efficiencies of Solid State Boron Carbide
Neutron Detectors: Dependence on Semiconducting Properties
Part of the work reported in this chapter was performed with Michael K. Chu of
Department of Physics, University of California, San Diego La Jolla, CA, U.S.A.

9.1 Introduction
Neutron detectors play an important role in national security applications, in oil well
logging, as nuclear reactor monitors, and in the basic science of neutron scattering experiments.
The gold standard neutron detector is based on gaseous 3He, and offers high sensitivity, low false
positives and high gamma blindness. The advantages of solid state radiation detectors compared
to gas-filled detectors lie in the much higher density of neutron absorbing material, potentially
resulting in a dramatic reduction in the needed volume. The use of semiconducting materials as
radiation detectors can result in a significant number of charge carriers (in the form of electronhole pairs) that are generated during the radiation detection process, thus enabling efficient
detection well above the noise. Semiconductor diode detectors, such as Schottky diodes with
semiconductor-metal contacts, p-n diodes, and p-i-n diodes, can operate at low (and even zero)
applied bias voltages because the built in potential in the depletion region will sweep the charges
out to the electrodes.
The ability to make a semiconductor with a large neutron absorption cross section is key
to the development of an all solid state neutron detector, because this enables neutron capture,
charge production and charge capture within a single material. Plasma enhanced chemical vapor
deposition of boron carbide results in a semiconducting material with proven neutron detection

138

capabilities [1-6]. In Chapter 7 (taken from Ref. [2]) , we show that the operating parameters of
reverse bias voltage, the time constants for integration and the choice of the collection electrode
in boron carbide/Si p-n diode detectors influence the shape of the pulse height spectrum and the
neutron detection efficiency. Electronic noise will alter [7-9] the pulse height spectrum, by
broadening the peaks. Charge collection efficiency variations in the boron carbide [10] will also
significantly alter the pulse height spectrum, and indirectly the neutron detection efficiency.
Here we simulate the neutron pulse height spectrum using a Monte Carlo simulation,
GEANT4 (Geometry ANd Tracking [11, 12]) for boron carbide/n-type Si p-n diode detectors
under a variety of operating conditions. Although this simulation is confined to boron carbide/ntype Si diode neutron detectors, our simulation provides insight into the distortion of pulse height
spectra for other types of detectors (for example, using different materials). We vary the charge
collection efficiencies to predict the neutron detection efficiencies as well as the expected shape
of the pulse height spectra.
For the GEANT4 simulations, the detector geometry (see figure 9.1) is chosen to closely
approximate the detectors we fabricate. The detector is a cylinder of radius 1 mm, with a 1m
thick film of unenriched B5C1H2 on a Si substrate of standard thickness 381 m. The
stoichiometry and the density are obtained from previous ion beam analysis and x-ray reflectivity
experiments respectively. A monoenergetic thermal neutron beam at 0.025 eV is incident
normally upon the surface. Using GEANT4, we 1) track the secondary ions in the p-n diode in
terms of energy and position and 2) obtain the number of neutron captures for a fixed number of
incident neutrons. A simple script using Perl [13] is used to parse the outputs of the GEANT4
results in order to plot pulse height spectra. This allows for convenient application of specific
mathematical functions to the tracks of the secondary ions by writing the script instead of
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running a separate GEANT4 simulation. For example, the effect of electronic noise can be
simulated by convoluting the noise free spectrum with a Gaussian function of a given width.
The effect of incomplete charge collection efficiency can be simulated by multiplying a
weighting function with the tracks of the secondary ions. The energy, flux, angular and spatial
dependence of the neutron flux are generated using the General Particle Source (GPS, GEANT4
class name: G4GeneralParticleSource).

Figure 9. 1 The geometry used in GEANT4 simulations for active and conversion layer detectors.
The metal electrodes are not shown and the drawing is not to scale.
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9.2 Comparison of active layer and conversion layer detectors
For purposes of comparison, we first modeled ideal detectors—both an active layer and a
conversion layer on Si. These have been modeled previously using a simple physical model [14],
GEANT4 simulations [7], and a simple Monte Carlo procedure [15] and indicate clear
differences in the pulse height spectra and efficiencies in these two cases. The 10B neutron
capture reaction is given by,
(94%) 10B + n → 7Li (0.84 MeV) + 4He (1.47 MeV) + γ (0.48 MeV)
(6%)

10

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

(9.1)

The highly energetic Li and He ions have equal and opposite momentum and lose energy
as they move through the material. As before, we define an active layer to be one in which both
neutron and charge capture occur, as would be the case for a 10B rich semiconductor, with the
energetic Li and He ions produced in the B5C1H2 layer leading to the production and sweep out
of electron hole pairs within the B5C1H2 layer as well as in the Si. In contrast, in a single-sided
planar conversion layer detector, one layer (in this case a passive B5C1H2 layer with the same
density) captures neutrons while charge production and capture occur in an adjacent
semiconductor layer, which usually consists of an additional diode device (p-n or p-i-n) or a
Schottky junction. In our model of the conversion layer detector, the fully depleted Si plays the
role of an electrically active region for the generation and sweep out of electron-hole pairs. In
both cases, we have made the following assumptions of ideal behavior: (i) 100% charge
collection efficiency in the Si layer (ii) The depletion width in the Si is greater than the longest
range of the capture product ions and (iii) electronic noise is zero. In the case of the active layer,
additional assumptions include (i) the ionization energy to generate an electron-hole pair in both
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layers is the same and is 3.62 eV and (ii) the charge collection efficiency in the B5C1H2 layer is
also 100%.
Under these assumptions, the GEANT4 simulation of the pulse height spectra for an
active layer and a conversion layer are shown in figure 9.2, with the Li and He energy peaks
clearly visible. In common with earlier results, the spectra display two striking differences that
are a direct consequence of the ability (or lack of ability) of the neutron capture layer to capture
charge. The individual Li and He peaks show high energy tailing for the active layer, and low
energy tailing for the conversion layer, an effect that is most apparent below 0.84 MeV, the
energy of the lowest energy ion. In the active layer, there are no counts below 0.84 MeV,
implying that noise levels below this energy will have no effect on the neutron detection
efficiency. In addition, the active detector shows the presence of two additional peaks, the sum
peaks, that occur at the energy corresponding to the sum of the Li and He energies. Both
differences are a consequence of the charge production and capture process that occurs in the
active layer. The process of electron-hole pair generation by secondary ions is shown in figure
9.2 (c) and (d). In an active layer, charges are captured over the entire path length of the highly
energetic ions. In contrast, in a conversion layer, the ion will lose energy as it moves through the
neutron capture layer and charge capture will occur only after it has reached the adjacent
semiconducting layer. Hence in an active layer, the majority of neutron capture events will
generate charge equivalent to the energy of one ion, in addition to a fraction of the energy of the
other ion. The sum peaks occur when the trajectory of the Li and He ions is such that both ions
lose all their energy within the device. In a conversion layer, only a fraction of the energy lost
results in charge capture whereas in an ideal active layer, all the energy is converted to a charge
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pulse. We shall see, however, that these distinctions are blurred when we consider non-ideal
cases.

Figure 9. 2 Pulse height spectra of (a) an active layer and (b) a conversion layer detector in a
GEANT4 simulation assuming ideal conditions. The number of incident neutrons is 106. The
schematics in (c) and (d) illustrate the different mechanisms of electron-hole pair generation for
active and conversion layer detectors. In the single-sided conversion layer detector, charge
generation and capture occur only within the adjacent semiconductor.

The efficiencies of these ideal detectors as a function of thickness has been calculated
using both GEANT4 and the equation
Detection efficiency = 1 − e− ςρ 𝑙

(9.2)
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where, σ is the absorption cross section of 10B for thermal neutron
ρ is the number density of 10B in the boron carbide material
l is the thickness of the neutron capture layer
These efficiencies, shown in figure 9.3, indicate that the conversion layer detection efficiency
saturates at a thickness of about 4 m, a thickness that is on the order of the range of the Li and
He ions in this material. The ranges of the secondary ions in B5C1H2 and Si were obtained from
the SRIM/TRIM code developed by Ziegler, et al. [16]. The longest range is 3.94 m for the
4

He (1.78 MeV) ion in the B5C1H2 film as shown in table 9.1. Neutron capture events that occur

beyond this range, further away from the interface with the semiconducting charge capture layer,
will not result in a charge pulse in the conversion layer detector, resulting in lowered efficiency.

Figure 9. 3 Detection efficiencies obtained from equation (9.2) and GEANT4 simulations as a
function of thickness of an unenriched B5C1H2 film. The active layer shows a monotonic increase in
efficiency (red circles) but the conversion layer efficiency peaks at about 4 um, the maximum range
of the high energy ions produced during neutron capture.
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Table 9. 1 Range of secondary ions in the B5C1H2 film and the Si substrate calculated using the
SRIM/TRIM code.

7

Projected
range

Li

7

Li

4

He

4

He

(0.84 MeV)

(1.02 MeV)

(1.47 MeV)

(1.78 MeV)

B5C1H2

1.65 m

1.86 m

3.19 m

3.94 m

Si

2.46 m

2.82 m

5.15 m

6.36 m

9.3 Effects of incomplete charge capture in active layer detectors
The properties of the semiconductor dictate the extent to which the ideal scenario
outlined above will occur. The pulse height spectra shown in figure 9.2 assume that the entire
energy of the Li and He ions is used to create electron-hole pairs and that every electron-hole
pair that is created is captured at the electrodes and results in an electrical signature. However, if
some fraction of the electrons and holes created by ionization are not captured at the electrodes
[10], as can occur because of deep impurities in the semiconducting material or because of the
high recombination rate of electron-hole pairs or because of any other types of charge traps
which hold the charge for time scales that are longer than the signal processing time, the pulse
height spectra will be shifted to apparently lower energies. The previous assumption of 100%
charge capture efficiency in the B5C1H2 film is unlikely because PECVD grown boron carbide
has multiple polytypes [4], resulting in structural inhomogeneities and defects as well as deep
impurity levels. In order to take account of these effects, we varied the charge collection
efficiencies in the B5C1H2 layer, while keeping that in the Si fixed at 100%.
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Figure 9. 4 Pulse height spectra obtained from GEANT4 simulations for a 1 m thick active B5C1H2
layer with incomplete charge collection efficiency. The left column shows the spectra for charge
collection efficiencies ranging from 20% (bottom) to 100% (top). The right column allows for a
variation of ±10% in the charge collection efficiency about the central value.
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The left column of figure 9.4 shows the pulse height spectra generated by GEANT4 for
five different charge collection efficiencies of the B5C1H2 film, ranging from 100% to 20%. As
the charge collection efficiency decreases, the charge collected at the electrodes is reduced,
leading to red shifts (to lower energies) of the pulse height spectra. In particular, the two sharp
sum peaks move to lower energy as the charge collection efficiency decreases. These peaks
correspond to neutron capture events that result in full energy deposition only in the B5C1H2
layer. For example, for 60% charge collection efficiency, the spectrum shows a sharp peak at
1.39 MeV, which is 60% of the full energy sum of 4He (0.84 MeV) and 7Li (1.47 MeV), and
another at 1.68 MeV, 60% of the full energy sum of 4He (1.02 MeV) and 7Li (1.78 MeV).
Neutron capture events that result in deposition of the total energy in the device, but
divided so that the full energy deposition occurs partly in the Si and partly in the B5C1H2 layer
will not result in sharp peaks, because the fraction of energy deposited within the B5C1H2 layer
will vary depending on the location of the neutron capture event in the B5C1H2 layer and on the
trajectory of the He and Li ions, leading to a wide distribution of charge signal. Although the
simulated overall efficiency remains unaffected, the increasing shift of the spectrum to lower
energies implies that, for any realistic experiments, larger fractions of the response signal will be
subsumed into the noise
The right column shows the effect of allowing for a distribution of charge collection
efficiencies—a much more realistic scenario. Variations in charge collection efficiency occur,
for example, if radiation capture events take place at different depths [10] in the semiconductor.
In this case, if the transit time to the electrodes is comparable to the recombination times, the
corresponding charge collection efficiencies could vary considerably. Variations in the charge
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collection efficiency may also occur due to inhomogeneities within the semiconductor, such as
might occur for PECVD grown boron carbide films.
Each spectrum in the right column corresponds to a ±10% uncertainty in the charge
collection centered about the charge collection efficiencies of the corresponding spectra in the
left column. The probability for each charge collection efficiency within this ±10% range is
assumed to be equal. Under this scenario, even at 100% charge collection efficiency, the fullenergy peaks disappear. A smaller spread in charge collection efficiencies may result only in a
blurring of the sharp peak. Variations in the charge collection efficiency broaden the spectral
shape, shifting yet more weight into the low energy channels, further decreasing the signal-tonoise.
In the pulse height spectra, the energy of the peak positions (the y-axis) are related to the
number of electron-hole pairs generated by E/where E is the energy of the ion deposited in the
semiconductor material and  is the ionization energy. The ionization energy of a semiconductor
results from the Coulombic interactions between the ions and the electrons in a semiconductor,
resulting in the ionization of a semiconductor atom and the subsequent generation of electronhole pairs. The ionization energy has been empirically observed to be almost invariant with
respect to the energy of incident charged particles [17]. The ionization energies for elements or
binary compounds with tetrahedral bonding have been experimentally well characterized, by
ε = 2.67Eg + 0.87 eV [12] where Eg is the direct or indirect bandgap energy. The ionization
energy for semiconducting Si is 3.62 eV at 300 K [17]. If we use the same empirical results and
the optical band gap of 2.2 eV [18] to calculate the ionization energy for boron carbide (which is
not tetrahedral), we obtain a value of 6.744 eV. Higher ionization energies for B5C1H2 (as
compared to Si), will result in a smaller number of electron-hole pairs in the B5C1H2 for an
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identical deposition of energy, shifting the peaks to lower energy. In general, we expect differing
ionization energies to result in a broadening of the features in the pulse height spectra.

9.4 Effect of noise lower level discriminators (LLD)
Any experimental measurement of neutron detection efficiencies must include the effects
of detector noise and the ability to distinguish signals from electronic noise. The leakage current
in a reverse biased semiconductor is the primary source of noise, but the entire system including
the detection electronics contributes to the noise level. In order to simulate the effects of noise
on the experimental detection efficiencies, we include a lower level discriminator (LLD) setting
in our simulations, cutting off the signal from low energy channels in which noise is dominant.
The effects on the efficiency are more marked in pulse height spectra that are weighted to lower
energy channels as expected, revealing another advantage of active vs. conversion layer detectors,
because, in active detectors, there is little to no signal in the lowest energy channels. In
conversion layers, even under the assumptions of perfect charge collection and long depletion
widths in the adjacent semiconductor, the expected pulse height spectrum has a sizable fraction
of counts in the lowest energy channels. In contrast, in an active detector, even with only
40%±10% charge collection efficiency (see right column in figure 9.4), there is little to no signal
below 0.25 MeV. To evaluate the effect of noise and a LLD on the detection efficiency, we can
select a lower energy cut-off in the simulated spectrum and see how the detection efficiency
varies with the choice of the cut-off.
Figure 9.5 shows the effect of the LLD on efficiencies for an ideal conversion layer
detector and for two active layer detectors, with incomplete charge capture (40% and 80%). As
expected, the efficiency of the conversion layer detector decreases at even the lowest LLD
settings because the pulse height spectrum is weighted to lower energy. As the LLD level
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increases, the corresponding detection efficiency decreases linearly. For active layer detectors
with 40% and 80% charge collection efficiency, the neutron detection efficiencies remain
constant for LLD settings as high as 0.3 MeV and 0.6 MeV, respectively. This feature which is
unique to active layer detectors and is a consequence of the spectral shift to higher energies
indicates that active layer detectors can tolerate noisy environments with their neutron detection
capabilities intact. The sharp drops in the detection efficiency at LLD settings of 0.8 MeV and
1.6 MeV correspond to levels at which the sharp sum peaks appear in the pulse height spectra in
figure 9.4 (left side). The detection efficiencies drop to zero at LLD settings of 2.4 MeV for 40%
charge collection efficiency and 2.6 MeV for 80% charge collection efficiency. These
correspond to the highest energies of the neutron detection signal as shown in figure 9.4 (lefthand side).

Figure 9. 5 Neutron detection efficiency as a function of LLD settings. The black curve denotes a
B5C1H2 conversion layer detector with 100% charge collection efficiency in the adjoining Si. The
red and blue curves denote active layer detectors with 40% (red), and 80% (blue) charge collection
efficiencies in the B5C1H2 layer and 100% charge capture efficiency in the Si layer.
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9.5 Conclusions
We have extended the GEANT4 toolkit to take into account the semiconducting
properties of boron carbide, B5C1H2, and have shown that the neutron detection signatures are
highly dependent on the properties of the semiconductor. Incomplete charge collection, unequal
ionization energies and variations within the materials are shown to shift and broaden the
expected spectral response, resulting in pulse height spectra that blur the distinctions between
active and conversion layer detectors. In particular, as the charge collection efficiency within the
B5C1H2 material decreases, the pulse height spectra shift to lower energies. In active layer
detectors, this shift of the pulse height spectra to lower energies is not necessarily detrimental to
the neutron detection efficiency, as long as the noise peak remains below a certain threshold,
indicating that even with imperfect semiconducting properties, the neutron detection efficiencies
of active layer detectors remain robust.
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Chapter 10 Conclusions
The research reported in this dissertation has focused on the investigation of boron
carbide based neutron detectors in the form of semiconducting boron carbide/Si heterostrcutured
diodes. The two main thrusts were: (i) the fabrication of neutron detectors and experimental
measurements and simulations (using GEANT4 modeling) of detector performance and (ii)
material characterization of semiconducting boron carbide films to optimize the operating
conditions for neutron detection applications.
Boron carbide films were deposited by plasma enhanced chemical vapor deposition
(PECVD) technique on either n-type or p-type Si substrates and insulating glass or sapphire
substrates with substrate temperatures of ~330 °C. X-ray photoelectron spectroscopy results
indicate that the process of chamber passivation was critical in obtaining the appropriate
stoichiometry of boron carbide films. An important finding for the growth of thick uniform films
was that minimizing the temperature gradient along the gas lines resulted in longer deposition
times without arcing. The elemental compositions of thin and thick films with or without postannealing at 600 °C were obtained by Rutherford backscattering and elastic recoil detection
analysis. The results showed that the top 50 nm of the film surface were contaminated by carbon
and oxygen from the atmosphere, but that the bulk region preserved the boron to carbon ratio of
the precursor molecule at 5:1. Eight out of twelve (or four out of six) hydrogen atoms were
eliminated during deposition leading to an elemental composition of B5C1H2 for the PECVD
grown boron carbide thin films. This may or may not be the chemical stoichiometry because of
inhomogeneities within the film. The post-annealing treatment reduces the hydrogen
concentration near the film surface as the hydrogen migrates into the bulk. Infrared (IR) and
Raman spectra of undoped and Ni-doped boron carbide films were analyzed using the fingerprint
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method by referring to previous research on icosahedral boron rich carbon compounds with
various composition ratios. These measurements indicate that the icosahedral cage of the source
molecule is preserved, as well as showing evidence of the expected center chains that would
occur if the icosahedra formed a crystalline solid. Because we have seen no evidence of long
range order from either x-ray diffraction or electron diffraction, we believe that the film is either
amorphous or nanocrystalline with very small grains. IR spectroscopy of Ni-doped boron carbide
showed significantly reduced icosahedral vibrations. The Raman spectra for both films were
almost identical.
Heterojunction p-n diodes using p-type undoped boron carbide and an n-type Si wafer
were examined by current-voltage (I-V) and capacitance-voltage (C-V) measurements for
neutron detection. The I-V curve revealed a highly suppressed leakage current (nA to A) with
a high reverse break down voltage (>40 V) which enabled neutron detection measurements at
high internal electric fields to sweep out charge, concurrently with low electronic noise. The
carrier concentration for undoped boron carbide films ~4.5×1012 cm-3 was calculated from the CV curve, using the step junction model. The neutron detection efficiency of the boron carbide pn diode increased with increasing reverse bias voltages due to the longer depletion width and the
higher electric field. Additional effects that optimized the neutron detection efficiency
measurements are due to the long risetime (~20 s) of the semiconducting boron carbide layer
with respect to the short risetime (<20 ns) of the semiconducting Si layer. The differences in the
signal transit time of each layer required a long enough time filter in the digital pulse processor
to obtain fully convoluted signals.
We were able to attain highly accurate neutron detection efficiencies for a 640 nm boron
carbide p-n diode detector at the instrumentation beamline at Oak Ridge National Lab. These
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measurements confirmed the wavelength dependence of the cross section and showed that boron
carbide neutron detectors could be used as reliable beam monitors.
The semiconducting properties of boron carbide alter the expected efficiencies and the
pulse height spectra. The role of incomplete charge collection efficiency in PECVD grown
boron carbides on the pulse height spectrum were simulated using a Monte Carlo GEANT4
simulation. Incomplete charge collection in an active layer heterojunction p-n diode detector
results in a significant distortion of the pulse height spectrum in a form similar to the pulse
height spectrum for a conversion layer detector. Simulations that include a lower level
discriminator (LLD) to simulate the effect of noise revealed that incomplete charge collection
efficiency reduced the neutron detection efficiency due to shifting of in the pulse height spectra
to lower channel numbers, but that lowered noise (or LLD) levels can still lead to close to the
expected efficiency.
There are significant advantages in using semiconducting boron carbide for neutron
detection purposes. These include the low dark current of the p-n diode detector on an n-type Si
substrate, low power operation at room temperature, good detection response to a wide
wavelength range of neutrons, high temperature operation, small size, low mass and robustness.
However, the scale of the detector is limited to a few inches at best with current deposition
techniques and their use as portal monitors would require extensive technological development.
The small size of such semiconducting boron carbide neutron detectors would, however, make
them attractive as hand-held neutron detectors. The fundamental drawback for neutron detectors
using PECVD grown boron carbides is the present low charge collection efficiency.
The results of this dissertation suggest that progress on this front could be made by
achieving the following: The quickest (albeit expensive) method to increase efficiency is by
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enriching the source compound to ~100% 10B, which will enhance the neutron detection
efficiency by a factor of 5. Further progress will come from enhanced geometries that minimize
the effects of incomplete chare capture. First, a homojunction neutron detector utilizing Ni as ntype dopant could be fabricated in which the discrepancy between the charge collection times
and efficiencies would be minimized, allowing for integration time constants that matched
through the entire device. An ingenious method to minimize the effect of incomplete charge
collection has been suggested by Professor Mathias Schubert, in analogy to techniques used in
solar cells. Multiple homojunctions with interleaved ohmic contacts could be stacked in a
multilayer structure as shown below. Because of the short distance to the electrodes, charge
collection can be greatly enhanced; the overall thickness would be determined by the
requirements for neutron efficiency. Alternatively, multiple layers of n- or p-type boron carbide
layers sandwiched between Schottky contact metallic layers would also achieve this objective.
Improvement of the semiconducting properties so as to increase the charge collection is of course
also a viable route, albeit likely much slower for development. Over the period of this
dissertation work, we have achieved substantial improvements in the operating parameters of the
heterojunction diodes (low leakage currents, higher breakdown voltages, improved homogeneity,
thicker films and improved film adhesion) and much greater consistency in the films.
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Figure 10. 1 (a) Proposed boron carbide semiconductor multilayer neutron detector sensor device
with sequences of Schottky barriers established between biased (VD), masked, back-to-back thin
metal layer contacts. (b) Same as (a) with layer sequences of p-type n-type boron carbide
homojunctions. Individual boron carbide layer thickness parameters (dp, dn) are optimized to
match the free carrier mobility-life-time product. Collision-induced electron-hole pairs are
separated by the internal electric field, and collected at the nearest electrode. (c) Differential input
electronic voltage amplifier circuitry, supplied by small voltage VS, discriminates capture events
dVd/dt for electronic processing. For optimum collection in (b), both p and n layers must be fully
depleted. High-bias VD and Schottky contacts are envisioned for (a). Low VD and ohmic contacts
are required for the p-n junction device (b). Multilayers are created, as needed, to reach total
thickness d.
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Appendix
Calibration of the neutron beam generate by MP 320 using the 3He detector.

Figure A. 1 The neutron flux calibrated by varying current at a fixed voltage of 80 kV. The
angular dependence is seen in the comparison between (a) and (b) and between (c) and (d) at
distances of 14 cm, and 18 cm, respectively. The distance dependence of the flux is seen in the
comparison between (a) and (c) and between (b) and (d) at constant angles of 0 º and 24 º,
respectively.
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Figure A. 2 The neutron flux calibrated by varying voltage at a fixed current of 30 A. The
angular dependence is seen in the comparison between (a) and (b) and between (c) and (d) at
distances of 14 cm and 18 cm, respectively. The distance dependence of the flux is seen in the
comparison between (a) and (c) and between (b) and (d) at constant angles of 0 º and 24 º,
respectively.
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Table A. 1 The neutron flux as a function of current at a fixed voltage of 80 kV with a detector at an
angle of 0 º (top) and 24 º (bottom) to the MP 320 generator.

Current Calibration at V=80 kV, θ=0º
Voltage (KV)

Current (A)

Flux (n/cm2·s), R=18cm

Flux (n/cm2·s), R=14cm

80

60

6.03×103

1.46×104

80

55

5.43×103

1.32×104

80

50

4.99×103

1.21×104

80

45

4.56×103

1.11×104

80

40

4.13×103

1.00×104

80

35

3.62×103

8.79×103

80

30

3.01×103

7.32×103

80

25

2.50×103

6.07×103

80

24

2.33×103

5.65×103

80

23

2.20×103

5.34×103

80

22

2.11×103

5.13×103

80

21

2.02×103

4.92×103

Current Calibration at V=80 kV, θ=24º
Voltage (kV)

Current (A)

Flux (n/cm2·s), R=18cm

Flux (n/cm2·s), R=14cm

80
80
80
80
80
80
80
80
80
80
80
80

60
55
50
45
40
35
30
25
24
23
22
21

6.11×103
5.68×103
5.25×103
4.82×103
4.31×103
3.79×103
3.25×103
2.67×103
2.47×103
2.30×103
2.20×103
2.09×103

1.49×104
1.38×104
1.28×104
1.17×104
1.05×104
9.21×103
7.89×103
6.49×103
6.01×103
5.59×103
5.34×103
5.08×103
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Table A. 2 The neutron flux as a function of voltage at a fixed current of 30 A with the detector at
an angle of 0 º (top) and 24 º (bottom) to the MP 320 generator.

Voltage Calibration at I=30 A, θ=0º
Voltage (kV)

Current (A)

Flux (n/cm2·s), R=18cm

Flux (n/cm2·s), R=14cm

50

30

5.60×102

1.36×103

53

30

7.23×102

1.76×103

56

30

9.47×102

2.30×103

59

30

1.12×103

2.72×103

62

30

1.29×103

3.14×103

65

30

1.55×103

3.77×103

68

30

1.77×103

4.29×103

71

30

2.02×103

4.92×103

74

30

2.34×103

5.69×103

77

30

2.67×103

6.49×103

80

30

3.01×103

7.32×103

Voltage Calibration at I=30 A, θ=24º
Voltage (kV)

Current (A)

Flux (n/cm2·s), R=18cm

Flux (n/cm2·s), R=14cm

50

30

5.86×102

1.42×103

53

30

7.58×102

1.84×103

56

30

9.73×102

2.36×103

59

30

1.16×103

2.82×103

62

30

1.38×103

3.35×103

65

30

1.64×103

3.98×103

68

30

1.88×103

4.56×103

71

30

2.15×103

5.23×103

74

30

2.50×103

6.07×103

77

30

2.84×103

6.91×103

80

30

3.19×103

7.74×103

