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ABSTRACT 

Nuclear weapons and dirty bombs contain special nuclear materials (SNMs) such as 

uranium-233, uranium-235, and plutonium-239. SNMs produce suspect signatures which 

can be detected, including fast neutrons (~1 MeV), thermal neutrons (~0.0259 eV), and 

gamma rays. Thermal neutron detection is one of the methods of detecting SNMs and 

nuclear weapons in places where nuclear activities can take place. 3He gas based neutron 

detection technology is considered the gold standard for thermal neutron detection, but is 

expensive and requires high pressure and high voltage. With large demand for neutron 

detectors, the Department of Homeland Security (DHS) is looking to replace 3He based 

detectors with solid-state neutron detectors (SSNDs) that are inexpensive and possess 

characteristics such as high neutron detection efficiency, large detection area, and low 

gamma sensitivity. Large thermal neutron capture cross-section of 10B isotope makes 

hexagonal boron nitride (hBN) a promising material for SSND fabrication. hBN SSNDs 

are homogeneous detectors where both neutron conversion and charge collection occur in 

the same material (hBN). Thicker hBN increases neutron interaction probability and good 

crystalline quality hBN has high mobility-lifetime products enabling good charge 

collection. Growth of thick hBN films (tens of microns) of good crystallinity was therefore 

targeted in this work for achieving high detection efficiency hBN SSNDs.  

Chemical vapor deposition (CVD) processes were developed for hBN growth on 

sapphire, (111)Si, and AlN/(111)Si substrates, and (111)Si vertical sidewalls of parallel 

trenches. Detailed characterizations of the crystalline, chemical composition, optical, and 

transport properties were performed for the grown films. hBN films grown on sapphire 

were highly crystalline. hBN films were turbostratic or nanocrystalline hBN, when grown 

on (111)Si and other substrates. 

hBN based SSNDs, with both in-plane and out-of-plane charge collection, were 

designed, fabricated, and characterized. The highest mobility path in hBN, a layered 

semiconductor, is the in-plane direction which is used for hBN/sapphire based lateral (in-

plane) metal-semiconductor-metal (MSM) detectors. Growth of highly crystalline thick 

hBN, required for achieving high efficiency for such detectors, represents a considerable 

challenge. hBN-Si template detectors are based on an innovative design, where thick hBN 

growth problem was addressed by growing hBN on the (111)Si vertical sidewalls of 
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trenches and collecting charges along the in-plane direction. Required hBN growth is only 

a few microns (the half-width of the trench), but the neutron interaction length equals tens 

of microns (trench depth or vertical hBN thickness) potentially yielding high detection 

efficiency for these detectors. 

All fabricated hBN detectors showed strong responses to deep UV excitation. hBN-

Si template detectors are the first reported neutron detectors with hBN grown on Si. 

Excellent neutron response was also observed for hBN/sapphire vertical MSM detectors, 

but their large device capacitance (~0.2 nF/cm2) limits area scalability. Lateral detectors 

based on thick (up to 15µm) and good crystalline quality hBN showed the best response 

to thermal neutrons. In-plane µτ products for hBN/sapphire films are large enough to get 

good charge collection and generate neutron-indicating pulses above low electronic noise 

which arises from low leakage current (~0.1 nA/cm2 at 100V) and low device capacitance 

(~10-14 F/cm2). Low electronic noise also enables scaling to large detector areas (tens of 

cm2). These lateral detectors also showed excellent scalability with hBN thickness. 2.5 to 

15 µm thick hBN based detectors could count most (≥ 92%) of the absorbed neutrons, 

yielding close to theoretical detection efficiencies for respective hBN thicknesses. A 15 

µm thick natural hBN (with 20% 10B) based lateral MSM detector showed an efficiency 

of 4.7%, which is equivalent to 21.4% for enriched hBN (with 100% 10B). Fabricated hBN 

SSNDs are also inexpensive and relatively insensitive to gamma rays. These results 

demonstrate the promise of hBN based SSNDs as viable alternatives to the 3He based 

neutron detection technology. 
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1. INTRODUCTION 

Neutron detection, a critical matter for homeland security, has received significant 

research effort in recent years in a bid to replace the current industry-standard 3He gas 

filled technology. Solid-state neutron detectors (SSNDs), mostly heterogeneous type 

microstructured Si detectors filled with neutron sensitive materials, showed promises. 

Homogeneous SSNDs based on hexagonal boron nitride (hBN) have recently received a 

lot of attention for their potential to work as high-efficiency and robust neutron detectors.  

hBN is a wide bandgap layered semiconductor with sp2-hybridized atomic sheets of 

B and N, and exhibits remarkable properties including high resistivity [1]-[3], high thermal 

conductivity (2000 Wm-1K-1) [4], and stability in aggressive chemical environments and 

at high temperatures (up to 1000 oC) [5]. hBN, an insulating isomorph of graphene, is an 

excellent candidate for graphene based electronics [6]-[11]. hBN is also an emerging 

material for deep UV photonics [1]-[3].  

hBN semiconductor contains neutron sensitive 10B isotope which has a high neutron 

absorption cross section of 3840 barns and natural abundance of 19.9% [1]. To compete 

with 3He based technology, hBN SSNDs should be highly efficient, scalable to large area 

(tens of cm2), inexpensive, gamma insensitive, and robust and suitable for high radiation 

environments. For high efficiency, these detectors need hBN films which are thick (tens 

of microns) and have high crystalline quality translating to high mobility-lifetime (µτ) 

products of charge carriers and good charge collection. hBN detectors also need to have 

low device capacitance and leakage current to be area scalable. Further, hBN is a layered 

material with highly anisotropic charge transport properties, i.e., orders of magnitude 

higher mobility along in-plane direction than that along out-of-plane direction. hBN 

detectors with in-plane charge collection mechanism should have excellent charge 

collection and subsequently high detection efficiency. Therefore, this work focuses on the 

growth of thick and good crystalline hBN (at a high growth rate) and the fabrication of 

SSNDs based on in-plane charge collection in hBN [12]-[15]. This research develops hBN 

SSNDs to advance the solid-state neutron detection technology toward being deployable, 

robust and highly efficient.  
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1.1 Motivation 

Nuclear detection technologies are designed to detect emissions from radioactive 

nuclides known as SNMs which can be used for developing nuclear weapons and other 

weapons of mass destruction. Thermal neutron detection is extensively used for 

identifying the presence of SNMs, since the suspect signature of SNMs include fast 

neutrons, thermal neutrons and gamma rays [16]. Despite the global treaties and 

agreements over the possession and usage of nuclear and radiological weapons, unfriendly 

groups and terrorist organizations may still come into possession of SNMs, leading into 

the construction of nuclear bombs. The detection of SNMs and devices for nuclear or 

radiological weapons of mass destruction is fundamentally important to thwart nuclear 

proliferation and terrorism and thus is a key for homeland security and military operations. 

Detection technologies, essential for controlling global nuclear threat, need to find and 

verify the location of SNMs and other components for weapons of mass destruction. 

Terrorist organizations are not supposed to use intercontinental ballistic missile for 

delivery and likely to smuggle SNMs and resulting weapons into the country [16]. Hence, 

Neutron detectors are deployed at strategic entry points including airports, seaports, and 

border crossings to screen the commuters, cargo and vehicles for SNMs [16]. Since it is 

problematic to distinguish gamma ray radiation from normal background radiation, 

detection of thermal neutrons remains the most effective way of determining the presence 

of SNMs at any given location [16]-[18]. 

In addition to the detection and blocking of SNMs transportation into the U.S., there 

is a growing need to protect SNMs already present here. Nuclear power plants and nuclear 

physics research labs produce a significant amount of radioactive waste, which needs 

special long-term storage since most radioactive isotopes have half-lives of thousands of 

years [16], [17]. Radiation emission from this waste is a health hazard. This waste can also 

be used for making crude nuclear weapons, also known as dirty bombs. In these bombs, 

conventional explosive is used to spread this radioactive waste material to large areas 

causing exposure of dangerous level of radiation to a large population. Detection of illicit 

transport of these materials from these sites is therefore vital to thwart any nuclear threat. 

Neutron detectors can be employed to verify and monitor compliance with various 

arms control agreements, including a ban of nuclear weapons on ships, ballistic missiles 
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containing some specific maximum number of nuclear warheads, and allowed limit of 

nuclear versions of dual-capable weapons (e.g., sea-launched cruise missiles) [16], [17]. 

Sensing thermal neutron is an attractive approach of SNM detection for some reasons. 

First, neutrons have a very low ambient concentration (0.005-0.02 neutrons/cm2) and 

measured neutron level above this background level is a strong indicator of SNM presence 

[16]. Further, neutrons cannot be shielded from detection since neutrons (with ~1 MeV 

energy) can penetrate several meters [16]. 

High energy neutrons (i.e., fast neutrons) have very small capture cross sections, 

making it very difficult for a neutron to interact with the detection gas or material and 

cause the necessary detection reaction. Neutron detectors are efficient only for thermal 

neutrons or low energy neutrons with energy equal to the surrounding ambient (0.0259 eV 

at 300 K). Hence, it is necessary to slow the neutrons down to increase the probability of 

interaction. It is done by surrounding the neutron emission source by a hydrogen-rich 

material (i.e., moderator) such as high-density polyethylene.   

1.2 Proportional Counters 

Gas filled proportional counters are discharge devices for the detection of ionizing 

particles and quanta. The detectors offer low-noise amplification of the ionization event 

and produce a charge pulse processed by the attached nuclear reaction [17]. These high-

efficiency detectors also show excellent gamma discrimination.  

A proportional counter produces a detection signal with an amplitude proportional to 

the energy of the particle being detected, when the charged particle completely loses its 

energy. Ion-electron pairs are produced as the energetic charged particle pass through the 

gas inside the counter. The number of ion-electron pairs depends on the energy lost by the 

particle in the gas. The most common proportional counters used for high-efficiency 

thermal neutron detection today are the 3He gas filled detectors. Figure 1.1 shows images 

of such detectors. The associated nuclear reaction is [19]: 

 퐻푒 +  푛 = 퐻 +  퐻 ,    푄 = 0.764 푀푒푉 , 100%  (1.1) 

The reaction products include two charged particles (proton and the triton) released 

with a combined kinetic energy of 0.764 MeV in the opposite direction. This energy is 

dissipated by the ionization of the proportional counting gas used (CF4).  
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Another common method uses BF3 filled detectors that utilize the fission of the 10B 

atom to provide the charged particle [1, 2]. 

퐵 +  푛 = 퐿푖 (1.015 푀푒푉) +  훼 (1.777 푀푒푉), 푄 = 2.792 푀푒푉 (Ground State) 6% 

퐵 +  푛 = 퐿푖∗ (0.84 푀푒푉) +  훼 (1.47 푀푒푉),푄 = 2.310 푀푒푉 (First excited State),

훾 (0.48 푀푒푉) 94%                                                                           (1.2) 

 

 

Figure 1.1: Commercial helium-3 gas filled neutron proportional counters [20]. 

As in an ionization chamber, the applied electric field causes the electrons to move to 

the anode and ions to move to the cathode. In contrast to the ionization chamber, the 

electric field near the anode is so strong that electrons acquire sufficient energy to cause 

secondary ionization [17]. Hence, an avalanche of electrons arrives at the anode instead 

of a single primary electron. In this way, the total number of electrons arriving at the anode 

far exceeds the number of primary electrons. The ratio of the total number of electrons to 

the number of primary electrons is referred to as the gas amplification factor. Cathode of 

a proportional counter is a cylinder. On the other hand, anode is a fine metal wire (10–100 

μm) stretched along the axis of the cylinder [17]. Gas amplification or secondary 

ionization happens near the anode at a distance comparable to the wire’s diameter [17]. In 

other areas inside the cylinder, electrons drift under the action of the electric field without 

secondary ionization [17]. Figure 1.2 illustrates the schematic of a gas filled proportional 

counter. 
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Figure 1.2: Schematic configuration of a gas filled proportional counter [21]. 

Some fill gases in these counters can create photons by de-excitation [17]. Collisions 

may occur in the gas where the gas molecules are not ionized, but raised to an excited 

state. These excited molecules decay by emitting photons, but without the creation of 

secondary electrons. These photons can cause ionization elsewhere in the gas by two types 

of interactions- removing less tightly bound electrons or the photoelectric effect in the 

counter wall [17]. These create spurious pulses and loss of proportionality in the counter. 

Quench gases are added to the counter to address this problem [17]. Quench gases (e.g., 

methane) are polyatomic gases which preferentially absorb photons [17].  

Large area 3He gas filled neutron detectors are installed at radiation portal monitors 

(RPMs) and research facilities across the world. RPMs are employed to screen individuals, 

vehicles, and cargo that cross the borders. Figure 1.3 demonstrates an image of a RPM 

employed for scanning vehicles across the border. 3He gas filled detector technology, a 

mature and established one, has several advantages including highest detection efficiency, 

robustness, and excellent gamma/neutron discrimination. Among the drawbacks of these 

detectors, the greatest is the cost. 3He, comprising only ~0.0001% of naturally occurring 

He, is most commonly manufactured rather than mined and consequently very expensive 

(~$2,000 per liter in 2011) [22]. These detectors have poor portability arising from the 

bulky size and high internal pressure (in the range of 9 atmospheres) [1], [12]. Further, the 

detectors need high bias voltage (1200-1800 V) [1].   
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Figure 1.3: A Radiation Portal Monitor scanning a border-crossing vehicle [2]. 

1.3 Solid-state Thermal Neutron Detectors 

1.3.1 Homogeneous and Heterogeneous Detectors 

 Solid-state neutron detectors can be classified into two broad types- heterogeneous 

and homogenous detectors. A heterogeneous detector has different neutron conversion and 

charge collection regions. Neutron absorption reaction occurs in the conversion material 

and the energetic charged particles deposit their energy to create electron-hole pairs 

(EHPs) in the charge collection regions. On the other hand, a single material works as the 

neutron conversion region and the charge collection region in a homogeneous detector. 

These detectors employ materials such as hBN or B4C with the neutron converter (10B) 

being a constituent element of the corresponding semiconductor. When a neutron interacts 

with sufficiently thick hBN or B4C, charged particles are generated which lose their energy 

in the same material. Created EHPs, when collected by an applied electric field, form a 

detector current. A charge sensitive preamplifier converts the detector current to a neutron 

indicating pulse. Ideally, every neutron should yield a full charge collection and the 

associated pulse height indicating the Q value of the reaction (~2.31 MeV for the 10B 

dominant reaction). Material quality determines the charge collection ability of the 

detector material, with charge trapping (by defects) and edge effects (by surface 
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recombination) can cause some reduction in this value. However, it is still difficult to grow 

thick and highly crystalline homogeneous detector material.  

 

 

Figure 1.4: Schematic diagrams of (a) a heterogeneous type detector and (b) a 
homogeneous type detector. 

On the other hand, charged particles generated in the conversion region lose some of 

their energy in heterogeneous detectors as they travel from the neutron conversion region 

to the charge collection region. For a parallel neutron beam incident on the face of a 

heterogeneous microstructured Si detector, the detection efficiency is limited by the 

detector geometry. Around 50% of the detector area is covered by Si which is not neutron 

sensitive. This geometrical limitation limits the detection efficiency to values below 50%. 

In hBN or B4C based homogeneous detectors, most of the surface area can be covered 

with detector material, with the rest covered by metal electrodes. Hence, these 

homogeneous detectors can theoretically reach detection efficiencies close to 100% for 

sufficiently thick detector material. Schematic diagrams of heterogeneous and 

homogeneous detectors are shown in Fig. 1.4 (a) and (b), respectively. 

1.3.2 Neutron Conversion Materials 

The concept of a neutron capture cross section is used to express the likelihood of 

interaction between an incident neutron and a target nucleus. The larger the neutron cross 

section, the more likely a neutron will react with the nucleus. Barn (=10−24 cm2) is the 

standard unit for measuring the cross section. 10B isotope has a thermal neutron capture 

cross section of 3840 barns, which is much larger than other isotopes 6Li (940 barns) and 
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113Cd, 155Gd, and 157Gd [1], [2], [12], [19], [23]-[26]. 3He has the largest thermal neutron 

capture cross section (5330 barns), and currently the highest efficiency neutron detectors 

are based on 3He [19], [27]. Most other materials have very low thermal neutron capture 

cross sections (e.g., 0.0055 barns for 11B [28]).  

Table 1.1: Properties of different neutron conversion materials. 

 3He 10B 6Li 

Neutron reaction 퐻푒 +  푛 = 퐻 +  퐻 ,

푄 = 0.764 푀푒푉  

퐵 +  푛 = 퐿푖 (1.015 푀푒푉) +

 훼 (1.777 푀푒푉), 6%      

퐵 +  푛 = 퐿푖∗ (0.84 푀푒푉) +

 훼 (1.47 푀푒푉), 94%    

퐿푖 +  푛

= 퐻 +  훼,  

푄 = 4.78 푀푒푉   

Natural 

abundance 

1.4 × 10-4 % [19] 19.9% [1], [2] 7.4% [19] 

Neutron capture 

cross section 

5330 barns [2], [19], [27] 3840 barns [1], [2] 940 barns [19] 

 

Different properties of 3He, 10B and 6Li isotopes related to neutron capture are 

presented in Table 1.1. 10B has a smaller Q-value (i.e., around half) compared to 6Li, but 

it has a capture cross section around 4 times larger than that of 6Li. Lower reaction energy 

means less energetic charged particles are available to create EHPs. But higher capture 

cross section results in a higher neutron interaction probability for 10B. It means, to achieve 

the same thermal neutron detection efficiency, thinner 10B layer is required compared to 
6Li. Further, Li is a fast diffuser in Si that degrades the minority carrier lifetime and causes 

high leakage current. Again, natural abundance of 10B is larger compared to 6Li, making 

it easier and cheaper to obtain enriched material (i.e., composed of ~100% of neutron 

sensitive isotope). It is very costly to obtain enriched 3He due to its very low natural 

abundance of the 3He isotope. 3He is mostly manufactured and is limited worldwide.     

1.3.3 Semiconductor for Neutron Detectors 

Creation of EHPs by ionizing radiation is an important mechanism in neutron 

detection. EHPs, separated by an applied or built-in electric field, produce a detection 

signal, which can be attributed to the presence of thermal neutrons. For achieving high 
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detection efficiency, higher quantum yield (i.e., the number of EHPs created per unit 

deposited energy) is required. Klein proposed an equation for calculating ionization 

energy (IE) values for different semiconductors, which well matches the experimental data 

[29]. Ionization energies are typically much larger than the bandgap, since energy 

dissipation occurs through both the impact ionization and excitation of phonons (to 

conserve momentum) which do not produce EHPs. Lower ionization energy of Si (IE of 

3.6 eV) results in a much more of EHPs compared to hBN (IE of 18 eV) and other 

semiconductors mentioned in the Table 1.2, when the incident energy is the same.  

It is desirable that neutron detectors have a long lifetime and detector materials are 

tolerant to radiation-induced damage from bombardments with heavy particles and gamma 

rays. Threshold displacement energy is a useful parameter for predicting damage caused 

by neutrons. It is the minimum kinetic energy that must be transferred to an atom to free 

it from its lattice site (i.e., ideal site) and make it an interstitial. Threshold displacement 

energy (Ed) varies inversely with the volume of the unit cell, as measured for different 

semiconductors [30].  

 퐸 (푖푛 푒푉) = 1778.4 (퐿푎푡푡푖푐푒 퐶표푛푠푡푎푛푡 푖푛 Å) .   (1.3) 

Table 1.2: Properties of different semiconductor materials. 

 Si GaAs GaN hBN 

Atomic number (Z)  14 31/33 31/7 5/7 

Energy band gap (eV) 1.1 1.43 3.40 5.5 

Band gap type Indir

ect 

Direct Direct Indirect 

Ionization energy (eV) 3.6 4.3 8.9 18 [3] 

Threshold displacement energy (eV) 13 9.8 19 19.4 (for B), 23 (for N) 
 

Typically, the larger the bandgap (or equivalently smaller lattice constant), the larger 

the threshold displacement energy (or equivalently stronger the bond), and thus the 

material is more radiation hardened [12]. Devices made from these radiation-hardened 

materials last longer under radiation in high radiation environments.  
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hBN is a wide-bandgap material with experimentally determined values of 5.5 eV to 

6 eV) [12]. Large Ed values of 19.4 eV and 23 eV were also recorded for B and N atoms 

in hBN [31]. Since hBN has larger Ed values compared to Si (13 eV), GaAs (9.8 eV), and 

GaN (19 eV) (as summarized in Table 1.2), it should be more useful for space applications 

and high radiation environments [30], [31].   

1.3.4 Planar Neutron Detectors 

Thermal neutron cross sections of Si, Ge and GaAs are very low, and neutron 

detection is not possible using only Schottky or p-n junction diodes. Planar solid-state 

detectors therefore have a neutron sensitive layer (e.g., 10B or 6LiF) on top of a material 

sensitive to alpha particle [19]. The alpha-particle sensitive material is usually a diode 

(e.g., Si p-n junction). When a thermal neutron is incident on a 10B conversion layer, a 

fission reaction releases an alpha particle and a 7Li ion, as described in Eq. (1.2). If these 

charged reaction products escape 10B and reach Si, they can create EHPs by impact 

ionization. EHPs can be separated by the electric field if they are created inside the 

depletion region and within one diffusion length from the depletion edge. Using external 

circuits, these EHPs can be collected as a voltage pulse, indicating neutron presence. 

Figure 1.5 shows the schematic of such a planar detector.  

Neutron interaction probability (p) of a 10B layer (with thickness t) can be estimated 

from the equation, 푝 = 1 − 푒 ,  where Σ (= σN) is the macroscopic capture cross section 

of 10B, σ is the microscopic capture cross section of 10B, N is the atomic number density 

of 10B. 10B layer needs to be thick enough to maximize the neutron interaction probability. 

Further, the ranges of alpha particles (1.47 MeV) and 7Li ions (0.84 MeV) in 10B are ~2.8 

µm and ~0.9 µm, respectively [34]. Hence, 10B layer must be thin enough (2-3 µm) to 

make sure reaction products can reach Si p-n junction with sufficient energy and generate 

a detectable number of EHPs. These conflicting 10B layer thickness requirements limit the 

thermal neutron detection efficiency of planar detectors to 2-5% [19], [32]-[34]. 
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Figure 1.5: Schematic diagram of a planar solid-state thermal neutron detector [34]. 

1.3.5 Microstructured Neutron Detectors 

Researchers have demonstrated micro-structured neutron detectors which overcome 

the conflicting thickness requirement of neutron converter material in a planar detector 

[32], [34]-[37]. The basic configuration is a high aspect ratio micro-structured Si p-n 

junction diode with 10B converter material filling the trenches or holes [34], [37]. 10B layer 

(or other converter materials) inside the trenches are vertically thicker compared to planar 

detectors, thereby allowing more thermal neutrons to interact with 10B. On the other hand, 
10B layer is laterally thin enough to ensure that reaction products can escape sideways to 

reach Si with enough energy [34]. 

However, these detectors have an inherent limitation arising from detector geometry. 

Since the converter region and charged particle detection region (e.g., Si) are separated, 

the detection efficiency for a parallel neutron beam incident on the face of the detector is 

limited by the geometry of the detector. The detection efficiency of a typical 

microstructured neutron detector is no greater than ~50%, since ~50% of the surface is 

covered by 10B. Further, these detectors have complicated issues including high aspect 

ratio etching of Si, filling of desired conversion material, and mechanical stability of thin 

Si walls [34]. 
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Figure 1.6: (a) Schematic of a microstructured neutron detector [34]. (b) Schematic 
of a honeycomb-structured neutron detector developed by our group at RPI [34]. 

1.4 Gamma Discrimination of Neutron Detectors 

Most of the nuclear materials emit 10 or more times as many gamma rays as neutrons, 

and thermal neutron detectors are also sensitive to gamma rays [18]. Hence, gamma ray 

sensitivity is an important figure-of-merit for a thermal neutron detector. Gamma rays can 

create EHPs in the detector by depositing energy by photoelectric effect or Compton 

scattering [18]. Linear attenuation coefficient (µl) for a gamma radiation is defined by the 

equation: 퐼/퐼 = 푒 , where I0 is the incident gamma ray intensity, and I is the emerging 

intensity transmitted by an absorber of length L [18]. Since gamma rays primarily interact 

with atomic electrons, attenuation coefficient is proportional to the electron density,  

 푃 = 푍   (1.4)  

where ρ is the bulk density, Z is the atomic number, and A is the atomic mass of the 

absorbing material. For a given material, P/ρ is a constant (= Z/A) and independent of bulk 

density [18]. The Z/A ratio is nearly constant for all materials except the heaviest elements 

and hydrogen [18]. 

In a photoelectric absorption process, a gamma ray loses its total energy in one 

interaction. A fraction of gamma ray energy (Eγ) is used to overcome the electron binding 

energy (Eb). The biggest portion of Eγ is transferred to the free electron as kinetic energy, 

and a very small amount of recoil energy remains with the atom to conserve momentum 
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[18]. The probability for this process strongly depends on Z, Eb, and Eγ. The probability 

is greater for more tightly bound electrons and therefore over 80% of the interactions 

involve K electrons [18]. Photoelectric effect is the predominant interaction for low-

energy gamma rays (< 50 keV) and heavy atoms like lead and uranium [18], since the 

photoelectric linear attenuation coefficient,  

 휏 ∝  휌 푍 퐸   (1.5)  

Compton scattering is an inelastic scattering process where a gamma ray loses only 

part of its energy in an interaction, and the process probability is a weak function of Z and 

Eγ [18]. The nucleus (or atomic number) has a minor influence on the Compton scattering 

of a gamma ray, since the process involves the least tightly bound electrons. The 

interaction probability is nearly constant for all materials, since it depends on the 

absorber’s electron density (which is proportional to Z/A) [18]. The gamma ray interacts 

with a free or weakly bound electron (i.e., Eγ >> Eb) in this process. Because of momentum 

and energy conservation requirement in this inelastic scattering, only a partial energy 

transfer occurs when the electron is not bound tightly enough for the atom to absorb recoil 

energy [18]. The freed electron possesses a kinetic energy equal to the difference of the 

energy lost by the gamma ray photon and Eb. Since Eb is very small compared to Eγ, the 

kinetic energy of the electron very nearly equals to the energy lost by the γ ray photon 

[18].  

A high-energy electron produced from gamma interaction, as it traverses a neutron 

detector, produces a column of ionization. The electronic pulses induced by such gamma 

ray interaction can be comparable in size to the neutron induced pulses in some detectors. 

They can be much smaller in some other detectors, but can pileup within the resolving 

time of the employed detection electronics and generate pulses comparable to neutron 

induced pulses [18]. Understanding the energy conversion of gamma ray in the material 

of interest, especially the time over which linear transfer occurs, is essential [18]. This 

helps in rejection or differentiation of gamma ray induced signals from the neutron 

induced signals [18]. 

Larger atoms are generally more likely to absorb a gamma ray photon (with λ ≤ 0.03 

nm), since photoelectric absorption probability increases with increasing Z. Lead bricks 

can be piled around the detector to effectively shield gamma rays because of its high 
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density of 11.35 g/cm3 and high atomic number of 82 [18]. But it makes the detection 

system less portable and heavy. Therefore, the detector design and materials need to be 

optimized to achieve excellent neutron-to-gamma discrimination. Since increasing atomic 

number typically increases the probability of gamma interaction, detector material with 

smaller atomic number is preferred. Both Si and hBN are good choices in terms of gamma 

sensitivity; lower atomic numbers of B and N makes hBN even better than Si. 

1.5 hBN Neutron Detectors 

The operating principle of hBN neutron detectors are similar to that of boron carbide 

detectors, where neutron conversion and charge collection both occur in the same 

semiconductor material. For this homogeneous detector, the neutron converter (10B) is part 

of the semiconductor hBN. These detectors are different than heterogeneous type 

microstructured silicon neutron detectors, in which neutron sensitive material and charge 

collection region are separate.  

When an incident thermal neutron is absorbed by a 10B atom in an hBN SSND, the 

following reactions can occur [1, 2]:   

퐵 +  푛 = 퐿푖 (1.015 푀푒푉) +  훼 (1.777 푀푒푉),푄 = 2.792 푀푒푉 (Ground State) 6%   (1.6) 

퐵 +  푛 = 퐿푖∗ (0.84 푀푒푉) +  훼 (1.47 푀푒푉),푄 = 2.310 푀푒푉 (1st excited State) 94%  (1.7) 

The reaction product energetic particles, α particles and 7Li ions, have a small range 

of ~5 µm and ~2 µm in hBN, respectively [1, 2]. The kinetic energies of these charged 

particles are depleted when they travel in hBN semiconductor, and a cloud of EHPs are 

created by the energy along their paths inside hBN. These EHPs are collected under an 

applied electric field in the hBN SSND. With the help of additional electronics (i.e., 

preamplifier and charge shaping amplifier), the collected EHPs produce a detection signal 

referring to the presence of the incident thermal neutron. Figure 1.7 shows that the basic 

working principle of an hBN based SSND.  

While geometrical factors limit the maximum detection efficiency of microstructured 

Si neutron detectors to below 50%, hBN detectors can theoretically achieve detection 

efficiencies closer to 100%. It is because hBN can cover almost all the surface area of such 

detectors. Further, hBN detectors should be less sensitive to gamma rays because of the 

lower atomic numbers of B and N (5 and 7, respectively), as compared to Si (14).  
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Figure 1.7: Basic device operation of an hBN based solid-state neutron detector. 

Neutron detection response of hBN detectors should be fundamentally different from 

that of the heterogeneous detectors. In heterogeneous 10B filled microstructured Si 

detectors, nuclear reaction product charged particles lose some energy in the neutron 

converter (10B) before depositing only part of the energy in the charge collecting medium 

(Si). Additionally, energy loss is different for neutron interaction happening at different 

locations inside 10B, resulting in flat and peak-less nuclear reaction pulse height spectrum. 

There would be overlap of pulses from gamma interactions and low amplitude pulses 

arising from neutron interactions. Rejecting this gamma response requires setting a pulse 

height threshold which causes loss of some neutron counts and detection efficiency. For 

an ideal hBN SSND, charged particles (from neutron interaction) deposit all their energy 

in hBN, and the pulse height spectrum should have a peak centered at the Q value of the 

reaction (about 2.31 MeV) for full charge collection. Though non-ideal hBN SSNDs 

would have less than full charge collection, pulse height distribution of such detectors 

would be fundamentally different from microstructured Si detectors. Higher threshold can 

be set to cut the gamma response from the pulse height spectrum without losing thermal 

neutron counts. Thus, these devices are expected to tolerate a much higher gamma 

background even when gamma-induced pulse pileup occurs. 

Large band gap (~5.5 eV) of hBN implies that hBN SSNDs should possess extremely 

low leakage current which is an important characteristic for higher signal-to-noise ratio in 

detector applications. hBN SSNDs work as excellent deep UV detectors owing to the large 
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bandgap of hBN. Further, hBN SSNDs (with in-plane transport) have much smaller device 

capacitance than microstructured Si neutron detectors. Low leakage current and device 

capacitance would enable the fabrication of large area detectors, a key requirement for 

neutron detectors.  

hBN neutron detectors can also be operated at room temperature without any cooling 

mechanism. They can also be operated at higher temperature as compared to 

microstructured Si neutron detectors. These properties, arising from the large bandgap of 

hBN, are contrary to other small bandgap semiconductor based detectors (e.g., 

microstructured Si detectors) which suffer from leakage current induced from 

recombination of thermally induced electron-hole pairs. Further, large threshold 

displacement energy (Ed) values of hBN should make hBN SSNDs more radiation 

hardened and theoretically more robust than Si-based SSNDs. Since hBN is less 

susceptible to damage from energetic charge particles, hBN based SSNDs should have 

higher reliability and are promising for use in high radiation environments. 
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2. CRYSTAL STRUCTURE AND PROPERTIES OF hBN 

Among the III-Nitrides, BN is the least studied and least understood one. BN exists 

in many forms, of which hexagonal BN (hBN) is the most stable one. BN does not exist 

on its own in nature and needs to be synthesized. Atomic orbitals in BN can be sp2 

hybridized (hybridization of the 2s orbital with two of the 2p orbitals) and sp3 hybridized 

(hybridization of the 2s orbital with all three of the 2p orbitals). Each atom in sp2-BN has 

three strong in-plane bonds (formed by sp2 hybridized orbitals) and one weak out-of-plane 

 bond of van der Waals type (formed by one pure 2p orbital). sp2-BN is usually found in 

two forms- rhombohedral BN (rBN) and hexagonal BN (hBN). hBN shows a two-layered 

stacking sequence (ABAB…), while rBN has a three-layered stacking sequence 

(ABCABC…). Four equally strong and equally separated bonds (formed by sp3 hybridized 

orbitals) are found in each sp3-BN atom. Wurtzite (w-BN) and cubic (c-BN) are the forms 

of sp3-BN. There is another form of defined BN structure known as explosive BN (eBN) 

[38]. This form is observed when sp2 and sp3 hybridizations are mixed in the solid material 

with no distinct boundaries between two phases [38]. Table 2.1 shows the crystal structure 

information of different crystalline structures of BN [38]. 

Table 2.1: Properties of different BN polymorphs [38]. 

Phase  Hybridi
zation 

a (Å) c (Å) d (Å) d002 (Å) Density 
(g/cm3) 

Covalent 
bond energy 
(eV) 

Van der 
Waals energy 
(eV) 

hBN sp2-BN 2.504 6.661 1.4457 3.3306 2.1 3.25 0.052 

rBN sp2-BN 2.504 10.01 1.45 3.34 2.1 3.25 0.052 

wBN sp3-BN 2.55 4.23 1.576 2.2 3.45 1.52 - 

cBN sp3-BN 3.615 - 1.567 - 3.45 1.52 - 

 

A perfect crystallographic analogy is found between the BN polymorphs and the 

carbon allotropes: hBN and graphite, rBN and rhombohedral graphite, cBN and diamond, 

wBN and lonsdaleite (a wurtzitic variety of diamond) [39]. Similar to graphite, hBN (or 

white graphite) is a high-performance lubricant. cBN (or borazone) is the second hardest 

material after diamond, but does not react with ferrous materials as diamond [38]. Both 

cBN and diamond are classified as the best super abrasives, and both are attractive as 
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coating materials in metal cutting tools [38]. Additionally, cBN can be doped to get both 

p- and n-type conductivity, while n-type doping is still problematic for diamond [38]. 

Figure 2.1 demonstrates comparative crystal structures of graphite and hBN.  

 

Figure 2.1: Crystal structures of (a) graphite and (b) hexagonal BN [47]. 

In addition to two usual sp2-BN crystals (hBN and rBN), there are less ordered forms 

of sp2-BN: amorphous BN (aBN) and turbostratic BN (tBN). aBN is a completely 

disordered material, and is unstable in the atmosphere since it reacts with water to form 

boron oxides and hydroxides [38]. tBN has some degree of order and is similar to hBN 

with a disturbed order along c-axis. Hexagonal basal planes in tBN are parallel to each 

other. But there is no ordering between basal planes and the planes are twisted in a random 

way against its neighboring layers [38]. Hence, the spacing between the hexagonal layers 

is not well defined and is higher by 3-4% than a perfectly ordered hBN [38].  

The crystal lattice of hBN is the simplest among the layered type structures. 

Structurally hBN has a unique stacking arrangement in a honeycomb lattice, where a N 

atom is always stacked on top of a B atom and vice versa. The strong σ covalent bond 

between B and N atoms within the hexagonal layers has an ionic component which arises 

from two atomic species having different electronegativity [38]. The van der Waals type 

bond between two successive hexagonal layers is much weaker in comparison with the 

covalent in-plane bond. This results in the long van der Waals bond (3.3306 Å), whereas 

the strong covalent bond within the hexagonal layers have shorter length of 1.4457 Å [38]. 

Similar to graphite, successive planes of hBN can slide over each other owing to the weak 
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bonds between basal planes. N atom in hBN possesses higher electronegativity, and it 

causes the π electron to be located closer to the N atom. Whereas two different atoms 

constitute the honeycomb unit cell in hBN, two carbon atoms are equivalent in a graphene 

honeycomb lattice. hBN therefore behaves as an electrical insulator and has a white color, 

while graphene overlayers are metallic [39].  

hBN is a layered material with ultrawide indirect bandgap (5.5 eV to 6 eV), arising 

from strong difference in electronegativity between B and N atoms [12]. hBN also 

demonstrates excellent properties including high in-plane thermal conductivity, low 

density, low dielectric constant, chemical inertness, and negative electron affinity [2]. 

hBN also shows stability in aggressive chemical environments, and is chemically inert in 

a wide variety of acids, solvents, and oxidizers [12-15]. Only heated phosphoric acid is 

found to etch hBN with a reported etch rate of ~8 nm/min for a solution of 1:1 DI water: 

phosphoric acid at 130°C [40]. Dry etching with a CF4/O2 plasma has also been 

demonstrated [41]. Because of its high chemical resistance and thermal stability, hBN is 

a promising material for use as a chemically inert coating in hazardous environments. 

Due to the layered structure, the physical properties of both bulk hBN and graphite 

are found to be highly anisotropic. In-plane thermal conductivity values in bulk hBN and 

graphite are 200 and 600 times larger than the out-of-plane values [42, 43]. In-plane 

thermal conductivity in hBN has been reported as 400 W/m-K at room temperature, which 

is ~300 times higher than that of SiO2. hBN is therefore an attractive dielectric material 

for heat generating electronic devices [44]. 

hBN also shows strong anisotropy in coefficient of thermal expansion (CTE) owing 

to its anisotropic bond strength. hBN has a negative in-plane CTE (-2.90 x10-6 K-1 at room 

temperature), while the out-of-plane CTE is over ten times larger and positive (40.5 x10-6 

K-1 at room temperature) [45]. The large positive out-of-plane CTE arises from weak van 

der Waals bonding between planes, and this property can lead to the potential use of hBN 

as a temperature calibrant. 

hBN is an insulating isomorph of graphene with a small (1.7%) lattice mismatch to 

graphene. hBN is also expected to be atomically smooth and free from dangling bonds 

because of its sp2-hybridized in-plane bonding and weak interplanar van der Waals bond 

[6]. hBN is therefore considered an excellent candidate to be used as a gate dielectric and 
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a supporting substrate for graphene based electronics [6]. When used as a substrate for 

graphene electronics, a few layer hBN provides a clean and flat surface for the graphene 

channel and it does not interfere with the electronic states of graphene [10]. In the case 

where graphene is suspended on SiO2, high roughness and trapped charges in SiO2 would 

negatively affect the electrical properties of graphene [10]. The highest mobility for 

graphene has been demonstrated on hBN substrates when compared to graphene on other 

substrates [10]. Further, few-layer hBN offers additional advantages of high thermal 

conductivity and mechanical strength, as compared to other thin-film dielectric materials. 

Table 2.2 summarizes different properties of hBN semiconductor. 

Table 2.2: Different properties of hBN. 

Parameters Values 

Lattice constants (a & c) 2.5 Å & 6.66 Å 

Density 2.1 g/cm3 

Dielectric Constant 4 

Energy Bandgap 5.5-6 eV 

Refractive index, n 1.65 [46] 

Thermal Conductivity (in-plane) 400 W/mK [44] 

Thermal expansion coefficient (in-plane) -2.9 ×10-6 K-1 [45] 

Thermal expansion coefficient (out-of-plane) 40.5 ×10-6 K-1 [45] 

Bulk modulus  36.5 GPa [46] 

Electron affinity  -4.5 eV [46] 
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3. EXPERIMENTAL METHODS 

3.1 Theory of Epitaxial Growth     

Epitaxy is the method of depositing a monocrystalline film on a monocrystalline 

substrate. The deposited film is termed as an epitaxial film. Epitaxial films can be grown 

from gaseous or liquid precursors. The substrate acts as a seed crystal, and the epitaxial 

film takes on a lattice structure and orientation identical to those of the substrate [48]-[52]. 

This differs from other deposition methods that deposit polycrystalline or amorphous films 

on single crystal substrates. Epitaxy is classified into two categories:  

(a) Homoepitaxy: The epitaxial crystalline film in this case is deposited on a 

substrate or a film of the same composition. Homoepitaxy is used to grow a film which is 

purer than the substrate and to fabricate layers having different doping levels.  

(b) Heteroepitaxy: In this case, a crystalline film is grown on a crystalline substrate 

or a film of a different material. Heteroepitaxy is used to grow crystalline films which 

cannot otherwise be obtained and to fabricate integrated crystalline layers of different 

materials. GaN on sapphire and hBN on sapphire are some relevant examples.  

Epitaxy is extensively used in nanotechnology and in semiconductor device 

fabrication. It is the only affordable method of growing highly crystalline GaN, GaAs, 

SiGe, InP, and graphene. Epitaxy is also used to grow layers of doped Si on the polished 

sides of Si substrates, before they are processed into power devices in pacemakers, 

automobile computers, and vending machine controllers [49]. Recent application of 

epitaxy includes deposition of organic molecules onto crystalline substrate to form 

organized layers for molecular electronics [49]. 

Frank and van der Merwe developed the concept of a critical misfit below which 

monolayer-by-monolayer growth occurs using elasticity theory [49], [50]. Volmer and 

Weber explained crystalline film growth from 3D nuclei on the substrate using nucleation 

theory [51]. Stranski and Krastanov model was based on atomistic calculations, and it 

assumed 3D crystal growth with the regular lattice constant on top of an initial few 

pseudomorphic 2D layers [52]. These three schools complement each other, and all of 

them are observed experimentally. Schematics of these growth modes are illustrated in 

Fig. 3.1. Bauer unified these three approaches by considering the thermodynamic 
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quantities involved in epitaxy [52]. Three macroscopic surface tensions are considered: 

훾 , 훾 , and 훾 , which are free energy per unit area at the 

overlayer/vacuum interface, the overlayer/substrate interface, and the substrate/vacuum 

interface, respectively [52]. Considering these surface energies, three epitaxial growth 

modes are: 

(a) Frank-van der Merwe (FM) mode, which is defined by 2D morphology and 

layer-by-layer growth with the criterion: 

 훾 ≥  훾 +  훾   (3.1) 

(b) Volmer-Weber (VW) mode, which is defined by 3D morphology and island 

growth with the criterion: 

 훾 <  훾 +  훾   (3.2) 

(c) Stranski-Krastanov (SK) mode, which incorporates 3D growth followed initial 

2D growth, i.e., layer-plus-island growth. Involved surface tension relations are: 

훾 ≥  훾 +  훾   (Initially) 

훾 <  훾 +  훾   (After critical thickness)        (3.3) 

 

 

Figure 3.1: Schematic drawings of the three thermodynamic growth modes [48]. 

When the sum of 훾  and 훾  is smaller than 훾 , the surface energy of 

overlayer plus substrate is minimized if the substrate is totally covered by the overlayer 

[49]. It implies that overlayer atoms are more strongly attracted to the substrate than to 

themselves [49]. This growth mode is known as FM mode. When the sum of 훾  and 

훾  is larger than 훾 , the substrate will be partly covered, which is known as 

VW growth mode. In this case, layer atoms are found to have stronger attraction to each 

other than to the substrate [49]. For a n-layer film, the FM growth mode criterion is:  
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 훾  (푛) ≥  훾 (푛) +  훾 (푛)  (3.4) 

The n dependence of 훾  is explained by the changes in surface free energy arising 

from changes in lattice constant and/or structure at the overlayer surface [49]. On the other 

hand, thickness dependence of 훾  can be explained by (a) the true interface energy 

caused by the electronic hybridization at the interface and by the usually different crystal 

structure and/or lattice constant of overlayer and substrate (b) the accumulated volume 

strain in a pseudomorphic overlayer conveniently incorporated into 훾 (푛) [49]. 

There is a monotonic increase in volume strain energy in a 2D pseudomorphic film 

with increasing number of layers (n) owing to lattice mismatch of overlayer and substrate. 

Equation 3.4 suggests that the system switches from 2D to 3D growth morphology at a 

critical thickness nc, where 훾  (푛 ) is less than the sum of 훾 (푛 ) and   

 훾 (푛 ) [49]. The overlayer material, in this case, resumes growth in form of 3D 

islands, leaving a 2D wetting layer underneath [49]. 

 

 

Figure 3.2: 2D to 3D growth transition through mound formation under compressive 
strain [49]. 

This transition from FM growth mode to SK growth mode represents a problem in 

coherently strained 2D device structure fabrication [49]. This transition can occur in two 

ways. First, the film can grow, up to a few layers, with a crystal structure appreciably 

different from its own bulk [49]. Transition to SK mode is then accompanied by the 

crystallographic change to the film’s bulk lattice structure taking place at nc, which 

abruptly increases the interface free energy between two crystal structures to shift to 

energy balance in favor of 3D growth [49]. Second, strain relief by the formation of 
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mounds can cause the transition as illustrated in Fig. 3.2, where mound adopts efficiently 

to the bulk lattice constant in case of compressive strain [49]. 

3.2 Chemical Vapor Deposition  

Chemical vapor deposition (CVD) is a material-processing technology with most 

applications in the growth of high-purity bulk materials and powders, and solid thin-film 

coatings to surfaces [53]. CVD has been used to deposit most of the periodic table 

elements, both as pure elements and their compounds. 

CVD involves coating one or more heated objects by flowing precursor gas or gases 

into a chamber. On and near the hot surfaces, chemical reactions occur and deposit a thin 

film on the surfaces. Chemical by-products and unreacted precursor gases are exhausted 

out of the chamber. Many variants of CVD are used for different applications and different 

materials. CVD growths are done in cold-wall and hot wall reactors, with and without 

carrier gases, at low pressure or atmospheric pressure, and at temperatures mostly ranging 

from 200-1600°C [53]. Further, enhanced CVD processes of different types are used, 

which involve the use of plasmas, lasers, photons, ions, combustion reactions, or hot 

filaments to reduce the deposition temperature requirement and increase deposition rate 

[53]. Different substrate heating methods are used for CVD systems: RF induction heating, 

resistance heating, laser heating, and radiant heating. 

Metal-organic chemical vapor deposition (MOCVD) is a type of CVD technology 

which is used to note the class of molecules (organometallic compounds and hydrides) 

used in the deposition process [54]. MOCVD, also known as metalorganic vapor phase 

epitaxy (MOVPE), is a much higher throughput technique compared with molecular beam 

epitaxy (MBE). Hence MOCVD is the tool of choice for most compound semiconductor 

devices, low dimensional structures for fundamental physics research, and electronic and 

photonic devices [54]. Attractive features of MOCVD include its relative simplicity 

compared to other growth methods and ability to produce heterostructures, superlattices, 

multi-quantum wells with abrupt changes in the film composition and doping profiles by 

rapid changes in the reactive gas composition in the reactor chamber during continuous 

growth [54].  
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3.2.1 Reactor  

A reactor or a deposition chamber represents the most critical part of a CVD system. 

The choice of CVD reactor or process type is determined by the application requirements 

for substrates, coating material and morphology, film thickness, uniformity and 

crystallinity, precursor properties, and cost [54]. Reactors are of two basic types: (a) a 

vertical design where the gas flow is perpendicular to the substrate surface and (b) a 

horizontal design where the gas flow is parallel to the substrate surface. Both the reactor 

types are employed in low and atmospheric pressure regimes.  

 

 

Figure 3.3: Schematic drawings of (a) a vertical and (b) a horizontal reactor [54]. 

There are two types of reactor configurations predominantly used: hot wall reactors 

and cold wall reactors. In a hot wall reactor conifuration, tube furnace sourrounds the 

reactor tube and heats both the reactor and the substrate at the same temperature. Floor, 

walls and ceiling of the reactor are all heated and a homogeneous temperature distribution 

occurs as a result. Most commercial CVD reactors are hot wall ones, since surface reaction 

controlled regime employed in these reactors need excellent temperature uniformity and 

control [54]. Hot wall reactors are found both in horizontal and vertical configurations. 

These reactors allow coating a large number of substrates at the same time. But unwanted 

depoisition occurs on the reactor wall. System becomes contaminated from the chemical 

reactions between the gas and the reactor wall, and it limits the reactor to one species [54]. 
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These type of reactor is ideal for exothermic reactions where undersirable deposition of 

the reactor wall is precluded by its high temperature [54], [55].  

 

 

 

Figure 3.4: Schematic drawings of (a) a hot wall and (b) a cold wall reactor [56]. 

Cold wall reactors are usually used for endothermic depositions (e.g., Si deposition 

form halides) [54], [55]. Only susceptor is intentionally heated by radiation lamps or RF 

induction process. The reactor wall is kept cold, mostly done by water cooling. This 

configuration ensures that the reaction occurs most readily on the hot substrate surface 

[54], [55]. Contamination from the interaction of precursor mixture and reactor wall is 

much lower than the hot wall case. Though reaction rate goes down in this type of reactor, 

better controlled film quality is achieved [55]. But temperature gradient or non-

uniformities exist, causing non-uniform film thickness, relatively smaller batch sizes, and 

thermal stress on the substrates for rapid heating and cooling ramps [54], [55].  

3.2.2 Precursors 

Compounds containing necessary chemical elements for the growth of targeted thin 

films are called precursors. Precursors are an aspect of the CVD technology which requires 

investigation before the actual growth experiments are conducted. The key requisites for 

the precursors are [38]: 

(a) High volatility and consequent low incorporation of by-products. 

(b) Chemical purity. 

(c) Stability at storage temperatures (lower than growth temperature) 

(d) Decomposition at the growth temperature.  
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(e) Compatibility with other precursors employed. 

A precursor’s volatility or vapor pressure is a growth parameter controlling growth 

rate and needs to be high enough to achieve a reasonable growth rate. For a precursor with 

a low vapor pressure at room temperature, heating provides a route to increase vapor 

pressure [38]. For precise control of the vapor pressure, metalorganic precursors stored in 

bubblers are maintained at a constant temperature holding them in temperature-controlled 

baths. The carrier gas should become fully saturated with precursor vapor as it leaves the 

bubbler, but this is not essential if the carrier gas reproducibly picks up the precursor vapor 

[38]. Further, increasing vapor pressure of precursors is limited by their decomposition 

temperature. Associated gas lines should be heated to avoid condensation if the precursor 

temperature is above the ambient temperature [38]. 

3.2.3 Different Process Parameters 

The key parameters influencing CVD grown film structure are growth temperature 

and vapor supersaturation. Temperature determines the growth rate and supersaturation 

determines the nucleation rate [38]. These parameters together determine whether 

epitaxial, polycrystalline or amorphous films, whiskers, platelets, etc. are produced [38]. 

Single crystal growth is generally favored by high growth temperature and low 

supersaturation. On the other hand, amorphous films are favored by low growth 

temperature and high supersaturation.  

Supersaturation level control is vital for controlling both morphology and crystallinity 

of the epitaxial films [38]. Manipulation of supersaturation is done by adjusting the flows 

of precursors and carrier gas. For low supersaturation, no growth occurs. Increasing 

supersaturation starts epitaxial growth [38]. With further increase in the degree of 

supersaturation, growth of nanostructures, and rough and polycrystalline films is observed 

[38]. Finally, gas-phase nucleation is seen at high supersaturation levels. Hence, the level 

of supersaturation should be controlled depending on the desired morphology of the 

epitaxial film. 

The degree of supersaturation is the critical parameter controlling the rate of 

nucleation. Critical nucleus size decreases with increasing supersaturation, thereby 

increasing the probability of the nuclei surviving to form crystals [38]. Nucleation rate 
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also increases with increasing supersaturation. There is a critical supersaturation level, 

after which nucleation rate rises extremely rapidly. In such case, precursors in an MOCVD 

process react in the gas phase before being transported to the substrate, and such situation 

is to be avoided to maintain control over growth [38]. This type of nucleation occurs 

spontaneously and randomly without preferential nucleation sites, and is known as 

homogeneous nucleation. Epitaxial growth is therefore performed below the critical 

supersaturation required for homogeneous nucleation.   

Growth temperature, a vital parameter for CVD growth, should be high enough to 

dissociate the precursor gases and ensure reasonable mobility of the adatoms on the 

substrate surface to form stable nuclei [57]. Too high growth temperature, on the other 

hand, can cause decomposition of the growing compound film. Figure 3.5 demonstrates 

three different growth rate regimes experimentally defined from the temperature 

dependence of growth rate [58]. They are reaction controlled (or kinetics limited), mass 

transport limited, and thermodynamics limited regimes. CVD growth rate is determined 

by the relation:  

 푟 =
 
푁   (3.5) 

where r is the growth rate, hG is the mass transfer coefficient, kS is the surface reaction 

rate, N is the atomic density of the deposited material, Call is the total concentration of all 

gas-phase molecules at the top of the boundary layer, and X is the mole fraction of the 

deposited species (i.e., the ratio of partial pressure and total reactor pressure) [53].  

Reaction controlled growth occurs when kS << hG. This is a low temperature regime 

where precursor dissociation and adatom mobility are limited by the thermal energy. 

Growth rate therefore increases with increasing temperature and is given by: 

 푟 = 푘 푁   (3.6) 

Mass transport limited growth occurs when kS >> hG. Both adatom mobility and 

precursor dissociation are sufficient at the employed temperature. Growth rate becomes 

nearly independent of the temperature [53]. Growth rate for this regime is given by: 

 푟 = ℎ 푁   (3.7) 
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Figure 3.5: Three different temperature dependent CVD growth regimes [38]. 

Thermodynamics limited regime is the third growth regime. It occurs at very high 

temperatures where adatom desorption dominates and adatoms do not get enough time on 

the surface to form stable nuclei [38]. Growth rate decreases with increasing temperature 

in this regime. Schematic of CVD epitaxy is illustrated in Fig. 3.6. 

. 

 

Figure 3.6: Simplified mechanisms involved in a CVD growth process [38]. 

Pressure is another important parameter for controlled CVD growth. Higher reactor 

pressure enhances gas phase reaction and particle formation. Increase in total pressure of 

the reactor results in increased partial pressure of the reactants, which leads to increased 

reaction rates in the gas phase. Further, significant decrease in growth rate can occur at 

high pressure owing to particle formation. Parasitic reaction can significantly be reduced 
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by employing low pressure. On the other hand, adatom mobility increases with decreasing 

reactor pressure. It arises from the pressure (P) dependence of diffusion coefficient,  

 퐷 ∝  푇
.
푃  (3.8) 

where T is the growth temperature. Further, mass transfer coefficient is the ratio of 

diffusion coefficient and boundary layer thickness, and diffusion coefficient increase is 

larger than boundary layer thickness increase for decreasing pressure [54]. For lower 

pressure of the reactor, therefore, mass transfer coefficient can still be higher than surface 

reaction rate at the high temperatures [54]. It would enable reaction rate limited growth 

regime even at high temperatures for low pressure CVD system. Large mass transfer 

coefficient at low pressure also gives more uniform step coverage and better film 

uniformity. Low pressure CVD also helps reduce auto-doping (volatile impurity diffusion 

from substrate to gas stream and then to epi-layer) and out-diffusion (impurity diffusion 

from heavily doped substrate to the epi-layer) [54]. It arises from the higher diffusivity of 

diffusant species at low pressures and out-diffused dopant gas being pumped out quickly 

from the reactor [54].   

3.2.4 CVD System for This Work 

Epitaxial growth of hBN was performed in a cold wall horizontal low pressure 

MOCVD system.  SiC coated graphite susceptors were used for the growth experiments. 

Graphite is similar to sponge which absorbs reactants and later desorbs. Covering graphite 

susceptor with SiC makes sure it does not happen, since almost nothing diffuses through 

SiC. Because of the high temperatures employed for the growth process, the quartz tube 

is required to be protected from being overheated, especially on the bottom side where the 

quartz susceptor holder and quartz tube are closest to the heated susceptor. Graphite felt 

provides the necessary thermal insulation. The susceptor is heated by radio frequency (RF) 

induction heating. The quartz reactor wall is water cooled to prevent the deposition on it.  

The exterior of the CVD system is shown in Fig. 3.7. The sample loading and 

unloading area is the glove box portion. Susceptor temperature (i.e., RF power) and reactor 

pressure are controlled from the control panel. Pneumatic bellow-sealed valves and mass 

flow controllers (MFCs) are used to control gas flow into the reactor. Figure 3.8 shows an 
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image of the horizontal quartz reactor during the hBN growth at 1350 oC, where the glow 

is from the substrate and susceptor heated at high temperature.  

 

 

Figure 3.7: The exterior of the horizontal CVD system used for this work. 

 

Figure 3.8: The water-cooled horizontal reactor during a 1350 oC growth. 
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For a constant gas velocity inside the horizontal reactor, boundary layer thickness 

increases along the susceptor. Mass transfer coefficient hG also decreases as a result. 

Consumed by the chemical reaction, source gas also gets depleted along the reactor. Both 

these issues decrease growth rate along the chamber. Susceptor is slightly angled in this 

MOCVD system to compensate for these issues. The use of angled susceptor decreases 

the cross-sectional area of the reactor and increases the gas velocity along the reactor, and 

thus compensates for boundary layer and gas depletion [34]. A schematic of the CVD 

system is demonstrated in Fig. 3.9. 

PS4-MT3 MonoTorr hydrogen purifier was used to produce ultra-high purity (UHP) 

hydrogen as the carrier gas. The purifier reduces outlet impurity levels for O2, H2O, CO, 

CO2 and N2 to low parts per billion (PPB) levels or below. Hydrogen purification in this 

purifier is based on heated Zirconium getter alloy. The getter alloy gets rid of impurities 

by forming irreversible chemical bonds at the high operating temperature. Heating forces 

these newly formed compounds to diffuse into the bulk of the getter. Thus, heated getter 

technology utilizes the entire volume of material, whereas ambient purifier technologies 

use surface absorption. Heated getter purifier therefore lasts longer and is superior in 

impurity capacities than typically used ambient purifier technologies. The purifier used in 

this work, designed for operator free operation, ensures rated flow of ultra-pure gas supply 

when inlet impurities are within specified levels. Maximum allowed flow rate for the 

purifier is specified as 30 slm. 

 

 

Figure 3.9: Simplified schematic of the horizontal CVD system in this work. 
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Susceptor in this reactor can be heated to a maximum temperature of 1600 oC with 

the current set up. The limiting factors for the maximum usable temperature are thermal 

insulation of the susceptor and maximum power of the RF generator. This upper limit was 

avoided due to the risk of melting the quartz tube. The highest growth temperature 

employed in this study was limited to 1500 °C. Temperature was limited to 1350 oC for 

growth experiments involving Si substrates, to avoid melting Si substrates which has a 

melting point of 1414 oC [15].  

The pressure in the reaction chamber is controlled by a throttle-valve which controls 

the throughput of the gas line between the process pump and the reaction chamber. This 

system has a rotary vane pump (i.e., roughing pump) and a turbomolecular pump [34]. 

The pressure range explored in this study is between 30 and 300 Torr. However, results of 

these experiments are not presented here.  

Triethylboron (TEB) and NH3 are the precursors used for hBN growth. NH3 was 

directly delivered into the gas system from a gas cylinder, since it has a considerable vapor 

pressure at room temperature. TEB is an organometallic reagent which is liquid at room 

temperature, and it starts to decompose slowly at a temperature above 95 oC [34]. Hence, 

TEB vapor was carried into the reactor by bubbling hydrogen gas through the TEB liquid 

kept in a bubbler at room temperature. A bubbler cylinder, a typical component of a 

MOCVD system made of stainless steel, is a device used for conveying electronic grade 

metalorganic compounds from a solid or liquid precursor into a usable vapor [34]. Carrier 

gas (H2 in this case) bubbling through a liquid precursor ensures precursor vapor pressure 

to be constant and close to the saturated vapor pressure of the liquid in the bubbler. 

Following any modifications in the system (such as installing the TEB bubbler or new 

MFCs), all the pipelines and the reaction chamber were leak checked using a Varian 936-

60 SP helium leak-checker. The system was thoroughly checked to be free of leaks to a 

leak rate of 10-8 std. cm3/sec [34]. The piping diagram of the employed CVD system is 

shown in APPENDIX. 
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3.3 Material Characterization Techniques 

3.3.1 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) relies on the dual wave/particle nature of X-rays and is used 

for identifying the atomic and molecular structure of a crystalline material. A primary 

application of XRD is the identification and characterization of compounds. 

X-rays, generated by a cathode ray tube, are filtered to produce monochromatic 

radiation. Monochromatic X-rays are collimated to concentrate and directed toward the 

target material, and are scattered from the target material atoms. Crystals are regular arrays 

of atoms, and X-rays can be considered electromagnetic waves. Atomic planes in a crystal 

cause an incident X-ray beam to interfere with one another as they leave the crystal, and 

this phenomenon is known as X-ray diffraction. Atoms in the sample, primarily through 

their electrons, elastically scatter incident X-ray waves and produce a regular array of 

spherical waves which cancel each other out in most directions through destructive 

interference and add constructively in some specific directions [59], [60]. The diffraction 

of X-rays by crystals is described by Bragg’s Law:    

        2dsinθ = nλ        (3.9) 

where d is the spacing between diffracting planes, θ is the incident angle, n is an 

integer, and λ is the wavelength of the X-ray beam. Figure 3.10 illustrates the XRD 

mechanism. 

 

Figure 3.10: (a) Bragg’s law of diffraction, (b) A simplified schematic of a XRD 
system [60]. 
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The size and shape of the target material’s unit cell determine possible diffraction 

directions. Type and arrangement of atoms, on the other hand, determine the intensities of 

the diffracted waves. For a crystal under XRD analysis, peaks with a high intensity are 

formed at angles satisfying the above-mentioned Bragg diffraction law. Materials have 

their own characteristic peaks corresponding to different crystallographic orientation and 

their lattice constants [59]. However, most materials are not crystalline and possess many 

small crystallites in different orientations. Such polycrystalline aggregate or powder type 

materials will cause incident X-ray to interact with all possible interatomic planes and all 

possible diffraction peaks from such powder material can be detected [59].  

θ-2θ scan is performed to analyze lattice constant, alloy composition, strains, and 

crystallite size. Only out-of-plane information is obtained with this type of scan. 2θ peaks 

determine phase identification and c-lattice constant. Intensity of the 2θ peaks indicates 

phase quantification and preferred orientation. Further, shifts of the 2θ peaks (from ideal 

corresponding values) determine strain and material composition. Full width at half 

maximum (FWHM) of 2θ peaks determine coherence length, micro-strains, crystallite 

size, and defects.  

Williamson-Hall method is a method to determine size-induced and strain-induced 

broadenings. It is based on the principle that the size broadening (βL) and strain broadening 

(βe) depend on Bragg angle (θ) in the following ways: 

훽 = 푘휆
퐿푐표푠휃            (3.10) 

훽 = 퐶휀 푡푎푛휃           (3.11) 

Where k is the shape factor (0.8 to 1.2), L is the crystallite size, λ is the X-ray 

wavelength, ε is the strain, and C is a constant [59]. In a perfect crystal, FWHM= 0.9λ/ 

tcosθ, where t is the thickness of crystalline layer [59]. In presence of both contributions 

(βL and βS), their combined effect should be determined by convolution. The simplification 

of Williamson-Hall method is the assumption that the convolution is either a simple sum 

or sum of squares. Using the convolution of simple sum type, it is assumed that size and 

strain induced broadenings are additive components of the total integral breadth or FWHM 

of a Bragg peak (βtotal). We thus get:  

훽 = 훽 + 훽 =  푘휆 퐿푐표푠휃 + 퐶휀 푡푎푛휃  (3.12) 

Multiplying both sides by cosθ, we get: 
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 훽 푐표푠휃 =  푘휆 퐿 + 퐶휀 푠푖푛휃  (3.13) 

This relation is known as Williamson-Hall relation. By plotting βtotalcosθ versus sinθ, 

the strain component is obtained from the slope (Cε) and the size component is obtained 

from the intercept (Kλ/L).  

Rocking curve measurements are used to analyze dislocation density, mosaic spread, 

curvature, misorientation, domain size, and inhomogeneity in the samples [59]. FWHM 

of the rocking curves reflects the above-mentioned information. A large amount of such 

nonidealities result in the broadening of the rocking curve. Both θ-2θ scan and rocking 

curve measurements were utilized to analyze the crystalline quality of hBN epilayers in 

this work. 

For XRD measurements in this work, a Bruker D8-Discover X-Ray Diffractometer 

was employed. In this instrument, a tungsten filament is used to generate electrons, which 

are then accelerated to hit a Cu metal target to generate the X-ray with a wavelength of 

1.541 Å. A Ni filter was employed to suppress Cu Kβ contamination photons (i.e., 

diffraction of Cu Kβ line) from reaching the detector. 

3.3.2 Raman spectroscopy  

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of 

monochromatic light from a laser. Photons of the incident laser light are absorbed by the 

sample and then reemitted. Reemitted photon’s frequency is shifted up or down in 

comparison with the original monochromatic frequency. This phenomenon is called the 

Raman effect and gives information about vibrational, rotational and other low frequency 

transitions in the sample molecules [15]. In this work, Raman spectra were collected using 

a Witec Alpha 300R confocal Raman imaging system with a 532-nm laser excitation 

source at room temperature [13], [15]. 

With a photon absorption, electron is excited to a virtual state (lower in energy than 

a real electronic transition) with nearly coincident de-excitation and a change in 

vibrational energy. This inelastic light scattering is essentially the scattering of a photon 

(with frequency, ν = ν0) by a phonon (ν = νm). Some part of photon’s energy is spent to 

create a photon in the Stokes process, thus leading to a decrease in the light frequency. In 

the Anti-Stokes process, a phonon is absorbed by a photon causing an increase in the light 
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frequency. Stokes and anti-Stokes frequencies are ν0 - νm and ν0 + νm, respectively. Figure 

3.11 shows both types of Raman scattering. 

 

 

Figure 3.11: Energy diagram showing the states involved in Raman spectra [61]. 

Incident light wavelength is about three orders of magnitude larger than the lattice 

parameter making the photon wave vector three orders of magnitude smaller than the first 

Brillouin zone [61]. Hence, only phonons at the center of the Brillouin zone can participate 

in the one-phonon scattering. For multi-phonon scattering, the wave vector of each of 

these phonons can take any value within the Brillouin zone maintaining the momentum 

conservation law [61]. Relaxation of the q = 0 conservation law for a one-phonon 

scattering occurs in presence of defects and for small crystallite sizes. 

3.3.3 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA), is a surface-sensitive (top 10 nm) quantitative spectroscopic 

technique to obtain composition and chemical state of the sample’s surface constituents 

[62]. Ultrahigh vacuum, as low as 10-10 Torr, is necessary for this technique [62]. When 

an X-ray photon hits and transfers its energy to a core-level electron of the sample, the 

electron is emitted from the sample with a kinetic energy which depends on the photon 

energy and binding energy of the electron of the atomic orbital from which it originated. 
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By counting and analyzing the number and intensity of photoelectrons and Auger electrons 

as a function of their energy, the chemical composition of the sample is obtained [62]. 

 

 

Figure 3.12: Simplified schematic of a PHI Versaprobe XPS system [62]. 

A PHI Versaprobe XPS system was used for sample characterization, and a schematic 

of the system is shown in Fig. 3.12. Al Kα radiation with an energy of 1486.6 eV was used 

as the X-ray source. The hemispherical analyzer and transfer lenses in this system was 

operated in Fixed Analyzer Transmission (FAT) mode. Chemical composition of a sample 

along the depth was obtained using an in-situ ion gun sputtering scheme with Ar gas. XPS 

surface analysis data was recorded after every sputter cycle. This noble gas was used as 

the primary sputtering species to prevent any reaction with the sample.  

As photoelectrons are lost from a sample surface (especially non-conducting ones), a 

positive charge builds up on the sample resulting in a retarding field acting on the electrons 

escaping the surface. Thus, XPS peaks get shifted in energy by as much as 150 eV. Typical 

solution is the usage of a low energy electron flood gun to replace emitted electrons. Static 

charge of samples interferes with the low energy electron beam, diminishing the 

effectiveness of this charge neutralization [62]. Dual beam charge neutralization is 

possible in the PHI XPS system to get more effective charge neutralization [62]. This 

method uses a low energy ion beam to eliminate the sample static charges. As a result, the 
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low energy electron beam effectively reaches the sample and neutralizes the positive 

charge on the sample. 

3.3.4 UV-Vis Spectroscopy 

UV-Vis spectroscopy refers to absorption or reflection spectroscopy in the UV-visible 

spectral region, and this technique is used to characterize optical and electronic properties 

of films, powders, monolithic solids, and liquids. Absorption spectroscopy is the 

measurement of a material’s absorbance or absorption coefficient as a function of incident 

photon energies, and is complementary to fluorescence spectroscopy. Absorption deals 

with transitions from the ground state to the excited state, while transitions in the case of 

fluorescence is from the excited state to the ground state. For measuring absorption spectra 

and bandgap of hBN films, Varian Cary 6000i UV-Vis-NIR spectrometer was used, which 

has a 175 to 1800 nm wavelength range.  

In absorption process, the incident photon energy, E (= hν) is transferred to the sample 

material. If E < EG of the material, the light is not absorbed; it is rather transmitted through 

the material. If E > EG, an electron is excited into the conduction band from the valence 

band, leaving behind a hole in the valence band. Therefore, if one passes light (of intensity 

I0) onto a semiconductor film (of thickness t) and measures the light transmitted light (of 

intensity I), analysis of the changes in the transmitted light can yield information about 

the transitions occurring within the material for different photon energies. The associated 

absorption or transmission relation is, 퐼 = 퐼 푒 , where α is the absorption coefficient. 

Absorbance is the product of α and sample thickness. UV-Vis absorbance spectrum can 

be used to calculate the bandgap of materials using Tauc’s law [13]: 

 (훼퐸) ∝ (퐸 − 퐸 )  (3.14) 

where exponent n equals ½ and 2 for indirect and direct bandgap materials, respectively. 

3.3.5 Profilometry 

Profilometers are used to measure surface characteristics, and are of two types: stylus 

and optical. Stylus profilometry uses a probe to characterize the sample surface. The 

vertical displacement of the probe is converted to a height value, and is used to reconstruct 

the surface. A feedback system monitors the force from the sample surface pushing up 
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against the scanning probe [63]. The feedback system also maintains a specific amount of 

torque on the probe-carrying arm [63]. Stylus profilometry physically touches the sample 

surface which makes it sensitive to soft surfaces and destructive to some surfaces. The 

probe can also be contaminated by the surface. 

 

 

Figure 3.13: Photograph of the Dektak 8 profilometer used in this work. 

Profilometer stylus traverses the surface, and the vertical motion of the stylus is 

transferred through the connecting arm to the associated instrument electronics which 

convert these displacements into digitized data [63]. A gauge system is used for this 

transfer. The stylus arm–gauge configuration is essentially a classical spring-mass system 

which controls the force applied to the surface by the stylus tip [63]. The most common 

type of gauge system is known as linear variable differential transformer (LVDT) [63]. 

Stylus movement is translated through the associated arm, and moves the ferrite core 

inside a transformer which is a part of an AC bridge circuit [63]. Stylus movement creates 

a difference in the output of the bridge, which is proportional to the core displacement and 

therefore to the stylus motion. Figure 3.13 illustrates a photograph of the Dektak 8 surface 

profiler located at RPI MNCR cleanroom. 
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4. hBN EPITAXY 

Successful CVD growth of hBN epilayers has been successfully achieved on different 

substrates such as Cu [64]-[66], Ni [67], [68], Pt [69], c-sapphire [1]-[3], [70]-[74], and 

6H-SiC [73] with precursors such as diborane (B2H6), polyborazylene (B3N3Hx), ammonia 

borane (BH3-NH3), Triethylboron (TEB or B(C2H5)3), BCl3, ammonia (NH3) and N2 

plasma [1]-[3], [70]-[79]. NH3 is generally the N precursor of choice, since N2 has a low 

dissociation probability even at high temperatures. Among different B precursors for the 

CVD growth of hBN, borazine (B3N3H6) seems to be an ideal one because of the 1:1 B/N 

stoichiometry. However, only tBN films were obtained with borazine and polycrystalline 

hBN films were obtained after annealing [80], [81]. Further, borazine has low stability at 

room temperature with tendency for decomposition. Ammonia borane is solid that needs 

to be heated to a high temperature to achieve a considerable vapor pressure. Control of 

nucleation, morphology and the incorporation of impurities in III-V films depend on the 

V/III ratio. Therefore, separate precursors are typically used for constituent elements of 

III-V films. Diborane is a highly toxic precursor which is difficult to handle. Diborane is 

also an explosive precursor which dissociates into reactive BH3 species [82]-[84]. 

Trimethylboron (TMB or B(CH3)3) and TEB are also promising B precursors for hBN 

growth. Whereas TMB is highly reactive and gets decomposed rapidly, TEB is more stable 

and suitable to match the reactivity of NH3, the usual N precursor. TEB yields the same B 

chemistry as diborane molecules, since TEB molecules can decompose into BH3 and three 

C2H4 molecules [85]. TEB is pyrophoric and contains C which requires special care to be 

removed from the reactor to make sure there is less C incorporation into the hBN film 

[85].  Boron-halides, such as BF3, BCl3, and BBr3 have been used for hBN growth [70], 

[86]-[88]. BCl3 reacts with NH3 at the room temperature to form ammonium chloride 

(NH4Cl) which consumes the N precursor and clogs the outlet tubing and pumps [38]. For 

these halide precursors, a high surplus amount of hydrogen is required to remove the 

halogen atoms from the growing hBN films [38]. Further, associated reaction products 

(e.g., HF, HCl, and HBr) are corrosive. Considering all the factors about different 

precursor choices, employed precursors for this work were TEB for B and NH3 for N.  

As the carrier gas for the CVD of sp2-BN (e.g., hBN and rBN), H2 is generally used. 

H2 is essential for having reduced C content in the growing hBN film. According to Ref. 
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[72], pure H2 ambient facilitates the growth of rBN, since no XRD peaks originating from 

any BN phases were found for the films grown with pure Ar and N2 ambient. Same work 

showed that only tBN formation was achieved when a 1:1 mixture of H2 and N2 was used 

[72]. In this research, high pressure H2 (a research grade gas with 99.9999% purity) was 

used as the carrier gas to transport precursors to the reactor chamber. Industrial-grade N2 

(with a purity of 99.998%) was used to fill the reactor chamber for the transfer of samples 

and to fill the chamber after completed growths. 

In recent years, there is a renewed interest in hBN for its properties as high energy 

UV light emitter and detector as well as substrate for graphene growth. For example, lasing 

action in deep ultraviolet (DUV) region (∼225 nm) by electron beam excitation was 

demonstrated in small hBN bulk crystals grown by a high pressure/temperature technique, 

showing its promise as a semiconducting material for realizing deep ultraviolet light 

emitter as well as sensors [89].   

Tsuda et al. reported thermal CVD growth of hBN on polycrystalline nickel substrate 

at 1100oC using BCl3 and NH3, and the films exhibited intense band-edge luminescence 

in the UV region (215-216 nm), indicating very pure and good crystal quality [90]. The 

improvement in the crystal quality is attributed to the use of nickel substrate that ultimately 

dissolves excess carbon from the sources. Tsai et al. [91] demonstrated hBN epitaxial 

growth on Ni(111) substrate by molecular beam epitaxy (MBE) at 890 °C using elemental 

boron and atomic nitrogen generated by RF plasma source. The best hBN film had the x-

ray rocking curve of as low as 0.61 degree [91]. 

Metalorganic Chemical Vapor Deposition (MOCVD) has also been used to deposit 

hBN but early works resulted in mostly amorphous or turbostratic BN (tBN) films. Further 

process improvement was done by Kobayashi et al. [74], who used a version of MOCVD 

process, where flow modulation epitaxy was used. They obtained hBN on 6H-SiC and 

nickel substrates at temperatures as low as 1100 °C, much lower than the predicted value 

of 1500 °C [74]. The x-ray FWHM for a 0.4 µm thick hBN was as low as 0.7o. This was 

a remarkable achievement since the main process change made was going from continuous 

growth to flow modulation growth. The principal reason for such an improvement in the 

material quality is the separation of the gases using the flow modulation since the process 
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inherently avoids gas phase pre-reaction common in many nitrides including GaN and 

AlN [92]. 

Dahal et al. [27] produced large area hBN epitaxial layers (up to 2 inches in diameter) 

on sapphire substrates using MOCVD with excellent crystal quality. The precursors used 

are TEB and ammonia with the growth carried out by flow modulation epitaxy [27]. p-

type conductivity control was obtained by in situ Mg doping using cyclo-pentadienyl-

magnesium (CP2Mg) as the source [27]. The ability of conductivity control and wafer-

scale production of hBN open tremendous opportunities for the current application, 

namely neutron detector. XRD scan of a 1 µm thick hBN film on sapphire showed FWHM 

of 385 arc-sec, which is comparable to the best GaN epilayers grown on sapphire 

substrates that are currently being used for the fabrication of commercial visible LEDs 

[27]. Neutron detectors fabricated on the 1 µm thick hBN with the metal-semiconductor-

metal (MSM) configuration showed neutron detector activity. Calculation based on the 

thickness of the hBN used (1 µm) points to the fact that 80% efficiency is possible with 

thicker films [27]. A group at Texas Tech developed a n-type 6H-SiC/h-BN 

heterostructure diode which demonstrated excellent I-V characteristics [46]. 

Chubarov et al. (a group from Linköping University, Sweden) demonstrated the 

growth of rBN (one form of sp2-BN) on sapphire and SiC substrates using a hot wall CVD 

system [71], [72]. They grew rBN on sapphire substrates using TEB and NH3 precursors 

and hydrogen as a carrier gas, and demonstrated the influence of critical process 

parameters including temperature, V/III ratio, B/H2 ratio, and carrier gas composition on 

the quality of rBN films. Optimized process parameters included V/III ratios of 615-700, 

a growth temperature of 1500 oC, and a B/H2 ratio of 0.01% [72]. They had the sapphire 

nitridation process at the growth temperature (e.g., 1500 oC) which resulted in a thin and 

strained AlN buffer layer suitable for epitaxial rBN growth [72]. Their best film showed 

a (003)rBN peak at an angle of 26.7o with a FWHM larger than 0.3o in a θ-2θ scan [72]. 

No rocking curve measurement was reported. Chubarov et al. also demonstrated twinned 

rBN growth on SiC polytopes with the same combination of precursors and carrier gas 

[38]. For rBN/SiC films, (003) rBN peak had a FWHM larger than 0.2o [38]. For rBN 

grown on sapphire and SiC, there were significant amount of tBN present along with rBN 

films, as indicated by the presence of a broad peak (centered at 26.3o) on the shoulder of 
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the sharper (003) rBN peak (centered at 26.7o) for each of the associated XRD patterns 

[38], [72]. Addition of silane gas during the temperature ramp-up for rBN/SiC growth was 

found to stabilize the rBN phase [38]. Another paper by the same group analyzed the initial 

stages of rBN growth on sapphire and SiC [73]. When grown on sapphire, hBN nucleation 

occurs at 1200 oC on the AlN buffer and layer-buy-layer growth starts at 1500 oC [73]. 

After 4 nm thickness of hBN, the film structure changes to rBN [73]. hBN growth does 

not occur at all on SiC, and rBN growth proceeds with a combination of layer-by-layer 

and island growth mode [73]. 

Umehara et al. demonstrated a hot-wall CVD growth of hBN with BCl3 and NH3 

precursors [70]. Crystalline quality improved, arising from enhanced lateral growth, with 

increasing growth temperatures up to 1200 oC. In contrast to Ref. [72], the AlN buffer 

suitable for epitaxial hBN growth was amorphous. But nitridation was done at the growth 

temperature, as was done in Ref. [72]. Further, Rohr et al. [93] reported the growth of 

polycrystalline h-BN films on (111)Si substrates using a single source precursor borane–

triethylamine complex in the temperature range of 600–900 °C, and the crystalline quality 

improved with increasing temperature. The results point out that flow modulation epitaxy 

or growth at higher temperature may result in much better-quality hBN on (111)Si than 

produced in Ref [93]. Also, recently there have been flurries of activities in depositing thin 

single crystal h-BN films for use as substrates for graphene growth [68]. 

Catalytic substrates have been widely used for CVD growth of thin hBN films, i.e., 

monolayer or a few atomic layers. These substrates include Cu, Ni, Fe, and Pt [64]-[69], 

[94], [95]. When hBN is grown from borazine on Fe or Fe alloys, growth starts with 

precursor adsorption and decomposition on the substrate surface [95]. Decomposed 

species then precipitate to the substrate surface and hBN layer forms during cooling [95]. 

Growth of new hBN layers occur under old ones in a similar way to graphene growth on 

catalytic metal substrates [95]. Number of layers is determined by the solubility of C (for 

graphene growth) and B and N (for hBN growth) into the metal surface and cooling 

temperature and rate [95]. On the other hand, for hBN growth on Cu, Ni or Pt, the growth 

mechanism is a little different; precipitation on substrate does not happen and growth 

proceeds at a specific temperature for long duration [95]. New layers grow on top of the 

old layers, and more than just a monolayer growth is possible with this mechanism [95]. 
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CVD growth of hBN on Cu(111) starts with one precursor (TEB) pyrolyzing to form B 

and B-containing radicals which activate the other precursor (NH3) [95]. After the 

formation of the fist layer, substrate’s catalytic action vanishes, and the limiting steps for 

more layer growth are adsorption and dehydrogenation of radicals created from NH3 [95]. 

Using separate precursors enable the growth beyond monolayer hBN, which is the case 

for single precursor for B and N (e.g., borazine) [95]. 

Paduano et al. demonstrated self-terminating growth of hBN on sapphire, (111)Si and 

(001)Si in a CVD system with TEB and NH3 precursors [96]. hBN film growth was limited 

to a few layers on those substrates under the self-terminating growth mode, which 

occurred at high V/III ratios (> 2200) at a growth temperature of 1050 oC [96]. They 

proposed this growth mechanism on the 3D substrates as surface-mediated nucleation and 

growth [96]. Bonding between the 2D film and the 3D substrate is not van der Waals type, 

and some type of interfacial bonding exists between them [96]. Though the exact nature 

of the interfacial bonding is yet to be understood, it was assumed to stabilize and promote 

the growth up to a few layers by enabling surface-conditions dominated growth mode [96]. 

Though a lot of progress has been made in recent years in growing high quality hBN 

thin films, but synthesis of high quality thick hBN films is still in its early stages of 

development. The idea behind the development of epitaxial hBN growth in this work was 

to build upon the very recent encouraging results obtained in the growth of high quality 

hBN and use them in unique device structures for efficient neutron detection. CVD growth 

of hBN was performed on sapphire, (111)Si and AlN/(111)Si substrates and on vertical 

(111)Si sidewalls of parallel trenches. This work primarily focuses on high quality thick 

hBN growth on different substrates with reasonably high growth rates, because of the hBN 

thickness requirement for high-efficiency thermal neutron detection. Whereas previous 

reports of hBN growth on sapphire incorporated sapphire nitridation at the growth 

temperature to form the suitable buffer layer [70]-[72], a low temperature nitridated buffer 

layer approach was adopted for high-temperature hBN growth in this work. No previous 

report was found for hBN/(111)Si growth using multiple precursors. A mechanism for 

hBN/(111)Si growth was developed with a short B pre-deposition step before hBN growth 

to avoid amorphous silicon nitride formation.    
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Concentration of the precursors in the carrier gas was varied in a wide range, between 

0.01% and 0.04% of TEB in H2. H2 flow was between 2 slm to 3 slm for different growth 

experiments. Ammonia flow was adjusted to acquire required V/III ratio in the range 

between 100 and 1000. Whereas the flow rates of carrier gas (H2) and ammonia were 

simply controlled by MFCs, TEB flow rate (FTEB) was determined by the vapor pressure 

of the TEB (PTEB) at the temperature the TEB bubbler was kept in, the flow of the H2 

carrier gas (FH2) and the pressure in the bubbler controlled by the back-pressure regulator 

(PBPC). The associated equation is: 

 퐹 = 퐹 ×푃
(푃 − 푃 )  (4.1) 

4.1 hBN Growth on Sapphire 

In-plane lattice constants of hBN and sapphire are 2.5 Å and 4.758 Å, respectively, 

indicating a large lattice mismatch [71]. Besides, large thermal expansion coefficient 

(TEC) mismatch exists between hBN and sapphire, which would promote thermally 

induced stress in the hBN film. Previous reports of epitaxial CVD growth of sp2-BN on 

sapphire incorporated a 10-minute sapphire nitridation step (at the growth temperature) to 

form a thin and strained AlN buffer layer (in-plane lattice constant of 3.11 Å) before 

epitaxial hBN growth to reduce the lattice mismatch [71], [72]. These reports predicted 

that a thin and strained AlN buffer layer is required to grow high quality sp2-BN [71], [72]. 

High-resolution transmission electron microscopy measurements revealed the estimated 

thickness of those AlN buffer layer to be in 1.5−3 nm range [71].  

In this work, a thin and amorphous AlNxO1-x buffer layer, formed by a 10-minute low 

temperature (850 oC) sapphire nitridation step, is shown to favor epitaxial hBN growth at 

1350 oC [13]. The critical process parameters are sapphire nitridation temperature and 

growth temperature. For the optimum growth recipe, employed reactor pressure was 100 

torr and hydrogen was used as the carrier gas with a fixed flow rate of 2 slm. Sapphire 

substrates were nitridated for 10 minutes with a NH3 flux of 55 µmol/s at a temperature of 

850 oC, which formed a thin and amorphous AlNxO1-x buffer layer [13]. The temperature 

ramp-up from the nitridation temperature (850 oC) to the hBN epitaxial growth 

temperature (1350 oC) was performed in 5 minutes in a hydrogen atmosphere with flow 

of both the precursors turned off [14]. The hBN epilayers were then grown at 1350 oC 
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with V/III ratios ranging from 100 to 1000. For a V/III ratio of 300, the precursor fluxes 

were 0.5 μmol/s for TEB and 150 μmol/s for NH3. A continuous flow of both precursors 

was adopted for hBN growth in this work. hBN growth on nitridated sapphire can be 

explained by crystal-amorphous-crystal or CAC method proposed by Uchida et al. for 

GaN growth on nitridated sapphire [97]. Atomically smooth and amorphous nitridated 

buffer layer enhanced adatom mobility and promoted the 2D growth of GaN [97]. The 

smooth and amorphous nitridated buffer layer in this work did have a similar effect on the 

2D growth of hBN. Figure 4.1 (a) and (b) show the schematic and the optical image of an 

hBN epilayer grown on sapphire substrate in this work, respectively. 

 

 

Figure 4.1: (a) Schematic of an hBN epilayer grown on a sapphire substrate (b) 
Optical image of an hBN film (with 8 µm thickness) grown on a 2-inch double side 
polished sapphire wafer. 

The procedure to grow hBN on sapphire substrates in the cold wall low pressure CVD 

system is summarized below: 

1. Fill the reactor with N2 to reach the atmospheric pressure, and open the chamber. 

2. Load the substrates into the chamber after performing the inspection of condition 

of the graphite felt and the susceptor.  

3. Pump down the system to a base pressure of ~1 Torr using a mechanical pump. 

4. Fill the system with the purified carrier gas H2 to the process pressure (i.e., 100 

Torr). Pass H2 at the room temperature for 20 minutes to get rid of water vapor 

inside the chamber. 
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5. Turn on the RF power to heat the substrate (by induction heating) to the nitridation 

temperature (850 oC), and introduce NH3 into the chamber to form nitridated buffer 

layer. Nitridation of sapphire is done for 10 minutes. 

6. Turn off NH3 flow and increase the RF power to heat the substrate to the growth 

temperature (e.g., 1350 oC).   

7. Introduce TEB and NH3 into the reactor to start the hBN growth.  

8. Monitor the system during the growth period. After the planned growth duration, 

stop TEB flow and turn off the RF power (with uninterrupted NH3 flow)  

9. Cool down the susceptor in the H2 atmosphere for 10 minutes, with NH3 still 

flowing. Stop the flow of both H2 and NH3, and pump the system down to a 

pressure of ~1 Torr. 

10. Turn off the pump, and fill the system with N2 gas to the atmospheric pressure to 

open the chamber. 

11. Unload the sample, close the chamber, and pump down the system to ~1 Torr. 

12. Fill the chamber with N2 gas to the atmospheric pressure. 

4.2 hBN Growth on (111) Si 

Large lattice mismatch between hBN and (111) Si represents a significant challenge 

associated with the epitaxial growth of hBN. hBN and (111) Si have in-plane lattice 

constants of 2.5 Å and 3.83 Å, respectively, implying a lattice mismatch of 34.7% [98], 

[99]. Similar to hBN/sapphire epitaxy, largely different TEC values of hBN and Si induces 

thermal stress in hBN grown on (111)Si. Previous reports of hBN growth on Si are scarce. 

Previously reported CVD grown hBN on (111)Si were found to be turbostratic hBN (tBN) 

or nanocrystalline hBN, a less ordered form of hBN and an intermediate between hBN 

and amorphous BN (aBN) [75], [93]. These growths employed growth temperatures lower 

than 1000 oC and single source precursors such as borane–triethylamine complex and 

polyborazylene [75], [93]. In this work, separate precursor gases were used for B (TEB) 

and N (NH3) for hBN growth on (111)Si. 

Further, the growth temperature is limited to ~1350 oC, since the melting point of Si 

is 1414 oC. Among the employed precursors, NH3 reacts with Si substrate at the growth 

temperatures to form amorphous silicon nitride which would inhibit the epitaxial growth 
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of hBN. Before introducing NH3 into the reactor, therefore, an optimized B pre-deposition 

step is a necessary step which would deposit a few layers of B [15]. It would prevent the 

formation of silicon nitride on Si. Similar problem with NH3 precursor exists for AlN 

growth on (111)Si. Some groups used an Al pre-deposition step (using 

trimethylaluminium or TMAl precursor) before introducing NH3 into the reactor [100]-

[103]. Optimum Al pre-deposition time and flow were shown to lower threading 

dislocation density (TDD) and yield better crystalline quality AlN epilayer on (111)Si 

[100]. Knowledge of the high temperature CVD growth of AlN on (111)Si was adopted 

as the starting point for the development of CVD growth of hBN on (111)Si in this work. 

 

 

Figure 4.2: Optical image of (a) a 2-inch (111) substrate and (b) a 3.5 µm thick hBN 
film grown on the same substrate. 

Substrate preparation includes dipping the (111) Si substrate in a 2% hydrofluoric 

acid (HF) solution for 2 minutes to remove the native oxide from the surface and get the 

surface hydrogen terminated [15].  For B pre-deposition step, (111)Si substrates were 

exposed to TEB (with a flow rate of 0.5 μmol/sec) for 20 seconds at the growth 

temperature (e.g., 1350 oC). NH3 was then introduced to the reactive gas mixture at the 

same temperature to initiate hBN growth. The reactor pressure was 100 torr, and the 

growth atmosphere was H2 with a flow rate of ~2 slm. V/III ratios ranging from 100 to 

600 were employed for these hBN growths. For hBN growth on (111)Si vertical trench 

sidewalls, the surface preparation (i.e., HF dip) and growth recipe are the same as those of 
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the hBN growth on planar (111) Si substrates. Figure 4.2 (a) and (b) show the optical 

images of a bare (111) Si substrate and an hBN film on (111)Si, respectively.  

The procedure to grow hBN on (111)Si substrates and (111)Si vertical trench-

sidewalls in the CVD system is described below: 

1. Dip the Si substrates in a 2% HF solution for 2 minutes. 

2. Fill the reactor with N2 to reach the atmospheric pressure, and open the chamber. 

3. Load the substrates into the chamber after performing the inspection of condition 

of the graphite felt and the susceptor.  

4. Pump down the system to a base pressure of ~1 Torr using a mechanical pump. 

5. Fill the system with the purified carrier gas H2 to the process pressure (i.e., 100 

Torr). Pass H2 at the room temperature for 20 minutes to get rid of water vapor 

inside the chamber. 

6. Turn on the RF power to heat the substrate (by induction heating) to a temperature 

of 1050 oC and the substrate is heated for 10 minutes at that temperature.  

7. Turn off NH3 flow and increase the RF power to heat the substrate to the growth 

temperature (1350 oC).   

8. Increase the RF power to heat the substrate to the growth temperature (1350 oC). 

9. Introduce TEB flow (with a flow rate of 0.5 μmol/sec) for B pre-deposition for 20 

seconds. 

10. Introduce NH3 into the reactor to start the hBN growth.  

11. Monitor the system during the growth period. After the planned growth duration, 

stop TEB flow and turn off the RF power (with uninterrupted NH3 flow)  

12. Cool down the susceptor in the H2 atmosphere for 10 minutes, with NH3 still 

flowing. Stop the flow of both H2 and NH3, and pump the system down to a 

pressure of ~1 Torr. 

13. Turn off the pump, and fill the system with N2 gas to the atmospheric pressure to 

open the chamber. 

14. Unload the sample, close the chamber, and pump down the system to ~1 Torr. 

15. Fill the chamber with N2 gas to the atmospheric pressure. 
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4.3 hBN Growth on AlN/ (111) Si Template 

hBN growth on AlN/(111)Si template was also performed in this work. The template 

was obtained from a commercial vendor and the crystalline AlN layer had a thickness of 

180 nm. This growth was done using the same recipe as hBN growth on (111)Si with only 

one exception - there was no additional B pre-deposition step. Since bare (111)Si surface 

was not exposed to the precursors and there was an already grown AlN layer on (111)Si, 

the AlN/(111)Si template was directly heated up to the growth temperature (1350 oC) in 

the H2 environment, and the growth was started introducing both TEB and NH3 precursors 

together into the reactor in a continuous flow.  
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5. CHARACTERIZATION OF hBN FILMS 

5.1 Characterization of hBN/sapphire Films 

XRD analysis was performed to determine the crystalline quality of hBN films grown 

on sapphire substrates. Fig. 5.1 (a) demonstrates an XRD θ-2θ scan of a representative 

hBN film (0.3 µm thick) grown at 1350 oC with a V/III ratio of 300. This hBN film was 

grown on a nitridated buffer layer (by a 10-minute sapphire nitridation step at 850 oC). 

This θ-2θ scan revealed a peak corresponding to the (002) hBN plane at a 2θ angle of 26.7o 

with a full width at half maximum (FWHM) of 0.21o. (004) hBN peak was also found at 

2θ = 55.07o with a FWHM of 0.4o. No other XRD peak was found from the hBN film, 

confirming that the hBN epilayers are hexagonal in their phase and highly oriented along 

the c-axis. The other peak at 41.7o corresponds to the (006) plane of the sapphire substrate. 

(002) hBN peak at 26.7o implies that the c-lattice constant is 6.66 Å, which is equal to that 

of bulk hBN [74], [104], [105].  

 

 

Figure 5.1: (a) θ-2θ XRD scan, (b) XRD rocking curve of (002) reflection, and (c) 
Raman scattering data of a 0.3 µm hBN film. 

Depending on the crystalline quality of the AlN formed by the sapphire nitridation 

step, a peak may or may not be present at a 2θ angle of 36o, which corresponds to the (002) 

plane of AlN[13] . As shown in the θ-2θ XRD scan in Fig. 5.1 (a), no peak is present 



 

53 
 

around 36o, indicating the buffer layer to be a thin and amorphous AlNxO1-x. hBN films 

grown without the nitridated buffer layer yields tBN type films and these films tend to 

crack and peel off the substrate even before the film is unloaded from the CVD chamber. 

On the other hand, the amorphous AlNxO1-x buffer layer seems to favor subsequent 

epitaxial growth of hBN and improves the adhesion of the hBN film to the substrate. 

An XRD rocking curve (XRC) or ω scan of the (002) Bragg peak of the same hBN 

film has a FWHM of 0.3o, as shown in Fig. 5.1 (b). The observed linewidth is broader than 

some reported CVD-grown hBN films with a FWHM of ~385 arcsec [27], [106]. FWHM 

of the XRD rocking curve, similar to other III-Nitrides (e.g., GaN and AlN), depends on 

the dislocation density, finite crystallite size as well as the tilt of the crystallites with 

respect to one another (i.e., mosaicity) [14]. Therefore, the narrow linewidth (0.3o) of the 

(002) hBN rocking curve indicates good crystalline quality of hBN films. 
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Figure 5.2: Williamson-Hall plot for a 0.3 µm hBN film grown on sapphire. 

Deviations from perfect crystallinity lead to the broadening of diffraction peaks of a 

film. Bragg peak width analysis can be used to determine crystallite size and lattice strain 

of a film, since both affect the peak width. The crystallite sizes for the same 0.3 µm thick 

hBN epilayer is ~200 nm, as determined from the corresponding Williamson-Hall plot, 

i.e., plot of βtotalcosθ with respect to sinθ for the preferred orientation peaks of the hBN 

epilayer. Figure 5.2 shows the plot. The relation is given by: 

 훽 푐표푠휃 =  푘휆 퐿 + 퐶휀 푠푖푛휃 (5.1) 
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Raman spectroscopy provides complementary evidence of hBN phase of the grown 

films on sapphire. Figure 5.3 shows a Raman spectrum of the same 0.3 µm thick hBN 

film. hBN/sapphire films showed a strong Raman peak at 1370.5 cm-1 with a FWHM of 

25 cm-1 [14]. This peak arises from the E2g symmetry vibrations in hBN due to in-plane 

atomic displacements. This represents a doubly degenerate optical phonon mode, and the 

B and N atoms in each plane move in the opposite directions. This mode does not have an 

LO-TO splitting, since the contributions from the two planes cancel each other [15]. The 

Raman peak is almost at the same position with a higher linewidth, as compared to bulk 

hBN grown using Ni and Cr solvent mixture based flux method (1370 cm-1 peak with a 

FWHM of 9 cm-1) [107]) and hBN nanoplates grown by a combination of combustion 

process and subsequent annealing in atmospheric nitrogen atmosphere (1369 cm-1 peak 

with a FWHM of 20 cm-1) [108]). 
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Figure 5.3: Raman scattering data of a 0.3 µm hBN film grown on sapphire. 

Using XPS as a surface analytical method with its capability of identifying binding 

energy information, direct information about the composition and the bonding type of the 

atoms was obtained for the hBN films. XPS measurements were performed on a PHI 

Versaprobe XPS system with a monochromatic Al Kα radiation (1486.6 eV). XPS survey 

on hBN films demonstrate B 1s and N 1s peaks for the B-N bonding state, centered at the 

binding energies of 190.7 and 398.3 eV, respectively [13]. These binding energies are in 
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good agreement with the reported literature values [65], [78], [109]. XPS peaks for a 0.3 

µm thick hBN film are demonstrated in Fig. 5.4 (a) and (b). 

 

 

Figure 5.4: XPS characterization of a 0.3 µm hBN film. (a) B 1s and (b) N 1s XPS 
peaks. 

In order to minimize surface charging effects of the insulating hBN films, a low-

energy electron gun was employed for charge neutralization. All associated binding 

energies XPS spectra were corrected for sample charging by referencing to the 

adventitious C 1s line at 284.8 eV [13]. The samples were initially sputtered with low-

energy Ar+ ion to remove surface contaminants from the samples. Since oxygen and 

carbon quickly gets adsorbed on the hBN samples when exposed to the ambient, hBN film 

surface before sputtering contains some oxygen and carbon.  

Multipak software package was used for data analysis. An analyzer pass energy of 

187.85 eV (with an energy step of 0.5 eV) was employed for initial scans on the samples. 

High resolution B 1s and N 1s spectra were acquired using a pass energy of 23.5 eV and 

an energy step size of 0.2 eV. Estimated B/N ratio for hBN samples varied in the range of 

1.03 to 0.99 [13]. Further, for each of the B 1s and N 1s spectra, a single dominant and 

highly symmetric XPS peak was observed which indicates the presence of only sp2-

hybridized B and N atoms in the film and the absence of any significant impurity 

concentration of carbon or oxygen [13]. Measured atomic compositions are the same 

across the samples, indicating excellent sample uniformity. 
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Depth profiling was performed on hBN samples by using a 4 kV Ar+ ion sputtering 

where ion beam etched surface layers or surface contamination, revealing subsurface 

information. The depth profiling involved intermittent ion sputtering with an Ar+ ion beam 

for a time duration of 1 minute (over a sample area of 2 × 2 mm2) followed by the core 

level spectra acquisition. The ion beam was blanked after each etch cycle, and another set 

of XPS spectra was recorded. The sequence of sputtering and spectrum acquisition was 

repeated for a total sputtering time of 6 minutes. Fig. 5.5 demonstrates the depth-

dependent elemental composition of the same 0.3 µm hBN film. No measurable 

difference in the B/N composition ratio was obtained for hBN films for the entire 

sputtering duration. Atomic concentrations of each of B and N was found to increase to 

~50% after 5 minutes of sputtering. Concentrations of carbon and oxygen decreased 

significantly with increasing sputtering depth, revealing a stable ~1:1 B/N stoichiometry 

of hBN films.  
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Figure 5.5: Depth-dependent elemental composition of a 0.3 µm hBN/sapphire film.    

 Absorption spectrum of a 0.3 µm thick hBN/sapphire film are shown in Fig. 5.6 (a). 

A sharp increase in absorbance was observed around a photon energy of 5.5 eV or a photon 

wavelength of 225 nm [13], which can be attributed to the near bandgap absorption of the 

hBN film [27]. Close to 100% transmittance (i.e., 0% absorbance) was observed for 

energies much smaller than the bandgap value. 

Both indirect and direct bandgap structure for hBN was proposed in the literature, 

with experimentally measured bandgap values ranging from 5.6 eV to 6 eV [78], [110]-
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[112]. Indirect nature of bandgap for hBN was recently demonstrated by Cassabois et al., 

who calculated the bandgap as 5.955 eV from optical spectroscopy measurement [112].  

 

 

Figure 5.6: (a) Absorption spectrum and (b) Tauc’s plot for a 0.3 µm hBN film.    

Tauc’s law was used to determine the optical bandgap (EG) of the indirect-bandgap 

material hBN. According to this law, absorption coefficient (α) of an indirect bandgap 

semiconductor varies with the photon energy (E) by the relation [78]:  

 (αE) / ∝ (E − E )  (5.2)   

For direct bandgap semiconductors, the associated relation is:   

 (αE) ∝ (E − E )  (5.3)  

Figure 5.6 (b) shows the Tauc’s plot, i.e., (αE)1/2 plotted with respect to E for the 

same 0.3 µm thick hBN film. The linear portion of this curve was extrapolated to estimate 

the indirect bandgap of 5.47 eV for the hBN film [13]. This measured bandgap is smaller 

than the other reported indirect bandgap values of hBN, such as 5.955 eV in Ref. [112] 

and 5.8 eV in Ref. [110].  

5.2 Characterization of hBN/(111)Si Films 

Raman spectroscopy was employed to determine the bonding characteristics, phase 

purity, and phonon features of such hBN films grown on (111)Si. This characterization 

technique was used as a qualitative measurement of the crystallinity of the hBN films on 

(111)Si. A crystalline film typically yields an intense and sharp peak, while an amorphous 
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film shows a less intense broader peak [113]. An intermediate state such as a 

polycrystalline film is of intermediate characteristics in terms of Raman peak intensity and 

FWHM [113]. For hBN films grown on (111)Si, it was not possible to determine the 

crystalline quality using X-ray diffraction (XRD). 2θ value of 26.7o in an X-ray diffraction 

(XRD) θ-2θ scan corresponds to (002) plane reflection of single crystal hBN, while a 

broad peak around 2θ value of 26.3o corresponds to turbostratic BN (a disordered hBN 

phase) [14]. (111)Si substrate has a strong Kα1 peak at 2θ = 28.430 and another less strong 

Kβ peak at 2θ = 25.610. This Kβ peak of (111)Si cannot be completely removed using 

relevant optics in the Bruker D8-Discover X-Ray Diffractometer used for XRD 

measurements in this work. Hence for hBN films grown on (111)Si, it was difficult to 

identify a comparatively weaker hBN or turbostratic BN peak in between the Kα1 and Kβ 

peaks of (111)Si substrates. For qualitative analysis of crystalline quality in the initial 

optimization stage of hBN growth on (111)Si, therefore, Raman spectroscopy was chosen 

instead of XRD measurement. Cross-sectional SEM images of an hBN film grown on 

(111)Si are shown in Fig. 5.7 (a) and (b). 

 

 

Figure 5.7: Cross sectional SEM images of a 4.7 µm hBN on (111)Si. (a) and (b) have 
different magnifications. 

A strong Raman peak was observed at 1370 cm-1 (with a linewidth of 25 cm-1) for the 

films grown on (111)Si, which confirms the successful growth of hBN [15]. Figure 5.8 

illustrates the Raman spectrum of a 1.6 µm thick hBN film grown on (111)Si. 
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Figure 5.8: The Raman spectrum of a 1.6 μm thick hBN film grown on (111)Si. 

The Raman scattering peak for hBN/(111)Si films shows a blue shift with respect to 

the bulk hBN Raman peak (at 1366 cm-1 [110]). Shifting and broadening of Raman peaks 

in nanocrystalline materials were previously explained using the relaxation of the usual q 

= 0 momentum selection rule [114]. This model was extended for hBN by Nemanich et 

al. [115]. For nanoscale crystallite sizes with values comparable to the lattice parameter, 

the uncertainty of photon wave vector participating in the first order Raman scattering 

becomes 2π/La, where La is the size of the crystallites [115].  

The uncertainty of the optical phonon frequency corresponds to the uncertainty of the 

phonon wave vector. For most crystalline solids, optical phonon frequency decreases with 

increasing distance from the center of the Brillouin zone from a maximum value at the 

Brillouin zone center. Since the optical phonon frequency decreases with increasing 

distance from the center of the Brillouin zone, a decrease in frequency (i.e., red shift) and 

a broadening of the associated Raman peak occur for a material with small crystallite sizes. 

On the other hand, a blue shift occurs and linewidth becomes broader for smaller crystallite 

sizes in the case of hBN. Similar to graphite, hBN has an unusual dispersion curve where 

the phonon frequency is not highest at the Brillouin zone center. Phonon frequency in this 

case increases with increasing wave vector values [115]. A blue shift of 4 cm-1 and a 

FWHM of 25 cm-1 for hBN grown on (111)Si indicate the nanoscale crystallite sizes of 

hBN [15]. These films are turbostratic hBN or nanocrystalline hBN. Raman spectra with 
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similar blue shift and broader linewidth were reported by other groups using CVD and 

atomic layer deposition (ALD) processes [96, 116]. Crystallite size of hBN/(111)Si films 

in this work can be estimated as ~9 nm [15], as calculated from the relation: 

 Γ ⁄ = 141.7(퐿 ) + 8.7  (5.4) 

where La is crystallite size (in nm) and Γ1/2 is the Raman peak’s FWHM (in cm-1) [115].  

XPS analysis for hBN films grown on (111)Si yielded results similar to the 

hBN/sapphire films with B 1s and N 1s XPS peaks centered at the exact same values, i.e., 

the binding energies of 190.7 eV and 398.3 eV, respectively [15]. Figure 5.9 (a) and (b) 

show the associated spectra. Highly symmetric XPS peaks for B 1s and N 1s denote that 

hBN films grown on (111)Si does not have significant impurity concentration. Excellent 

stoichiometry was also observed for these films. B/N composition ratio was estimated to 

be 1.03:1, which refers to 1:1 stoichiometry within the XPS experimental error [15]. 

 

 

Figure 5.9: XPS characterization of a 1.6 µm hBN film. (a) B 1s and (b) N 1s XPS 
peaks. 

Uniform step coverage or conformal deposition occurs when reactants or reactive 

intermediates get adsorbed on the deposition surface and rapidly migrate along the surface 

before reacting. Rapid migration yields a uniform surface concentration of the deposited 

material and thus gives a conformal deposition. Low-pressure CVD usually results in good 

conformality of the deposition arising from high surface migration rate. High temperature 

(T) and low pressure (P) conditions in the CVD process result in high diffusion coefficient 
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(D) and consequently high mass transport coefficient (hG) or surface migration rate, since 

hG (and D) are both proportional to T1.5/P. Whereas physical vapor deposition (PVD) 

method such as e-beam evaporation is a line-of-sight deposition and the target surface 

needs to be placed directly in front of the PVD source, the higher pressure of the CVD 

process produces more random angled delivery and better step coverage. Complex shapes 

(e.g., trench or wall structures) can be coated uniformly in a low-pressure CVD system as 

long as sufficient precursor partial pressure is maintained. As can be seen in Fig. 5.10, 

conformal hBN deposition was achieved on high aspect ratio trench structured Si 

templates using the low-pressure CVD process used in this work.  

 

 

Figure 5.10: Conformal CVD deposition of hBN on a trench structured Si with 
(111)Si vertical sidewalls. 

Further, BN nanowires or nanotubes were found to grow on the vertical sidewalls on 

top of the nanocrystalline hBN films grown on vertical (111)Si trench sidewalls, as can be 

seen in Fig. 5.10. These nanowires or nanotubes were a few micrometers long, as observed 

in the corresponding SEM images. Previously, both BN nanotubes and nanowires were 

demonstrated by different groups [117]-[123]. While these nanostructures were mostly 

formed with the help of metal catalysts, some groups showed nanotube and nanowire 
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growth without metal catalysts [118], [119]. Similar metal-catalyst-free growth was also 

reported for carbon nanotubes [124], [125]. Since, no metal catalyst was present in the 

hBN growth in this work, we can explain the growth of these nanostructures by adopting 

the growth mechanisms proposed by Ref. [118], [119], [124], [125].  

Kim et al. proposed that hydrogen plays a catalytic role in small diameter BN 

nanotube (BNNT) formation from BN powders in an induction thermal plasma process 

[118]. Hydrogen addition generated B-N-H intermediate species which promoted a 

thermodynamically efficient root-growth reaction process for hBN-like phase in B 

droplets and yielded BNNT nucleation [118]. Ma et al. postulated that catalytic CVD 

growths of BNNT might not be associated with metal catalyst action and could be 

promoted by the poor wetting and high contact angle of BN with metal catalysts [124]. 

CVD synthesized BNNTs by Ma et al. showed bulbous tips [119]. These BNNTs grew 

with tip-growth model out of the bulbous tips which are BN encapsulated amorphous B-

N-O clusters [119]. BN precipitated or diffused through these B-N-O clusters to form 

BNNTs [119]. BNNT growth continued as the clusters detached and moved at the BNNT 

heads and stopped when the clusters were completely covered by BN and became inactive 

[119]. On the other hand, semiconductor nanoparticles were shown to promote carbon 

nanotube (CNT) growth by different groups [124], [125]. Takagi et al. developed a new 

interpretation of catalytic CNT growth and proposed that a nanoscale curvature (for 

nanosized particles) is essential for CNT growth if carbon atoms are supplied to that 

curvature [125].  

While some of the BN nanowires or nanotubes grown in this work showed bulbous 

tips at their ends, some of them did not. For the nanowires or nanotubes with bulbous tips, 

we follow Ref. [119] and assume that they were grown by the tip-growth model where the 

tips were BN encapsulated amorphous BN-based clusters. On the other hand, boron 

nanosized particles and hydrogen carrier gas possibly enabled root-growth reaction 

process though their combined catalytic action for the BN nanowires or nanotubes without 

tips, similar to the BNNT growth in Ref. [118]. These boron nanoparticles could be 

available on the vertical growth surfaces from the initial B pre-deposition step and the low 

V/III ratios employed in the growth process. 
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5.3 Characterization of hBN Films Grown on AlN/(111)Si  

hBN films grown on AlN/(111)Si substrates showed similar characteristics to the 

hBN/(111)Si films. These films show a Raman scattering peak at 1370 cm-1 with a FWHM 

value of 30 cm-1, i.e., the same Raman peak position with a little peak broadening 

compared to hBN/(111)Si films. A representative Raman spectrum is shown in Fig. 5.11. 

Similar to hBN/(111)Si films, Raman spectroscopy was chosen instead of XRD 

measurement for qualitative crystallinity analysis of hBN grown on AlN/(111)Si 

substrates, since XRD measurements of these films involved resolving weak hBN peaks 

from comparatively stronger Kα1 and Kβ peaks of (111) Si substrates. 
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Figure 5.11: The Raman spectrum of a 1 μm thick hBN film on AlN/ (111) Si 
substrate grown at a temperature of 1350 oC. 
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6. EFFECTS OF GROWTH PARAMETERS 

Epitaxial growth of hBN on sapphire substrates using CVD process is influenced by 

several key process parameters including growth temperature (TG), nitridation temperature 

(TN) for the nitridated buffer layer, reactor pressure, V/III ratio, and B/H2 ratio. XRD θ-

2θ scans were performed to determine the influences of these parameters on the quality of 

hBN films grown on sapphire.   

In this work, sapphire nitridation step was introduced in the CVD growth process of 

hBN to incorporate a thin buffer layer before hBN epitaxial growth. In order to determine 

the nitridated layer formation suitable for the lateral growth of hBN, nitridation was done 

at different temperatures (850 oC, 1100 oC and 1350 oC) before the epitaxial hBN growth 

at 1350 oC [13]. Further, one growth was performed without a sapphire nitridation step, 

where hBN growth was started on the bare sapphire substrate. Another hBN film was 

grown on a highly crystalline 180 nm thick AlN film (grown on (111)Si) [13]. Direct hBN 

growth on this AlN/(111)Si template (acquired from a commercial supplier) was 

performed with the same growth recipe as the one used for hBN growth on nitridated 

sapphire substrates. For all the growth experiments, TG was kept fixed at 1350 oC, V/III 

ratio was 300 with a NH3 flux of 150 μmol/s and a TEB flux of 0.5 μmol/s [13]. Each 

experiment had a growth duration of 40 minutes. 

For a highly crystalline hBN film grown on nitridated sapphire substrate, some peaks 

associated with the hBN film and sapphire should appear in an XRD θ-2θ scan. A strong 

peak centered at 41.7o should arise from the (006) plane of the sapphire substrate [71]. A 

XRD peak may or may not be seen at 36o depending on the crystalline quality of the AlN 

formed by the sapphire nitridation step, where the peak corresponds to the (002) AlN 

diffraction plane [71], [72]. XRD Peaks centered at 26.7o and 55.07o correspond to the 

(002) and (004) planes of hBN films, respectively. Turbostratic BN (tBN) shows a broader 

peak at a lower angle compared to 26.7o [71], [72].  

Epitaxial growth of hBN is not supported when grown directly on the sapphire 

substrate, without a sapphire nitridation buffer layer formation step. Figure 6.1 (a) shows 

the XRD pattern in the θ-2θ configuration of such an hBN film grown directly on sapphire, 

where a broad and weak hBN (002) plane peak was found at around 25.95o for the 

associated film. It corroborates previous experimental reports that sp2-BN epitaxy on non-
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nitridated sapphire substrates is not possible or such sp2-BN films are of poor crystalline 

quality [71], [72]. This work shows that sp2-BN directly grown on c-axis oriented sapphire 

is turbostratic BN (tBN), a disordered sp2-BN phase and an intermediate between sp2-BN 

and amorphous BN (aBN).  
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Figure 6.1: XRD patterns of the films grown at 1350 oC. (a) without any nitridation 
step, and with various nitridation temperatures of (b) 850 oC, (c) 1100 oC, and (d) 
1350 oC [13]. 

Fig. 6.1 (b), (c), and (d) illustrate the XRD patterns of three different hBN films, each 

of them grown at 1350 oC, with nitridation temperatures of 850 oC, 1100 oC, and 1350 oC, 

respectively. The best crystalline quality of hBN, as far as the X-ray diffraction is 

concerned, was achieved for a 10-min 850 oC sapphire nitridation step followed by a 1350 
oC growth, as evident from the strong and sharp hBN (002) peak at 26.7o with a full width 

at half maximum (FWHM) value of 0.25o [13]. The c-lattice constant was measured as 
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6.66 Å for this hBN film, as determined from the (002) hBN peak position. This is exactly 

equal to the c-lattice constant measured for bulk hBN [74], [104], [105]. No peak is seen 

at a 2θ angle of 36o, which denotes the formation of a thin and amorphous AlNxO1-x buffer 

layer by the 850 oC sapphire nitridation step. 

Higher temperature sapphire nitridation at 1100 oC and 1350 oC do not favor epitaxial 

growth of hBN, as indicated by the shift and linewidth broadening of the (002) hBN peak. 

This peak shifted from 26.7o to 26.3o (with a FWHM of 1.7o) for a TN of 1100 oC, and to 

25.85o (with a FWHM of 1.7o) for a TN of 1350 oC [13]. These films are turbostratic hBN 

or tBN. There appears a very broad peak centered around 36o for a TN of 1100 oC and a 

sharper peak centered at 36o for a TN of 1350 oC in the corresponding XRD patterns. 

Evidently, with increasing TN, the nitridated layer crystallinity improves and consequent 

hBN quality degrades. Another film grown directly on highly crystalline AlN, with the 

same growth recipe as the one used for hBN growth on nitridated sapphire substrates, did 

not yield any (002) hBN peak in the XRD pattern (not shown here). Highly crystalline 

AlN was not suitable for the epitaxial growth of hBN, whereas a low-temperature 

nitridated layer (amorphous AlNxO1-x) promoted hBN epitaxy [13]. 

Chemical composition, crystal structure and surface morphology of the nitridated 

sapphire substrates as a function of sapphire nitridation time and temperature were 

reported by different groups [97], [126]-[129]. Sapphire nitridation in a CVD process was 

observed for temperatures greater than 800 oC in the presence of NH3 [129]. Adsorbed 

nitrogen atoms from NH3 replaces oxygen atoms on sapphire substrates to form N-Al 

bonds [97], [126]. Nitridation of sapphire substrate results in the formation of amorphous 

AlNxO1-x layer for low TN and short nitridation duration (tN). Nitridation at higher 

temperatures and for longer time result in decreasing N-O bonds on the nitridated sapphire 

surface and improving crystallinity of the nitridated layer [97]. Sufficiently high 

temperatures and long nitridation step promote crystalline AlN formation. There exists a 

large lattice mismatch between the substrate and the nitridated layer which causes an 

accumulation of strain energy with longer nitridation time [126], [128]. This strain energy 

can cause stress enhanced migration and create protrusions on the nitridated sapphire to 

reduce excess energy [126], [128]. Increasing TN also results in increasing protrusion 

formation on the nitridated layer surface, since stress enhanced migration is a thermally 
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activated process [128]. It was previously reported that epitaxial growth of GaN [126], 

[128] and AlN [127] on sapphire was possible on microscopically flat nitridated layer on 

sapphire. For these growths of AlN and GaN, flat nitridated layer favored 2D growth 

because of improved adatom mobility on that surface. Nitridated layer with protrusions 

suppressed adatom lateral motion and consequently favored 3D film growth [126]-[128]. 

Increased lateral growth of hBN with larger domains (i.e., 2D growth) on nitridated 

sapphire substrate is favored for a nitridated layer which is atomically flat with smaller 

protrusion density. Formation of such nitridated buffer layer is possible with a 

combination of low TN and short tN for the nitridation step [13].  

Previous reports of CVD growths of sp2-BN on sapphire incorporated the sapphire 

nitridation buffer layer formation step at the growth temperature (1200 oC in Ref. [70] and 

1500 oC in Ref. [72]). hBN film in this work, with a sapphire nitridation at 850 oC and a 

subsequent 1350 oC growth, is of similar crystallinity to those sp2-BN films, as indicated 

by the similar angular position and linewidth values of the 26.7o peak in the corresponding 

XRD θ-2θ scans. The nitridated layers supporting the subsequent epitaxial sp2-BN 

growths were a thin and amorphous nitridated layer in Ref. [70] and a thin and strained 

AlN layer in Ref. [72], as indicated by absence or presence of the (002) AlN peak around 

36o in the corresponding XRD patterns. Different temperatures were not employed for 

sapphire nitridation and epitaxial growth for these sp2-BN growths, which might have 

limited their understanding of the suitable nitridated layer for epitaxial sp2-BN growth 

[13]. This work demonstrates that a TN of 850 oC (much lower than the TG of 1350 oC) 

produces a thin and amorphous nitridated layer, which supports the growth of hBN 

epilayers. Higher TN yields higher crystalline quality of the nitridated layer but poorer 

crystallinity of the subsequently grown hBN. This would originate from the rougher 

surface of the nitridated layer and increasing protrusion density with increasing TN, and 

such buffer layer promotes 3D growth mode of hBN. It indicates that a thin and amorphous 

nitridated layer with atomically smoother surface (formed at a lower temperature 

nitridation) serves as the suitable buffer layer to improve surface mobility of adatoms and 

to reduce the lattice mismatch between the hBN film and the substrate [13].  

Growth temperature is another crucial process parameter for the CVD growth of hBN 

on sapphire. At the early stage of the development of hBN epitaxy, Kobayashi et al. 
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observed the change of c-lattice constant with increasing temperature and predicted a 

necessary growth temperature of 1500 oC for highly crystalline hBN growth on sapphire 

[74]. In this work, the optimum growth temperature for hBN growth was determined for 

a low-temperature (850 oC) optimized nitridated layer formed by 10-min nitridation. In 

order to investigate the effects of TG on the hBN epitaxy, three films were grown at 

different TG values ranging from 1200 oC to 1500 oC, each with a sapphire nitridation step 

at 850 oC for 10 minutes [13]. For all these 40-minute growth experiments, V/III ratio was 

300 with a NH3 flux of 150 μmol/s and a TEB flux of 0.5 μmol/s. 
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Figure 6.2: XRD diffractograms of the films grown at the growth temperatures of (a) 
1200 oC, (b) 1350 oC, and (c) 1500 oC. 850 oC nitridation step was employed for all 
three growths [13]. 

1350 oC growth resulted in the highest crystalline quality of hBN, as illustrated in Fig. 

6.2 (b). The corresponding film for a lower TG of 1200 oC yielded a tBN type film and 

showed a broad (002) hBN peak at 25.85o (with a FWHM of 2.2o) in an XRD θ-2θ scan, 
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as demonstrated in Fig. 6.2 (a). 1500 oC growth temperature also resulted in the growth of 

tBN for which the (002) hBN peak was found at 26.3o with a FWHM of 1.7o, as shown in 

Fig. 6.2 (c). Similar to 1350 oC growth, 1200 oC growth did not show any peak around 

36o, indicating the amorphous nature of the buffer layer. On the other hand, for a 1500 oC 

growth, a broad peak around 36o is found which might be originated from the improved 

crystallinity of the initially amorphous buffer layer (formed by the 850 oC sapphire 

nitridation) during the 1500 oC growth [13]. This higher crystalline quality of the nitridated 

buffer layer might have inhibited 2D growth of hBN at a growth temperature of 1500 oC. 

The corresponding XRD pattern is illustrated in Fig. 6.2 (c).  

These growth experiments indicate that the optimum TG for hBN CVD growth is 1350 
oC on a low-temperature thin and amorphous nitridated layer [13]. Disordered hBN 

formation for a TG of 1200 oC can be attributed to poor adatom mobility on the nitridated 

buffer layer, since lower temperature decreases adatom mobility [13]. The low-

temperature nitridated layer becomes partially crystalline during the 1500 oC growth, and 

may have a rough surface with protrusions. 1500 oC growth, therefore, may also suffer 

from poor mobility of adatoms on the buffer layer and yield disordered hBN [13]. Table 

6.1 summarizes XRD data for all these growths involving TN and TG variation. 

Table 6.1: Summary of XRD data of Fig. 6.1 and 6.2. 

 TN (oC) TG (oC) 
(002) hBN peak 
position  

(002) hBN peak 
FWHM 

Fig. 6.1 - 1350 25.95o 1.9o 
(TN variation) 850 1350 26.7o 0.25o 

 1100 1350 26.3o 1.7o 
 1350 1350 25.85o 1.7o 

Fig. 6.2  850 1200 25.85o 2.2o 
(TG variation) 850 1350 26.7o 0.25o 

 850 1500 26.3o 1.7o 
     

 

Properties of organoboranes such as TEB was studied by previous reports [72], [130]. 

TEB molecules start to decompose at a temperature of 300 °C [72]. Ethyl groups are 

dissociated from the TEB molecule as C2H4, which leaves B-H bond with no B-C bond. 

Borane (BH3) and three ethyl groups will be available from the complete dissociation of 

TEB molecules [72]. Diborane (B2H6) and TEB should yield similar chemistry, since BH3 
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produced from TEB dissociation is essentially homolytically cleaved diborane [72]. TEB 

chemistry includes hydrocarbons formation, whereas diborane chemistry does not. For 

CVD growth of hBN at high growth temperatures (e.g., 1350 oC), TEB molecules would 

form reactive species (e.g., C2H2) and such precursor fragments would be adsorbed on the 

hBN surface growing on the sapphire substrate [72]. Removal of such precursor fragments 

is vital for the epitaxial growth of hBN, since hBN nucleation would be hampered in their 

presence. Both high temperature and hydrogen carrier gas are better for hBN growth. 

Adsorbed species containing carbon or oxygen should be removed by atomic hydrogen 

produced from hydrogen gas or from TEB and NH3 decomposition [72]. This surface 

chemistry becomes more effective at a high growth temperature, thereby improving the 

quality of growing hBN film.  

V/III ratio is another critical parameter for hBN epitaxy, similar to other III-Nitride 

materials. To grow highly crystalline III-Nitrides (e.g., GaN, AlN and InN) with 1:1 

stoichiometry, high V/III ratio is required. High V/III ratio is needed to compensate for 

the higher volatility of N in III-Nitrides. Grown material decomposes and N vacancies 

arise during the growth process for low values of V/III ratio, since the partial pressure of 

N over III-Nitride is high [72]. Required V/III ratio varies widely for different III-Nitrides, 

with 50-800 for AlN, 1000 for GaN, and higher than 105 for InN [72].  

Figure 6.3 shows the effect of V/III ratio on the material quality of the CVD-grown 

hBN films. For hBN growth in this work, V/III ratios ranging from 300 to 500 yielded 

sharp and strong (002) hBN peaks at 26.7o and (004) hBN peaks at 55.07o, indicating 

highly crystalline hBN. On the other hand, (004) hBN peaks were absent and increasing 

amount of tBN growth was associated with hBN growth for decreasing V/III ratio for V/III 

ratios below 300. While the (002) hBN peak is a symmetric one centered at 26.7o for a 

V/III ratio of 300, (002) hBN peak has a lower angle shoulder for a V/III ratio of 200. This 

shoulder formation can be explained by fitting of the associated peak, with one narrow 

peak at 26.7o and another broad peak at 26.3o. The broad 26.3o peak can be attributed to 

the disordered from of hBN, i.e., tBN which could result from large lattice mismatch 

between hBN and nitridated buffer layer [72]. For a very low V/III ratio of 125, only a 

broad peak was found at 26.3o, which indicates that such low V/III ratios promote less 

ordered tBN growth and do not favor hBN growth. 
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Figure 6.3: (002)hBN XRD hBN peaks (in θ-2θ scan) for different V/III ratios. 

V/III ratio not only affects the crystalline quality, but also affects the hBN growth 

rate. Increasing V/III ratio decreases the growth rate of hBN. Fig. 6.4 (a) shows the growth 

rate and the FWHM of (002) hBN XRD peak as function of V/III ratio (with fixed NH3 

flow). As shown in the figure, decreasing (002) hBN peak FWHM (i.e., improving 

crystalline quality of hBN) and decreasing hBN growth rate have almost the same 

functional dependence on increasing V/III ratio, when NH3 flow rate is kept constant and 

only TEB flow rate is changed. Since the input partial pressure of TEB is much lower 

compared to that of NH3, TEB flow rate has a more pronounced effect on the growth rate. 

Growth rate variation with different V/III ratio, as shown in Fig. 6.4 (b), demonstrates this 

relative dependence of growth rate on TEB and NH3 flow rate. Growth rate is a much 

stronger function of V/III ratio when TEB flow is varied (with fixed NH3 flow) than the 

case where NH3 flow is varied (with fixed TEB flow). 
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Figure 6.4: (a) Growth rate and (002) hBN peak FWHM as a function of V/III ratio 
(b) Growth rate as a function of V/III ratio (for fixed TEB and fixed NH3 flow). 
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Figure 6.5: Comparative Raman spectra for hBN/(111)Si films grown with different 
V/III ratios. All the films were grown for 30 minutes at 1350 oC. 

Along with the observation of decreasing growth rate with increasing V/III ratio, self-

terminating growth of hBN was also observed on sapphire and (111)Si substrates in this 

work at high V/III ratios (2500 or more) similar to the findings by Paduano et al. [96]. 

Figure 6.5 shows the Raman spectra of hBN/(111)Si films grown with different V/III 

ratios, each for the same growth duration of 30 min. The peak at 1370 cm-1 becomes 

weaker with increasing V/III ratio. Since these peak intensities are correlated with hBN 
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film thicknesses, the very weak peak for a V/III ratio of 2500 indicates the growth of a 

few-layer hBN film. Further, another separate and longer (1.5 hour) growth run with a 

V/III ratio of 2500 yielded similarly weak Raman spectrum, indicating that hBN thickness 

essentially remains unchanged after the growth of a few layers at such high V/III ratios. 

As explained by Paduano et al. [96], there might be some interfacial bonding between 

hBN and the substrates. Surface conditions of the substrate dominate hBN growth which 

terminates after a few layers.  

The growth rate is generally found to increase with an increase in the reactant gas 

partial pressure. Decreasing carrier gas flow (keeping reactant gas flow fixed) increases 

the partial pressure of reactant gas and therefore increases the growth rate. For the mass 

transport limited regime employed in this work, the gas phase diffusion step involves the 

transport of reactant gas species from the boundary layer to the growth surface. Since 

reduced carrier gas flow rate increases the boundary layer thickness making the mass 

transport of the precursors to the growth surface less effective, too low flow rate of carrier 

gas is not ideal for this growth. On the other hand, film thickness non-uniformities can be 

reduced by increasing the carrier gas flow, which reduces the residence time of the 

precursors on the growth surface and particle formation. Controlling the flow rate of the 

H2 carrier gas is therefore vital for achieving a reasonably high growth rate, good sample 

uniformity and good crystalline quality. For a carrier gas flow rate change from 2 slm to 

3 slm, hBN growth rate was found to decrease from 0.6 µm/hr to 0.4 µm/hr (using an 

optimum growth recipe with a V/III ratio of 300 and a growth temperature of 1350 oC). 

Influence of growth temperature on the hBN/(111)Si film quality was investigated 

using comparative Raman scattering measurements. Three films were grown at different 

temperatures ranging from 1100 oC to 1350 oC [15]. Si melting point of 1414 oC limited 

the maximum growth temperature employed. The same growth recipe and the same 

growth duration (1 hour) were used for each of them. Figure 6.6 illustrates the associated 

Raman spectra of these films. As growth temperature decreases from 1350 oC to 1230 oC, 

the hBN Raman peak at 1370 cm-1 becomes weaker and broader, indicating that crystallite 

size becomes smaller with lower growth temperatures [15]. The film grown at a 

temperature of 1100 oC did not show any Raman peak in the corresponding Raman 
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spectrum, indicating that 1100 oC growth temperature does not favor hBN growth. 

Therefore, 1350 oC was chosen as the growth temperature for hBN/(111)Si growth. 
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Figure 6.6: The Raman spectra of hBN films grown at different temperatures [15]. 
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7. DETECTOR FABRICATION 

Recent reports on the use of hBN for neutron detection showed that robust and high 

efficiency neutron detectors are possible with hBN. An early report on the use of hBN 

film for detecting neutron was not successful, and the reason is the poor quality of the film 

obtained by sputtering as well as the film being very thin (~250 nm) [131]. Also, the charge 

collection was done perpendicular to the c-plane rather than along the higher mobility c-

plane. Weak van der Waals force connect the 2D hBN layers formed by strong covalence 

bonds between boron and nitrogen atoms, and thus form highly anisotropic 3D crystals. 

In-plane charge mobility of charge carriers in hBN, as a result, is much higher than that 

along the out-of-plane direction [132]. 

In 2008, McGregor et al. [133] have fabricated neutron detectors using commercially 

available samples of pyrolytic boron nitride (pBN) with sizes of 5 mm × 5 mm in area and 

1 mm in thickness by depositing metals on either face. With applied bias, the structures 

were tested as potential thermal neutron detectors. Even though pBN is a poor electrical 

conductor and non-crystalline, it was possible to detect neutrons with efficiency in the 

1.1% to 7% range, with the range of values related to the noise level [133]. The signal 

deteriorated with time and the reason for the reduction of the signal with time was not 

explained, but we believe that the insulating nature of the material and hence the charge 

trapping altered the electric field profile inside the detector with time. This probably 

prevented eventual charge collection with µτ not being optimum. The fact that even a 

pyrolytic BN could provide measurable neutron response indicates that a better-quality 

material with reduced charge trapping will be ideal for an improved neutron detector with 

stable efficiency values.  

In-plane metal-semiconductor-metal (MSM) detectors were fabricated by a group at 

Texas Tech with hBN films grown by a CVD system [1], [134]. The reported neutron 

detectors in Ref. [1] were based on thin (0.3 µm) hBN. No efficiency measurement was 

reported for these devices which had a maximum theoretical efficiency of 0.1%. In the 

associated pulse height spectra, individual and sum peaks were resolved for nuclear 

reaction product energies of alpha and Li particles. Recently, the same group reported 

detection efficiencies for thicker hBN based detectors in Ref. [134], with an efficiency of 

0.64% for 4.5 µm natural hBN detectors and an efficiency of 4% for 2.7 µm 10B-enriched 



 

76 
 

hBN detectors. The same group also demonstrated a vertical MSM detector based on 43 

µm freestanding enriched hBN/sapphire [135]. Though the device showed a detection 

efficiency of 51.4%, it had a small area of 1 mm2 (with an unclear picture of scalability of 

device area) and the neutron counts had low energy and were close to the energy of the 

background counts [135].  

In this work, detectors, with both in-plane and out-of-plane charge collection 

configurations, were fabricated using hBN films grown both sapphire and Si. The key 

focus was on in-plane charge collection (highest mobility path) devices based on 

hBN/sapphire films (because of good crystalline quality). While in-plane detectors were 

reported before [1], this research demonstrated the first detector of such type with 

measurable efficiency [14]. Additionally, hBN-Si template detectors, the first reported 

hBN/Si based neutron detectors, represent a novel design where hBN was vertically grown 

[15]. Fabricated detectors are of four types: 

1. hBN/sapphire in-plane (lateral) MSM detector 

2. hBN/sapphire out-of-plane (vertical) MSM detector 

3. hBN/Si in-plane (lateral) MSM detector 

4.  hBN-Si template detector  

7.1 hBN/sapphire In-plane MSM Detector Fabrication 

MSM devices were fabricated using hBN/sapphire films by an all-dry processing 

developed at RPI. hBN films grown on sapphire has a peeling-off problem when any wet 

processing (e.g., photolithography) is attempted on these films. Any wet processing step 

on hBN/sapphire films (thicker than 2 µm) leads to the exfoliation of the hBN films. For 

neutron detector fabrication using hBN/sapphire films, complete dry processing with 

shadow masks was therefore employed [12], [14]. SF6 plasma based inductively coupled 

plasma-reactive ion etching (ICP-RIE) was used to etch hBN epilayers. A Trion Phantom 

III Reactive Ion Etch system was used for the etching procedure. E-beam evaporation was 

used to deposit metal (Ni or Au/Ni) to form metal electrodes.  

hBN/sapphire lateral MSM devices were fabricated on films grown full 2-inch 

sapphire wafers. If hBN peels off from any part of the substrate, all the devices fabricated 

on the same film get damaged. Hence, mesa isolation of different devices on the same film 
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was performed using another set of shadow masks in the final year of this work. This mesa 

etching separated the individual devices. Film peeling off in one area of the 2-inch 

diameter film did not affect devices elsewhere, and device throughput increased as a result. 

Further, the hBN film was etched all the way to the sapphire substrate, and deposition of 

thick metal (80 nm or thicker) for realizing electrodes in the MSM structure helped hBN 

film stick better to sapphire and keep the devices working for longer. 

Figure 7.1 (a) shows the optical image of a lateral MSM detector with hBN thickness 

(t) of 2.5 µm, area (A) of 40 mm2, and electrode spacing (L) of 1 mm. This detector is 

termed as detector A. Figure 7.1 (b) shows the optical image of another detector, termed 

as detector D. For this detector, t = 15 µm, A = 14 mm2, and L = 250 µm. The schematic 

of an hBN/sapphire lateral MSM device is shown in Fig. 7.1 (c). 

 

 

Figure 7.1: (a) Optical images of (a) 2.5 µm hBN based lateral detector (A = 40 mm2   
and L = 1 mm) and (b) 15 µm hBN based lateral detector (A = 14 mm2   and L = 250 
µm). (c) Schematic of an hBN/sapphire lateral MSM detector. 

7.1.1 Shadow Mask 

A shadow mask refers to a thin micromachined template, typically laser patterned, 

which can be used as an alternate of photoresist for device fabrication in semiconductor, 

MEMs, optics, solar, and biomedical applications. While shadow masks just lay on top of 

the film to be patterned, photoresist adheres directly to the film and therefore allows better 

resolution and more processing options. 
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Moreover, there is inevitable air gap between the shadow mask and the underlying 

film. This causes resolution problem and makes it hard to achieve anisotropic etching 

profiles. Besides, making a high-resolution shadow mask requires the mask to be very thin 

(equal or less than 150 microns), making it flimsy and difficult to handle. Masks also tend 

become uneven and gives irregular etching result after using a few times, with thinner 

masks degrading must faster. So, a compromise is needed between the resolution and the 

thickness of the shadow masks. Resolution is better for bi-metal shadow masks, as 

compared to the single metal (e.g., stainless steel) shadow masks. Edge definition is 

crisper for bi-metal shadow mask and these masks can be thicker and more robust for the 

same resolution, as compared to stainless steel masks. But stainless-steel masks are less 

expensive than bi-metal masks, and were preferred for this work. 

The first shadow mask was made of stainless steel and had a thickness of 900 µm. It 

had parallel rectangular openings for interdigital structures. The opening width was 0.5 

mm and the spacing between the openings was 1 mm. Later, better resolution shadow 

masks were designed by our group and fabricated by a different vendor. These masks were 

also made of stainless steel. But they were 150 µm thick and had a resolution of 150 µm. 

Some other shadow masks were also designed and ordered for better reproducibility which 

were a bit thicker (250 µm thick stainless-steel mask) with resolutions in the range of 150 

µm to 250 µm. 

Initial MSM device fabrications were performed with only one shadow mask per 

device, i.e., the same mask for hBN etching and metal deposition (using e-beam 

evaporation). This approach had poor sidewall coverage of the sidewalls of the etched 

hBN stripes, since the etching was not highly anisotropic in nature. This problem was 

addressed by introducing two-level shadow masks for each device fabrication. First level 

mask (with an opening of 150 µm) was used for hBN etching and second level mask (with 

a wider opening of 250 µm) was used for e beam evaporation. These masks allow sidewall 

coverage of the hBN trenches with e-beam evaporation which is very difficult for single 

level shadow masks used earlier. Figure 7.2 shows the two-level shadow masks based 

fabrication process for hBN/sapphire MSM devices. Schematic diagrams of the associated 

shadow masks are shown in Fig. 7.3. 
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Figure 7.2: Two level shadow mask fabrication process of MSM devices based on 
hBN/sapphire films. 

 

 

Figure 7.3: Two level shadow masks. (a) shadow mask used for etching (b) shadow 
mask used for metal deposition. 

7.1.2 ICP-RIE Etching of hBN 

SF6 plasma based ICP-RIE etching of hBN was developed using a Trion Phantom III 

Reactive Ion Etch System at RPI MNCR cleanroom. This system is typically used for 

anisotropic dry etching of GaN, GaAs, Ni, Al, silicon oxide, silicon nitride, and 

polysilicon. In addition to a reactive ion etching (RIE) RF generator, the Trion etching 
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system uses an inductively coupled plasma (ICP) RF generator. For RIE etching or 

capacitively coupled plasma (CCP) etching, a lower electrode is connected to an RIE RF 

power supply through a blocking capacitor, and the upper electrode is grounded. The 

wafer is placed on the lower electrode which is gradually biased to a negative potential 

due to the plasma action in presence of the blocking capacitor. In an ICP process, on the 

other hand, the excitation is again a time-varying RF source. ICP power is however 

delivered inductively and results in a changing magnetic field which induces an electric 

field through the Maxwell-Faraday relation. This electric field circulates the plasma in the 

plane parallel to the CCP plates, and the rapidly moving electrons collide with the slowly 

moving ions causing increased ion density through further ionizations [136]. In an ICP-

RIE process both ICP and RIE process are simultaneously present. For such geometry, ion 

density and other plasma parameters can be altered without significantly perturbing the 

incident energy of the ions hitting the wafer. This dual plasma powering enables the user 

a flexibility in controlling plasma characteristics such as ion energy and ion density 

independently of each other. In such a system, ICP is employed as a source of high-density 

ions enabling increased etch rate. The other RF bias (associated with CCP), applied to the 

substrate, creates highly directional electric fields and thus results in more anisotropic etch 

profiles. As a result, this combination allows for lower process pressures, higher etch rates, 

and higher degree of anisotropy, as compared to a separate RIE process. 

Figure 7.4 shows the schematic of an ICP-RIE system [136]. Trion Phantom III 

Reactive Ion Etch System (shown in Fig. 7.4 (b)) is designed for 8-inch wafers. Hence, 

the samples were mounted on an 8-inch Si carrier wafer with Kapton tape and loaded into 

the reaction chamber with the automatic load-lock mechanism. Once the gas flow and 

chamber pressure were stabilized (according to the recipe used), RIE and ICP powers were 

turned on to initiate the etching. After the etching period, the RIE and ICP power and gas 

flow were turned off. The chamber was then evacuated and the sample was unloaded. A 

profilometer (Dektak 8 Surface Profiler) was used for measuring the step height of the 

etched stripes. Results from profilometer showed that ICP power has little to no effect on 

the etching profile because ion density only has effects on etching rate and polymer 

deposition. 25 mTorr chamber pressure, 300 W ICP power, 500 W RIE power. SF6 flow 

of 20 sccm yielded an etch rate of ~0.8 µm/min for a standard 250 µm etch window. High 
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etch rate arises probably due to the strong interaction between B and F creating highly 

volatile BF3. Anisotropy is mainly controlled by the RIE power and the pressure. 

Anisotropy increases with increasing RIE power and decreasing chamber pressure. ICP 

power does not have strong influence on the anisotropy. Table 7.1 summarizes the effects 

of different parameters of the ICP-RIE system on the etch profile and the etch rate. 

 

 

Figure 7.4: (a) Schematic diagram of an ICP-RIE system [136]. (b) Trion ICP-RIE 
system used in this work. 

Table 7.1: Influence of parameters on ICP-RIE etch rate and anisotropy. 

Increase in Process variables Etch Rate Anisotropy 

Pressure Increase Decrease 

ICP power Increase Slight decrease 

RIE power Increase Increase 

SF6 gas flow rate Slight decrease No effect 
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For the shadow mask based etching procedure, smaller etching opening gives smaller 

etch rate. Etchants are more difficult to reach the targeted film and etch byproducts are 

harder to diffuse out through the smaller etch opening. Hence, the etch rate is strongly 

dependent on the shadow mask configuration (i.e., the opening window width and distance 

between the windows), as demonstrated in the Table 7.2. 

Table 7.2: Etch rate dependence on the window width in the ICP-RIE system. 

Window width Etch rate (µm/hr) 

150 µm (with spacing of 250 µm) 0.5 

150 µm (with spacing of 350 µm) 0.65 

250 µm 0.8 

500 µm 1.2 

7.1.3 Metallization 

Ni (work function of 5.01 eV) was chosen initially as the metal for interdigital MSM 

structures, as high work function metal is required to make low resistance contact with 

hBN (with a bandgap of ~5.5 eV). But Ni does not stick well with hBN and tends to peel 

off with time. Hence, a combination of Ni and Ti was used later (e.g., 20 nm Ni followed 

by 200 nm Ti). Au (work function of 5.1 eV) is another metal suitable for making contacts 

in hBN-based devices. Au was also found to stick to hBN, and some MSM devices had 

80 nm Au deposition for the metal stripes. 

For metal deposition through shadow mask openings, both e-beam evaporation and 

sputtering were attempted. Magnetron sputtering was employed for Ni deposition to get 

better sidewall coverage which was initially a problem with e beam evaporation. Devices 

fabricated with sputtering became short because of the non-directional nature of sputtering 

and the unavoidable air gap between hBN film and overlying shadow mask. Hence, highly 

directional e-beam evaporation was chosen for metal deposition. Besides, e-beam 

evaporation offers much faster deposition rate and shorter processing time compared to 

sputtering. Two-level shadow mask process also solved the sidewall coverage issue 

present in a single shadow mask based processing. 
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Figure 7.5: (a) Schematic of an e-beam evaporation system [137]. (b) E-beam 
evaporation system at RPI MNCR cleanroom. 

In e-beam evaporation, a physical vapor deposition (PVD) technique, an intense 

electron beam is given off by a charged tungsten filament under high vacuum. This 

electron beam is steered via electric and magnetic fields to strike the source material. The 

source material is thus heated by this energy transfer and is vaporized causing line-of-

sight deposition on the intended wafer. Surface atoms gain sufficient energy to leave the 

source material surface into the gaseous phase and traverse the chamber (under high 

vacuum) and precipitate into solid form and coat a sample positioned above the 

evaporating material along with everything in the vacuum chamber within line of sight 



 

84 
 

[137]. Surface atoms of the source, with thermal energy (less than 1 eV), form a thin layer 

of the material on the desired surfaces. 

Further, because of the low thermal energy of the moving atoms, the chamber pressure 

is usually kept below some value which ensures that mean free path of the travelling atoms 

is longer than the distance between the source metal and the sample to be coated. E-beam 

evaporation also offers better structural and morphological control of the intended metal 

deposition. Additionally, this process also enables coating uniformity and precise layer 

monitoring. Real-time measurement of deposition rate (in Å/sec) in the evaporator 

chamber is also possible using quartz crystal monitors. This is done from the variation of 

the resonance frequency of the quartz crystal as a function of the thickness and mass of 

the film deposited onto it [137]. Low level of contamination from the crucible is 

incorporated in the deposition, since electron beam does not heat the crucible at all and 

only heats the intended material.  

Employed chamber pressure for this work was typically around 10-7 Torr, indicating 

large mean free path and thus line-of-sight arrival of the metal on to the sample. Low 

deposition rate of ~1 Å/sec was used for all the metals used to maintain precise control of 

the film thickness. Figure 7.5 (a) and (b) show the schematic and photograph of an e-beam 

evaporation system used in this work, respectively. 

 

 

Figure 7.6: (a) Schematic of a vertical MSM detector, (a) Optical image of a vertical 
detector with A= 1 mm2 and t= 17 µm, and (c) Optical image of a vertical detector 
with A= 9 mm2 and t= 17 µm. 
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7.2 hBN/sapphire Out-of-plane (Vertical) MSM Detector Fabrication 

hBN/sapphire vertical MSM detectors were fabricated using thick hBN films peeled 

off sapphire substrates. 20 nm Au contacts were deposited on both sides of the films to get 

metal contacts along the c-axis of hBN. Figure 7.6 (a) shows the schematic of a vertical 

detector. Fig. 7.6 (b) and (c) show the images of two such detectors. 

7.3 hBN/Si In-plane (Lateral) MSM Detector Fabrication 

Interdigitated Schottky-barrier MSM devices were fabricated with etched stripes 

using hBN films grown on (111)Si substrates. Figure 7.7 (a) and (b) show the schematic 

and the optical microscopy image, respectively, of a representative hBN/(111)Si lateral 

MSM detector. This 1.6 µm thick hBN based device, with an area of 3 × 2 mm2, has an 

electrode spacing of 16 µm [15]. The interdigitated fingers are 16 µm wide. hBN etching 

process was the same as the etching of hBN grown on sapphire, i.e., ICP-RIE etching 

using SF6 plasma. 75 nm Ni was deposited using e-beam evaporation in order to realize 

the metallic inter-digital fingers [15]. 

 

 

Figure 7.7: (a) Schematic and (b) Optical microscope image of a 3 × 2 mm2 area 
hBN/(111)Si MSM device. 

hBN films grown on (111)Si does not have the similar peeling off problem as 

hBN/sapphire films. Hence, regular wet processing was possible for hBN/(111)Si films 

[15]. hBN/(111)Si samples were patterned by using Shipley 1813 positive photoresist. No 

adhesion promoter (e.g., HMDS) was applied before applying photoresist. The photoresist 

was spun for 30 seconds at the speed of 3000 rpm to get a photoresist thickness of ~1.7 
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µm. A soft bake step, a 1-minute bake at 100 °C following the photoresist spin-coating, 

was performed to remove the solvent from the photoresist and improve adhesion. 

Photoresist thickness is a function of its viscosity and is inversely proportional to the 

square root of applied spinning speed. An individual photoresist spin speed of 4000 rpm 

(for a duration of 30 seconds) provided ~1.3 µm thick photoresist. Sometimes, a 30 

seconds 3000 rpm photoresist spin was followed by 30 seconds 4000 rpm photoresist spin 

with a in between soft bake step, which gave rise to ~2 µm total photoresist thickness. 

Higher photoresist thickness was needed for etching thicker hBN.  

 

 

Figure 7.8: Fabrication process of lateral MSM devices based on hBN/(111) Si films. 

The hBN sample was then placed on an adjustable x-y vacuum stage of the OAI 

aligner and positioned below the associated photomask. The sample was brought into 

close contact with the photomask after alignment, following which 90 mJ/cm2 exposure 

of 405 nm UV light was performed on the sample. A post-exposure bake (PEB) (for 1 

minute at 1100C) was performed before developing, to help reduce standing wave 

phenomena caused by the destructive and constructive interference patterns of the incident 

UV light. AZ 300 MIF developer was then used to wash away the exposed portion of 

photoresist to the UV light, and the development step was done for 1 minute. A hard bake 
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step was used to harden the photoresist and improve the adhesion to the surface for the 

ICP-RIE etching process that followed. A conventional oven was used to hard bake the 

photoresist at 120 °C for 20 minutes. ~75 nm thick Ni was then deposited using e beam 

evaporation. Liftoff was done to expose the metal contact pattern using Baker PRS-3000 

positive resist stripper. The photoresist stripper, kept at 60 °C, caused the photoresist to 

swell and lose adhesion to the surface. Figure 7.8 illustrate the fabrication process for 

hBN/(111)Si based MSM devices. Figure 7.9 shows the OAI Model 500 mask alignment 

and exposure system (located at RPI MNCR cleanroom), used for the photolithography 

process portion of these lateral MSM detector fabrication. 

 

 

Figure 7.9: OAI Model 500 high-resolution mask alignment and exposure system 
used in this work. 

7.4 hBN-Si Template Detector Fabrication 

The idea behind hBN-Si template detector is to use a relatively thick layer of hBN 

semiconductor (>50 µm) embedded in a silicon matrix, which provides electrical contacts 

and collects charges moving along the highest electron mobility path in the hBN 

semiconductor, i.e. the a-axis of hBN. CVD deposition of hBN was performed on the 

(111) vertical surfaces etched in (110)Si wafer. (110)Si was the starting wafer and the 

trench structure was etched using tetramethylammonium hydroxide (TMAH). Figure 7.10 

shows the SEM image of a typical trench structure template. The hBN growth recipe is 
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exactly similar as the one used for hBN growth on (111)Si planar substrates. hBN MSM 

detectors needs very thick hBN for high neutron detection efficiency. Growing such thick, 

highly crystalline hBN films is a challenge which can be circumvented by the hBN-Si 

template detectors. For these detectors, deposited hBN thickness is only equal to the half-

width of the trench (i.e., a few microns). But the neutron interaction length equals the 

trench depth (i.e., tens of microns) [15]. In this detector, the hBN layer will detect the 

neutron by the (n, alpha) reaction; the ionization carriers created by the charged particles 

produced in the hBN semiconductor will be collected by the top and bottom contacts along 

the a-axis of hBN. The silicon in this case is not used as a semiconductor, but rather as a 

charge conductor and host substrate for hBN. An optimum design of such detector can 

achieve a higher efficiency compared to other heterogeneous detectors developed by our 

group, since there would be more B atoms in this device per unit area compared to the 

traditional B coated Si heterostructure devices [15]. 

 

 

Figure 7.10: A cross-sectional SEM image of a Si template used for hBN growth. 

Figure 7.11 (a) shows the schematic of a device fabricated with hBN filled parallel 

trenches in n-type (110)Si. Figure 7.11 (b) shows the optical image of an array of such 

hBN-Si template detectors with different areas (each several mm2). The trenches are 5 μm 

wide and are separated by 5 μm thick Si walls. These trenches are ~45 μm deep.  For this 

device structure, it was not necessary to deposit very thick hBN since the growth surface 

is vertical and for a 5 µm wide trench, the deposited hBN thickness is about 2.5 µm. The 

neutron interaction thickness is still high, which determined by the silicon trench depth, 
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which is ~45 µm for the trench structure mentioned above. 10 nm Ni was deposited on top 

of the sample using e beam evaporation to make the front side contact. Backside contact 

was realized using silver paste on the Si bottom of the device. As demonstrated in Ref. 

[132], the mobility–lifetime product is higher along the in-plane direction than along the 

out-of-plane one in hBN films. This device structure has its charge collection along a-axis 

where the mobility is much higher than that along c-axis. 

 

 

Figure 7.11: (a) Schematic of an hBN-Si template device and (b) Photograph of an 
array of such hBN-Si template detectors. 

A pre-deposition step of B was done at 1350 oC for 20 seconds (before the hBN CVD 

growth) for the fabrication of hBN-Si template devices. Conformal deposition of a few 

layer of B on the trench sidewalls and bottoms occurred during this pre-deposition step 

and a portion of B diffused into the silicon during this step. B continued to diffuse in Si 

for the entire growth duration (t = ~7 hours) at 1350 oC. Diffusivity (D) of B in Si is 

determined by the relation, 퐷 =  퐷 푒 , where Do = 10.5 cm2/sec and activation 

energy, EA=3.69 eV [138]. For the temperature (T) of 1350 oC (1623 K), D equals 3.66 × 

10-11 cm2/sec. Assuming constant source diffusion of B in the lightly n-doped Si, the 

metallurgical junction depth is, 푥 = 2√퐷푡 푒푟푓푐 (푁 푁 ), where NB is the doping of 

the n-type Si and N0 is the B concentration at the Si trench surface [138]. erfc-1 (NB/N0) 

equals ~2.5 using reasonable values assumed for NB and N0. Metallurgical junction depth, 

xj is ~50 µm for these values. Large xj in Si means the walls were completely converted 

into highly p-type Si. Similarly, the region under the bottom of the trenches also became 
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highly p-type with this region extending to depth, d >> 5 µm from the trench floors. Figure 

7.12 shows the schematic an hBN-Si template detector under bias. 

 

 

Figure 7.12: hBN-Si template device under bias (figure not drawn to scale). 

The energetic particles from the absorption of neutron in hBN include alpha and 7Li 

ions, where alpha particles have a range of ~5 µm in Si and 7Li ions have an even lower 

range in Si [24]. Therefore, electron-hole pairs (EHPs) can be produced by these particles 

in the 5 µm wide Si walls and the Si region below the trench bottoms with a depth (d) of 

5 µm from the trench bottoms. The associated region is highly p-type and therefore 

equipotential. There is no electric field present in this region, and as such EHPs cannot be 

separated there. It verifies the role of Si in this type of detector as a conductor and a 

supporting wafer. The 10B filled microstructured Si detector (where Si p-n junction is 

utilized) require a junction where alpha particle create EHPs. For microstructured Si 

detector previously fabricated by our group [37], B diffusion was performed in the same 

CVD system for 800 oC for 10 minutes compared to the 1350 oC for 7 hours for hBN-Si 

template detectors. So, the role of hBN here is different from the role of B filling in Ref. 

[37]. Moreover, the p-n junction is not used here, since both the top and backside of the 

silicon wafer is p-type and there is no access to the middle n-type region of the wafer. 

Further, the full wafer piece was used for hBN deposition and hence the back side of the 

wafer is p-type due to diffusion.  
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8. CHARACTERIZATION OF hBN DETECTORS 

8.1 Deep UV detection 

DUV excitation response of the fabricated detectors was determined by measuring 

the device current corresponding to incremental bias voltages in a dark state and in the 

presence of a DUV light source. DUV response measurement was performed before 

thermal neutron response measurement on hBN-based detectors to determine the charge 

collection in these hBN films. As the DUV excitation source, a UVP pen ray lamp was 

used. This pen lamp has an emission intensity of 0.16 mW/cm2 at a distance of 19.05 mm, 

corresponding to the DUV wavelength of 184.9 nm [12]-[15]. Detector of all four 

configurations (with hBN films grown on both sapphire and Si substrates) showed a strong 

response to DUV light, confirming their ability to work as DUV detectors.  

An important factor considered in the detectors’ response to DUV excitation is the 

presence or absence of persistent photoconductivity (PPC). PPC is termed as the 

photoinduced conductivity that persists for a long time (e.g., minutes, hours or days) after 

the termination of optical excitation source. Photoconductivity prevails in these materials 

after photoexcitation termination and results in a variation in carrier concentration with 

time. EHPs are generated during photoexcitation, and concentration of carriers (e.g., 

electrons) would decay with time depending on the recombination lifetime: 

푛(푡) = 푛(0)푒              (8.1) 

which yields: 

푡 = 휏 log [ ( )
( )

]            (8.2) 

Some electrons do not recombine with the holes and are captured by traps. These 

trapped electrons result in excess holes in the valence band and thus slows down the 

photocurrent decay with an increase in the trapping time [139]. Such a trap (in the 

forbidden gap region) can store charge carriers for a considerable time before ejecting 

them to the valence band or conduction band [139]. PPC is also a strong function of 

temperature; decay time associated with PPC becomes longer with decreasing 

temperature.  

Random local potential fluctuations (RLPF) model and large lattice relaxation (LLR) 

model are two widely researched mechanisms used to explain PPC [140]-[142]. RLPF 
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model is much less significant for III-V semiconductor alloys than for II-VI semiconductor 

alloys [141]. According to the RLPF model, local potential fluctuations in compound 

semiconductors can arise from compositional fluctuations, intrinsic disorders, and 

extrinsic charged impurities [140], [141]. Photoexcitation creates equal number of 

electrons and holes, where electrons are stored in low potential sites the conduction band 

and holes are stored in the in low potential sites the valence band [141]. These potential 

minima can be spatially separated because of the local potential fluctuations mentioned 

above, and it can result in a reduced probability of electron-hole recombination, i.e., long 

recombination lifetime [141]. Consequently, photocurrent decay time becomes long as 

determined by Eq. (8.2).  

At high temperatures, electrons can be thermally activated from local potential 

minima to maxima to recombine with holes [141], [142]. Electron-hole recombination 

barrier can thus be approximated as the difference in average energy between the local 

potential minima and maxima, which ultimately depends on the degree of local potential 

fluctuations [141]. PPC decay rate is a function of the overlap between electron and hole 

wavefunctions which increases with temperature and nonequilibrium electron–hole 

concentration [140]. Higher temperature and higher photon dose (i.e., higher photon 

intensity) would therefore cause smaller electron–hole recombination lifetime and faster 

PPC decay [140].  

According to the LLR model, long electron-hole recombination lifetime originates 

from the defects which are bi-stable between a shallow and a deep energy state [142]. DX 

center is an example of such defects which arises from the transformation of a shallow 

donor to a deep donor through large lattice relaxation [142]. Under photoexcitation of 

sufficient energy, electrons can be transferred from a DX center to the conduction band, 

and this deep donor is converted to a metastable shallow donor state [142]. There arises a 

potential barrier around the defect, approximated by the difference in lattice relaxation 

between the shallow and deep states [142]. This barrier prevents the recapture of electrons 

into the stable deep state when the photoexcitation is turned off [142].  

DUV response of an hBN/sapphire lateral MSM detector is illustrated in Fig. 8.1 (a) 

which shows the I-V characteristics of such a detector under the conditions: (i) presence 

of DUV excitation and (ii) absence of DUV excitation (dark state). This MSM device (also 
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termed as device D) is based on a 15 µm thick hBN/sapphire film, and has an electrode 

spacing of 250 µm and device area of 14 mm2. This undoped hBN epilayer showed a 

resistivity of ~3 × 109 Ω cm, which results in a very low dark current for this detector.  As 

shown in Fig. 8.1 (a), the photocurrent for this symmetrical structure MSM device is equal 

in magnitude for equal positive and negative bias voltages. Photocurrent decay kinetics 

for the same detector at a bias voltage of 150 V is demonstrated in Fig. 8.1 (b) which 

indicates the absence of significant PPC effects for this detector.  

 

 

Figure 8.1: (a) I-V characteristics and (b) photocurrent decay kinetics (biased with 
150 V) of an hBN/sapphire lateral MSM device. This device has ~15 µm thick hBN, 
an area of 14 mm2 and an electrode spacing of 250 µm. 

 

Figure 8.2: Spectral response of an hBN/sapphire lateral detector. For this detector, 
hBN thickness is 15 µm and electrode spacing is 250 µm. 
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Figure 8.2 shows the spectral response of the same hBN/sapphire lateral detector as a 

function of wavelength (λ). The detector, biased with 10 V, shows a cutoff wavelength 

(λC) of 225 nm, which corresponds well with EG = 5.47 eV measured for hBN films from 

optical absorption measurements in this work [13]. Peak responsivity wavelength (λP) is 

215 nm. Responsivity decreases sharply for wavelengths larger than λC, since these 

photons have insufficient energy to overcome bandgap energy and create electron-hole 

pairs. Absorption coefficient is very large and increases sharply with decreasing λ for λ < 

λC [13]. UV light penetration depth also decreases accordingly. In this wavelength range, 

carriers are generated near the surface with increased carrier recombination due to small 

surface recombination lifetime. For λ < λP, surface recombination effect dominates and 

responsivity decreases with decreasing λ.   

 

 

Figure 8.3: I-V characteristics of a vertical MSM detector under DUV excitation 
from (a) negative electrode and (b) positive electrode. The 1 mm2 area detector is 
based on 17 µm thick hBN. 

hBN/sapphire vertical MSM detectors also showed an excellent response to DUV 

excitation. Fig. 8.3 illustrates the DUV response of a vertical MSM detector with an area 

of 1 mm2 and hBN thickness of 17 µm. When negative electrode is illuminated with the 

DUV light, electron is the dominantly contributing charge carrier. Similarly, in case of 

DUV illuminated positive electrode, hole is the dominantly contributing charge carrier. 

These detectors show similar photocurrent decay kinetics (not shown here) to 
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hBN/sapphire lateral MSM detectors, indicating that PPC effects are also not present in 

these detectors. 

 

 

Figure 8.4: (a) I-V characteristics of a 3 × 2 mm2 area hBN/Si MSM device with an 
electrode spacing of 16 µm. (b) Photocurrent decay kinetics of the same device biased 
with 95 V. 

 

Figure 8.5: (a) I-V characteristics of a 0.36 cm2 area hBN-Si template detector (with 
45 µm deep and 5 µm wide trenches). (b) Photocurrent decay kinetics of the same 
device biased with 180 V. 

hBN/(111)Si lateral MSM devices and hBN-Si trench structured detectors also 

demonstrated a strong DUV response, which can be seen in the I-V measurement data of 

a 3 × 2 mm2 area hBN/Si MSM device and a representative 0.36 cm2 area device in Fig.  
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8.4 (a) and Fig. 8.5 (a), respectively. The hBN-Si template device was exposed to the UV 

source from the front side through the front Ni contact. Since the front contact is 10 nm 

thick Ni, a portion of the UV gets transmitted to the detector. No noticeable PPC effects 

are present for both device structures, as indicated by the photocurrent decay kinetics of 

the hBN/(111)Si MSM detector (biased at 95 V) illustrated in Fig. 8.4 (b) and hBN-Si 

template detector (biased at 180 V) shown in Fig. 8.4 (b). 

For the biased hBN/Si MSM device, the current remains the same when room light is 

turned on from the dark state, as shown in Fig. 8.4 (b). It indicates that the device does not 

respond to room light. Even when the sample is excited using the bright microscope light, 

the current remains the same. Only when the DUV light is shone on the device, there is a 

change in the current under bias. It implies that the current path does not involve Si and 

current only goes through hBN strips separated by the electrodes [15]. A current path 

through Si would have resulted in a higher current under room light than dark current. The 

MSM device was exposed to the DUV source from the front side (hBN side). Most DUV 

light should be absorbed by the top ~ 1 µm of hBN creating electron-hole-pairs, to be 

collected by the applied electric field in hBN between electrodes. Hence, higher current 

in presence of DUV light is from hBN layer only, with no contribution from Si [15]. 

Relative spectral response was also measured for this detector (not shown here), which 

shows very sharp increase of current when incident wavelength is <225 nm, similar to the 

hBN/sapphire lateral MSM detectors.  

Even when the current path is through silicon, hBN is high resistivity material and 

silicon is comparatively of very low resistivity. Moreover, silicon is heavily doped with 

p-type caused by diffusion during the deposition. So, delta changes in carriers generated 

in silicon cannot be collected through the insulating hBN layer. So, any change in the 

current must come from the carrier generation in the hBN.  

Furthermore, the hBN-Si template device, similar to the hBN/Si MSM device, 

showed no response to room light as evidenced by Fig. 8.5 (b). This means, EHPs 

produced in the Si under room light exposure are not collected due to the high resistance 

of hBN. They are also generated in the area where electric field is zero or the region is 

equipotential and far away from the junction. This further confirms the theoretical 

calculation presented in section 7.4 regarding the p+ equipotential region formation in Si 
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trench structure. For both positive and negative biasing polarity (with the same voltage 

magnitude), this hBN-Si template device showed similar nuclear reaction pulse height 

spectra (i.e., count rate) and similar magnitude of dark and UV current [15]. Device 

performance does not depend on the direction of electric field applied, further confirming 

the p+ region formation in Si, which allows Si to act as a conductor in this device 

configuration. 

8.2 Mobility-Lifetime Product Characterization 

Intrinsic neutron detection efficiency of solid-state neutron detectors (SSNDs) is 

directly related to their charge collection efficiency. Carrier mobility-lifetime product (µτ) 

refers to an important figure of merit for a SSND, since µτ product determines the charge 

collection efficiency of the detector. For an hBN-based neutron detector, 10B isotope of 

hBN material absorbs the incident thermal neutron and creates highly energetic alpha and 
7Li ions by a fission reaction. Electron-hole pairs are generated by these energetic charge 

particles (from the nuclear reaction) or by optical excitation (with energy above the 

bandgap of hBN). 

Electron-hole pairs are collected (without getting trapped) by the electrodes under the 

applied electric field if carrier transit time (which equals  or ) in the material is smaller 

than the recombination time (τ) of the associated free carriers, where L, E and V represent 

the physical distance, electric field and voltage between the electrodes, respectively [1].  

To achieve high charge collection efficiency and thus high detection efficiency, µτ 

products of electrons and holes need to be high to make sure that, 

 휏 ≥ =     표푟    μ휏 ≥ =   (8.3) 

µτ products are related to mean carrier drift length (휆 = μ휏퐸), and the condition for most 

of the charge carriers being collected by the electrodes is,  휆 ≥ 퐿.  

Many conducted research on charge carrier transport for semiconductor detectors and 

detailed the understanding of how applied electric field affects the charge collection in 

detectors based on wide band gap material [143]. Measurement of the photocurrent-

voltage characteristics was used for determining µτ products for charge carriers, where 

photocurrent increases roughly linearly with low voltages and saturates with high bias 
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voltages. Saturation of photocurrent indicates that all charge carriers (i.e., electrons and 

holes) are collected by the electrodes before they are recombined or trapped [143]. Hecht 

[144] and Nemirovsky et al. [145] also investigated charge collection of semiconductor 

detectors for different configurations. For semiconductor detectors, electron-hole pair 

generation, induced charge in the electrodes and current in the external circuits are further 

explained in Ref. [146]-[149]. 

Let us first consider the case when carrier excitation is uniform throughout the film 

along the electric field. The distance between the electrodes is L, i.e., the region considered 

is bounded by the planes x = 0 and x = L. Electric field E is along the x-axis and only one-

dimensional flow (along the x direction) is considered. Cathode is assumed at x = 0 and 

anode is assumed at x = L.  

When DUV light is illuminated on the sample, electron-hole pairs are created in the 

depth equal to the absorption length of the light which is a function of light wavelength 

and the material (hBN). Under the influence of the applied electric field, the electrons 

move towards the anode and the holes move towards the cathode. hBN is undoped, and 

the device configuration essentially works as an undoped photoconductor with no space 

charge, similar to that of Ref. [143]. This makes the electric field constant. Under steady-

state conditions, continuity equation for electrons can be expressed as (neglecting 

diffusion currents):  

퐺 − − μ 퐸 = 0    (8.4) 

Where G is the volume excitation rate arising from deep UV illumination, n is the 

electron density, µn is electron mobility, and τn is electron lifetime. A similar continuity 

equation for holes could be written with n, µn and τn replaced by p, µp and τp, respectively. 

p, µp and τp refer to the density, mobility, and lifetime for holes, respectively.  

Electrons are continually being swept away by the applied electric field at the cathode, 

i.e., x = 0. This boundary condition (n (0) = 0) yields the following solution of Eq. (8.4): 

 푛 (푥) = 퐺휏 (1 − 푒 )  (8.5) 

Electron current (In) can be calculated as:  

퐼 =
푞퐴μ 퐸
퐿

푛(푥)푑푥 = (푞퐺퐴퐿) 
μ 휏 퐸
퐿

 1 −
μ 휏 퐸
퐿

1 − 푒   
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= 퐼 1 − 1 − 푒 = 퐼 1 − 1 − 푒     (8.6) 

where A is the cross-sectional area, q is the charge of electron (or hole), I0 = 푞퐴퐺퐿 is the 

saturation current, and 휆 =  μ 휏 퐸 is the mean electron drift length. Hole current has a 

similar form: 

퐼 = 퐼 1 − 1 − 푒 = 퐼 1 − 1 − 푒      (8.7) 

where 휆 =  μ 휏 퐸 is the mean hole drift length. These two equations for electron and 

hole current can be added together to obtain the total current. 

퐼 = 퐼  1 − 1 − 푒 + 1 − 1 − 푒               (8.8) 

This equation is the well-known Many’s equation [143]. An analysis of Eq. (8.6) 

shows that if λn << L, the term 1 − 푒  goes to 1. Therefore, the electron current 

becomes 퐼 = 퐼 = 퐼  . It indicates that current shows a linear dependence on the 

applied electric field (or voltage, V = EL) for low electric fields (i.e., low λn = µnτnE 

values) [143]. But with increasing E and λn values, electron current departs from the linear 

relation with E, and saturates when λn >> L. Another consideration for such devices is 

whether only one type of carrier transport is present or both carrier types are present. The 

transition from the linear range to the saturated range in the I-V curve will be sharp for a 

single carrier transport consideration [143]. On the other hand, the transition becomes 

gradual and less sharp when both types of charge carriers are present and their µτ products 

are not equal [143].  

There is another type of device configuration where DUV light is illuminated on 

either of the anode or cathode. Let us consider the case where DUV light is illuminated on 

the cathode, i.e., x= 0. In this configuration, the induced signal arises predominantly from 

electron. Incident DUV light gets strongly absorbed near the illuminated electrode. The 

rate of carrier excitation rate (G) is zero everywhere in the device except at the illuminated 

electrode (cathode), since DUV penetration depth is much smaller than L. Assuming 

constant electric field along the x direction, the continuity equation is as follows: 

 퐺 − − μ 퐸 = + μ 퐸 = 0  (8.9) 
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Solving the continuity equation, we get: 

 푛(푥) = 퐶푒 = 퐶푒   (8.10) 

where C is a constant. Surface excitation rate Gs (per unit area) is assumed equal to the 

electron current leaving the illuminated surface with the surface recombination neglected.  

퐺 = μ 퐸 푛(0)            (8.11) 

From Eq. (8.10) and (8.11), we get: 

푛(푥) = 푒            (8.12) 

Photocurrent due to electron is now calculated by: 

퐼 =
푞퐴μ 퐸
퐿

푛(푥)푑푥 =
푞퐴퐺
퐿

 푒  푑푥 =  푞퐴퐺
μ 휏 퐸
퐿

 1 − 푒  

= (푞퐴퐺 ) 1 − 푒 = 퐼 1 − 푒     (8.13) 

where I0 = 푞퐴퐺  is the saturation current. 

On the other hand, when the illuminated electrode is anode, hole is the dominant 

carrier and the current can be given by: 

 퐼 = (푞퐴퐺 ) 1 − 푒 = 퐼 1 − 푒  (8.14) 

Eq. (8.13) and (8.14) are simplified Hecht’s equations for the cases of negative and 

positive illuminated electrodes, respectively.  

8.2.1 In-plane Mobility-Lifetime Product of hBN/sapphire 

In order to obtain the in-plane µτ product for the charge carriers, the photocurrent (I) 

of a representative hBN/sapphire lateral MSM detector (detector D) was measured as a 

function of the applied voltage under DUV excitation. The hBN film thickness of the 

device is 15 µm, electrode spacing is 250 µm and device area is 14 mm2. Figure 8.6 shows 

the associated I-V characteristics. DUV light was shone on the top surface of the 

interdigitated electrode MSM device, and the relative contribution from electrons and hole 

cannot be determined in this configuration. Charge collection in this lateral MSM device 

is along a-axis. Carrier excitation in hBN is uniform along the direction of electric field. 

Further, penetration depth of the DUV light is ~0.1 µm (as indicated by the high absorption 

coefficient of hBN at the DUV wavelength in use), and electron-hole pair generation is 
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also limited to this depth from the top surface. For such device and DUV excitation 

configuration, both µnτn and µpτp values are obtained from fitting the measured I-V curve 

with the I-V relation given by the Many’s equation [143], as described below: 

퐼 (푉) = 퐼  1 − 1 −  푒 +   1 −  1 − 푒     (8.15) 

Fitted µτ products for this 15 µm hBN film are, µnτn =3 × 10-7 cm2/V and µpτp = 5 × 

10-8 cm2/V [12]. Similar µτ values were previously reported for hBN thin films on sapphire 

(µnτn = µpτp = 2.83 × 10-7 cm2/V) [1, 2].  

 

 

Figure 8.6: I-V characteristics of a 14 mm2 area hBN/sapphire lateral detector under 
DUV excitation. The detector has 15 µm hBN, and an electrode spacing of 250 µm. 

The room-temperature diffusion length (LD) for electrons and holes can be calculated 

using Einstein’s equation [1] (with respective µτ product), 

 퐿 = μ휏  (8.16) 

where KB=1.38 × 10-23 m2kgs-2K-1 is the Boltzmann’s constant, q is the charge of an 

electron, and T is the temperature in Kelvin. Diffusion length of charge carriers (i.e., 

electrons or holes) in a semiconductor is defined by the average distance the relevant 

carrier travels before recombining, and the carrier transport is due to diffusion (i.e., 

concentration gradient directed movement). Calculated diffusion lengths for electrons and 

holes using Eq. (8.15) are 0.88 µm and 0.36 µm, respectively. 
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8.2.2 Out-of-plane Mobility-Lifetime Product of hBN/sapphire 

In order to obtain the out-of-plane µτ product for the charge carriers, the photocurrent 

of an hBN/sapphire vertical MSM detector was measured as a function of the applied 

voltage under DUV excitation. The vertical MSM detector has 17 µm thick hBN with top 

and bottom Au contact, and the device area is 1 mm2. Figure 8.7 (a) and (b) show the 

associated I-V characteristics.  

 

 

Figure 8.7: I-V characteristics of an hBN/sapphire vertical detector under DUV 
excitation from (a) negative and (b) positive electrode. This 17 µm hBN based 
detector has an area of 1 mm2. 

In this case, DUV illumination was done in a different way from the lateral detectors. 

The light is incident on either of the positive or negative electrode. The same DUV light 

source is used to generate electron-hole pairs below the incident contact. Penetration depth 

of UV light is only ~0.1 µm. Hence, generated photocurrent is predominantly due to single 

carrier transport. When UV light is incident on the positive electrode, hole transport is 

dominant. When UV light is incident on the negative electrode, electron transport is 

dominant. For such a case, I-V characteristics are given by Hecht’s equation [144]: 

퐼 (푉) = 퐼  푉 − 푉 푒 푉 ,푤ℎ푒푛 푛푒푔푎푡푖푣푒 푒푙푒푐푡푟표푑푒 푖푠 푖푙푙푢푚푖푛푎푡푒푑  (8.17) 

퐼 (푉) = 퐼  푉 − 푉 푒 푉 ,푤ℎ푒푛 푝표푠푖푡푖푣푒 푒푙푒푐푡푟표푑푒 푖푠 푖푙푙푢푚푖푛푎푡푒푑    (8.18) 
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For this 17 µm hBN film, fitted out-of-plane µτ products are: µnτn =4 × 10-8 cm2/V 

and µpτp = 10-8 cm2/V. Since µnτn is 4 times µpτp along c-axis, we can assume that µnτn is 

also higher than µpτp along a-axis for the lateral MSM devices considered in work.  

8.3 Alpha and Neutron Response 

8.3.1 Charge Collection 

In case of an ideal hBN-based neutron detector with full charge collection, every 

incident thermal neutron would generate the charged particles of the same energy (equal 

to the Q value of the 10B dominant reaction) and produce a pulse height of the same 

amplitude characterized by the same Q value. All the counts will be in the same channel 

of the multi-channel analyzer for such an ideal detector yielding a sharp peak in the 

corresponding pulse height spectrum. A real detector may deviate from the ideal case for 

different reasons. Some neutrons do not interact with hBN owing to the limited thickness 

of hBN which is smaller than thermal absorption length of 10B. For those absorbed 

neutrons where full energy is deposited, there are non-uniformity in the detector current 

and electronic noise because of statistical fluctuations in charge generation and trapping 

of carriers by recombination centers [150]. Wide bandgap materials (e.g., hBN) have 

numerous advantages over Si as a detector material, arising mainly from orders of 

magnitude lower leakage current. But these detectors have certain disadvantages arising 

from the much higher density of defects and trapping sites in the material leading to a 

much poorer charge collection efficiency. Detectors based on hBN or other wide bandgap 

materials need to be of limited sizes (both thickness and device area) to get reasonable 

carrier transport properties. Further, leakage current for these detectors are relatively 

higher than expected for such large bandgaps because of the defects present. 

For the electric fields applied in an hBN neutron detector (which is essentially a 

photoconductor), drift velocity of the carriers (i.e., electron drift velocity, ve or hole drift 

velocity, vh) is proportional to the applied electric field. Such drift velocities are given by, 

v = µE, where µ is the mobility of the respective carrier. For a planar detector with an 

electrode spacing of L, applied bias of V, and applied electric field of E (=V/L), let us 

consider that an electron-hole pair is generated at a distance x from the cathode and at a 
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distance L-x from the anode. The electron and the hole, under the electric field, travel 

towards opposite directions with drift velocities ve and vh, respectively. If maximum 

charge collection is considered, the carriers are swept out of the detector and collected by 

the electrodes (of the opposite types), rather than being recombined or trapped. 

 

 

Figure 8.8: Schematic of charge carrier movement for an hBN detector under 
applied electric field. 

qEdx is the work done in time dt and is provided by the external bias, where q is 

the magnitude of the charge of electron or hole [146]. Further, Vie(t)dt (i.e., ELie(t)dt) 

represents the electrical energy provided by the external bias in time dt, where ie(t) is the 

electron current [146]. Transient current pulse durations for both electrons and holes are 

determined by the distance they travel. Electron transit time (te) and hole transit time (th) 

are (L-x)/ve and x/vh, respectively. 

Since the work done must equal the energy provided by the external circuit,  

 qEdx = Vie(t)dt = ELie(t)dt  (8.19) 

Electron travels a distance dx in time dt, where electron drift velocity, ve equals dx/dt. 

Therefore, electron current,  

 ie(t) = qve/L (for t < te)  (8.20) 

Similar to electron current, hole current,  

 ih(t) = qvh/L (for t < th)  (8.21) 

These formulas are known as Shockley-Ramo theorem [146]-[148]. 

Electron current is usually much higher than the hole current owing to the higher 

mobility of electrons. Further, the charge is not instantaneously induced in the external 
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circuit, and the process takes an extended time [149]. This phenomenon can be explained 

by one type of charged carrier motion drawing charge slowly from the external circuit on 

one side of the detector and pushing it slowly into the external circuit at the other side 

[149]. Charge carriers are thus spread out in time while passing the external circuit, and 

this phenomenon is termed as transit-time spread [149]. It represents a limiting factor for 

the speed of the detector operation. Since mobility and drift velocity of electrons are 

usually higher than those of holes, transit-time spread has the full width of x/vh [149]. The 

total charged collected in the external circuit is the sum of the areas under ie(t) and ih(t). 

 푄 =  ∫ 푖 (푡)푑푡 +  ∫ 푖 (푡)푑푡 = × + × = 푞 (8.22) 

The maximum charge induced by an electron at a distance x from the cathode equals 

q(L-x)/L. A hole at the same position would induce a maximum charge of qx/L. As a 

result, the maximum charge induced by an electron-hole pair in the external circuit equals 

q, the magnitude of the charge of an electron or hole [145]. It is interesting to note that, 

the maximum charge generated by an electron-hole pair is q and not 2q, which would be 

thought for the two charge carriers. In the case where N electron-hole pairs are generated 

at a distance x from the cathode and both carriers are completely collected by the applied 

electric field, the maximum induced charge equals Nq which is independent of the location 

of the electron-hole generation.  

In a non-ideal hBN-based neutron detector with less than complete charge collection, 

average induced charge for electrons generated at a position x is depends on the 

normalized electron drift length (λn/L) and the normalized distance electrons need to travel 

to induce charges ((퐿 − 푥)
퐿) [145]. Similar relation exists for the holes generated at a 

position x. Under a uniform electric field and in the absence of carrier detrapping, the 

charge collection efficiency (ηCC) of charges collected from a distance x (from the 

cathode) for a planar neutron detector can be determined by Hecht’s equation [144]: 

 휂 (푥) = (1 − 푒  ) + (1 − 푒
 

)                        (8.23) 

It indicates that charges generated at a position x, drifting towards the electrodes until 

they reach the electrodes or get trapped or recombined, contributes a total charge to the 

external circuit which is a function of x. By integrating over x (for both electrons and 
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holes) and averaging over the large number of incident neutrons, the average induced 

charge essentially depends on λn/L and λp/L, and is independent of x. 

8.3.2 Detector Electronics 

All radiation detectors work based on the principle that ionizing radiation generates 

electrons and ions (or holes) in the detection medium. The generated charge is proportional 

to the energy deposited by the ionizing radiation. If the medium is a semiconductor, the 

energy required to generate an electron-hole pair is more than 3 times the bandgap of the 

material. For a solid-state neutron detector, neutron detection is a multi-step process where 

energetic charged particles (alpha and lithium ions) are emitted in opposite directions from 

a neutron absorption reaction and these particles generate electron-hole pairs in the charge 

collecting semiconductor. The motion of these charge carriers generates a transient current 

in the detector and the associated electronics (by current continuity). 

 

 

Figure 8.9: Experimental setup used for pulse height spectra measurements. 

Total deposited energy by the energetic charged particles in a solid-state neutron 

detector is proportional to the total induced charge rather than the current. Since charge is 

the integral of the detector current, the detector is connected to a charge sensitive 

preamplifier. A charge sensitive preamplifier detects the total amount of charge induced 

by the detector (from an incident thermal neutron), by integrating the pulse of current from 

the detector using a small feedback capacitor. The output of the preamplifier is a voltage 

pulse with a step directly proportional to the time integral of the detector current [150]. 

The feedback capacitor is slowly discharged by a large resistor (in parallel to the capacitor) 

and brings the preamplifier output to its original state. Charge sensitive preamplifiers need 
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to have a low input impedance, as compared to the voltage sensitive preamplifiers, 

allowing them to sink (or supply) charge from the detector [150]. 

A shaping amplifier is connected to the output of the preamplifier. The shaping 

amplifier shapes and amplifies the pulse (from preamplifier) and filters out noise to 

maximize signal-to-noise (SNR) ratio, and thus enables accurate neutron counting under 

realistic circumstances [150]. The output voltage pulse from the shaping amplifier, with 

the pulse height proportional to the energy deposited by the nuclear reaction product 

charged particles, is sent to a multichannel analyzer which produces the resultant pulse 

height spectrum or output spectrum. This is essentially a histogram showing the number 

of pulses with amplitudes within the range of each channel of the multichannel analyzer 

[150]. In this work, pulse height spectroscopy was performed using an ORTEC 142PC 

charge sensitive preamplifier, an ORTEC 672 pulse shaping amplifier, and an ORTEC 

ASPEC-927 multichannel analyzer (MCA). Figure 8.9 shows the experimental setup used 

in this work for pulse height spectra measurements. 

 

 

Figure 8.10: A simplified diagram of a detector’s connection to a charge sensitive 
preamplifier. 

Figure 8.10 shows a simplified diagram of a detector (with a capacitance of CDET) 

connected to a preamplifier [151]. For the inverter voltage gain of A, output voltage is,  

 V0 = -AVi  (8.24) 

Assuming no current flows into the amplifier input, the input impedance is Zi is infinite. 

The feedback capacitor Cf connects the input and output terminals. Voltage difference 

across the feedback capacitor is,  

 Vf = Vi (A+1)  (8.25) 
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Since Zi = ∞, the charge deposited on this capacitor is Qf equals Qi. Further,  

 Qf = VfCf = Vi(A+1)Cf  (8.26) 

Effective input capacitance therefore equals  

 Ci = Qi/Vi = Cf (A+1)  (8.27) 

The preamplifier’s gain,  

 A = = =
( )

≈  (when A >> 1)  (8.28) 

Preamplifier output voltage V0 equals Qi/ Cf. For the detector connection to preamplifier, 

some charge QDET remain on the detector from the total charge QTOT produced [151]. Only 

Qi charge out of QTOT flows into the preamplifier.  

=  
 

=
(  )

=  
 

=
 

  (8.29) 

where Qi/QTOT represents the fraction of the total charge measured and it is close to 1 if 

CDET << Ci. It indicates that detector capacitance should be much lower than the input 

capacitance of the preamplifier (product of the inverter gain and the feedback capacitor) 

to ensure preamplifier collects almost all charges generated in the detector [151]. In order 

to make the preamplifier insensitive to the external capacitance changes, the input 

capacitance must be much greater than not only detector capacitance but also the 

capacitance of the input cabling. Preamplifier open loop gain is therefore required to be 

large (greater than 10,000), since Cf is usually 10-12 F [151]. 

The charge sensitive preamplifier can be connected to the detector in two different 

configurations. They are direct coupled (DC) mode and AC coupled mode. Figure 8.11 

illustrates these two configurations. For DC coupling, one leg of the detector is connected 

to the bias supply (required for most detectors) and the other one to the preamplifier input. 

Not only the signal current, but also the dark current is sourced or sunk by the preamplifier 

input in this connection. A DC offset is produced at the preamplifier output by the detector 

current. For example, an offset of 0.2 V is produced per 1 nA of detector current in 

Cremat's CR-110 preamplifier [152], [153]. If the offset at the preamplifier output is very 

large, output saturation can occur. Usually, for detector current exceeding some large 

value (e.g., 10 nA for Cremat's CR-110 preamplifier), AC coupled mode connection is 

preferred to DC coupling mode to prevent the DC offset problem [152], [153].  
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AC coupled (bypassed) connection bypasses the dark current to get rid of the DC 

offset problem. AC coupling mode was used for connecting the ORTEC 142PC charge 

sensitive preamplifier to the detector in this work. Counting rate capability increases with 

AC coupling, since DC current does not go into the preamplifier input and saturation of 

preamplifier output occurs only when output swing becomes large enough to go past the 

rail-to-rail output range of the preamplifier [152], [153]. 

 

 

Figure 8.11: Preamplifier connection to the detector in (a) direct coupled mode and 
(b) AC coupled mode.  

AC coupling can have two disadvantages. The first one is the presence of two 

different decay times of the preamplifier signal: one from the preamplifier and the other 

(slower) one is due to coupling capacitor times the bias resistor [152]. Though the second 

decay time is not important for most applications, it should be considered when the signal 
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shape at very long times is important [152]. The second disadvantage arises from the bias 

resistor which is a source of thermal noise [152]. But careful choice of the bias resistor 

can make the thermal noise negligible compared to the noise associated with detector 

leakage current [152]. 

For pulse height (energy) spectroscopy, pulse shaping amplifier provides pulse-

shaping controls for optimized performance of the associated analog electronics. Linear 

pulse-shaping amplifier is usually employed for the best resolution in pulse-height or 

energy spectroscopy. This amplifier has output pulse width ranging from 3 to 70 µs, 

determined by the shaping time constant used [154]. Pulse-shaping amplifiers converts the 

preamplifier output pulses (of mV range) into 0.1 V to 10 V range [154], which is essential 

for accurate measurements of pulse heights with analog-to-digital converters.  

The concept of pulse-shaping amplifier can be explained by a simplified combination 

of a CR high-pass filter and an RC low-pass filter [154]. A pulse-shaping amplifier accepts 

the pulses provided by the preamplifier output, usually resistive feedback preamplifier, 

and such pulses comprise fast rising steps and slow exponential decays. The amplitude of 

the step is proportional to the energy deposited by the event under measurement. The slow 

decay times are determined by the feedback capacitor and resistor of the preamplifier. 

While 50 µs is a usually observed decay time constant, even larger decay time constants 

are seen on some preamplifiers [154]. Preamplifier circuits are usually adjusted to attain 

good charge collection and that causes long decay times of the preamplifier output pulses. 

The CR high-pass filter of the pulse-shaping amplifier modifies the preamplifier output; 

it improves SNR by attenuating low frequencies (containing little signal and mostly noise) 

and shortens the decay time [154]. This modified signal then passes through the RC low-

pass filter which improves SNR by attenuating high frequencies (containing excessive 

noise) and increases the rise time of the pulse [154]. The result is a much suitable pulse 

for the next ADC step.  

For the preamplifier output, the rising step from a detector event can overlap on the 

exponential decay of the previous detector event for normal or large count rates [154]. 

Preamplifier output pulses therefore cannot return to the baseline in these cases [154]. 

Since the pulses occur randomly (with the detector events being irregular) and pulse 

heights are also irregular, the piling up of pulses on the tails of previous event related 
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pulses increases with increasing count rate [154]. Preamplifier output thus moves further 

away from the baseline and power supply voltages ultimately limit the excursions and 

therefore the maximum tolerable counting rate [154]. Baseline restorer circuits are 

incorporated in most pulse shaping amplifiers to tackle this issue and they hold the 

baseline between the event pulses at the ground potential irrespective of the count rate 

changes [154]. 

 

 

Figure 8.12: Output pulse shape from (a) preamplifier and (b) shaping amplifier 
connected to the preamplifier [154]. 

While long pulse widths are desired for optimum energy resolution for many 

preamplifiers connected to detectors, high count rates need short pulse widths [154]. This 

creates a fundamental conflict between the requirement of optimum energy resolution and 

high counting rates. A pulse-shaping amplifier makes the decay time of the preamplifier 

output pulse much shorter, which allows acceptable counting rates of the detector 

configuration. The amplifier preserves the energy information (step amplitude of the 

preamplifier output pulse) and brings the pulses to the baseline before the beginning of the 

next pulse; it enables the analog-to- digital converter (ADC) to relate the event energy to 

the pulse height from the baseline level [154]. These resulting shorter pulse widths make 

fast counting rates possible without pulse pile-up. Pulse pile-up is only a concern once the 

preamplifier output has been filtered through a pulse-shaping amplifier [153], [154]. 

Typically, pile-up occurring before the shaping amplifier for some events do not exist at 

the shaping amplifier output, with pulses separated from one another [153], [154].  
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8.3.3 Electronic Noise Source 

Ground loops in the front-end instrumentation could be a major source of noise. 

Ground loops or earth loops are created when front-end electronics are grounded at more 

than one point causing multiple electrical paths for current to flow to ground [152]. Current 

flows through the conductor connecting two theoretically same potential points, which 

actually have different potentials. Nearby radio frequency signals can cause a current in 

the ground loop through electromagnetic induction [152]. Nearby electrical equipment can 

also draw current from the local grounds, thereby producing small but significant voltage 

drop across the ground connection [152]. To avoid these ground signal mixing with the 

detector signal by ground loop formation, extra and inadvertent connections to detector 

ground needs to be avoided. 

 

 

Figure 8.13: Ground loop formation in the front-end instrumentation [152]. 

Equivalent noise charge (ENC) in a detection system with charge sensitive 

preamplifiers has the following sources [152]: 

(1) Series thermal noise from the input JFET of the preamplifier. This noise is 

proportional to the input capacitance of the preamplifier. 

(2) Parallel thermal noise from the feedback resistor and the biasing resistor. 

(3) Shot noise from the detector leakage current, 
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(4) Series 1/f noise from the electrical contacts of the detector and the preamplifier’s 

input JFET. 

(5) Parallel f noise from the lossy dielectric material close to the preamplifier input. 

There are certain ways which can be adopted to decrease the noise in a detection 

system and improve the detection efficiency of the system. Inductive pick-up from nearby 

circuits can be avoided by properly shielding the detection circuitry (e.g., by covering the 

detector with a lightproof Al box, as done in this work) and by making sure there is no 

unintentional ground loop. Preamplifier package needs to be kept small and as close to the 

detector as possible which would reduce the input capacitance caused by the cabling. Even 

short coaxial cable connection between the detector to the preamplifier could result in 

significant noise. 

Bias resistor in the AC coupling needs to be carefully chosen, since it is source of 

parallel thermal noise which is inversely proportional to the square of the resistor value. 

When voltage drop across the bias resistor is approximately 2kT/q (= 50 mV), detector 

shot noise and thermal noise of the bias resistor are equal [152]. For bias resistor voltage 

drop much larger than this value, thermal noise caused by the bias resistor becomes 

insignificant compared to the shot noise [152]. However, excessively large bias resistor 

can cause a very large voltage drop and significantly reduce voltage drop across the 

detector [152]. Further, Parallel f noise can be significant in some cases, caused by the 

proximity of lossy dielectric materials at the preamplifier input. Input traces on the circuit 

board needs to be as short as possible to avoid this noise [152]. 

8.3.4 Alpha and Neutron Source 

hBN based solid-state neutron detectors were tested for their alpha response using a 

1.0 kBq 241Am alpha source (Eα= 5.5 MeV) and the source was placed on top of the 

detectors at the time of the measurements. Neutron response of the detectors was measured 

using a moderated californium-252 (252Cf) neutron source. 252Cf isotope is a strong 

neutron source with a half-life of 2.57 years, and it emits 2.34 × 1012 neutrons per second 

per gram by spontaneous fission process [155]. The fission spectrum has an average 

energy of 2.3 MeV with a gamma emission rate of 1.3 × 1013 photons per second per gram 

[155]. Absorption cross-section of neutrons increases with decreasing neutron energy, 
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since the time spent by a neutron (the projectile) in the vicinity of the nucleus (the target) 

is inversely proportional to the relative velocity between them. Therefore, it is desirable 

to slow down the fast neutrons coming from the 252Cf neutron source and convert them 

into low-energy (0.0259 eV) thermal neutrons before they are incident on the detectors. 

Fast neutron emitting 252Cf source in this work is encapsulated in a large high-density 

polyethylene (HDPE) block (density ~0.959 g/cm3) that acts as the moderating material 

[34]. The schematic diagram of the 252Cf source setup is illustrated in Fig. 8.14. The 

moderator has a size of 61 × 61 × 40 cm3, and the 252Cf source was placed 2.5 cm away 

from the 61 × 61 cm2 front face of the moderator [33], [34]. The source was embedded in 

the center of the moderator front face [33], [34]. Neutron moderator is usually built of 

hydrogenous material (such as polyethylene or paraffin) with lots of light nuclei which do 

not absorb neutrons and slows down the neutron by elastic collision. Fast neutrons coming 

out of the neutron source (252Cf in this work) lose their energy by colliding many times 

with light nuclei of the moderator and become roughly of the same energy as the thermal 

energy of surrounding materials [16].  

 

 

Figure 8.14: 3D schematic of a 252Cf source placed in a moderator housing [34]. 
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Average thermal neutron flux from the moderated 252Cf source used in this work was 

previously determined at different distances from the front face of the moderator [33, 34]. 

Two different methods were employed: gold foil activation method and 6Li-glass 

scintillator method [33], [34]. A thermal neutron flux of 1472 neutrons/sec-cm2 was 

recorded on March 10, 2010 at a distance of 10 cm from the moderator housing front face 

[34]. Energy distribution of the neutron flux was also determined previously with the help 

of Monte Carlo N-Particle Transport Code (MCNP) simulations [33], [34], [156]. 

Excellent match was found between the measured and simulated flux values. Overall 

uncertainty in the thermal neutron was found to be less than 5% from the comparison 

between the MNCP calculations and experimentally measured neutron fluxes [33], [34], 

[156]. Simulated neutron flux matches a Maxwellian spectrum with a KT of 0.034 eV. 

 휑 (퐸) ∝  (퐸 퐾푇⁄ )exp (−퐸/퐾푇)  (8.30)  

Microscopic thermal neutron capture cross-section (σ) value is determined as 3450 barns 

at KT = 0.034 eV from the relation of σ and energy and the well-known σ value of 3840 

barns at KT = 0.0259 eV. Macroscopic thermal neutron capture cross-section (Σ) values 

considered in this work are therefore 175.93 cm-1 and 35.01 cm-1 for an enriched hBN layer 

(with ~100% 10B) and a natural hBN film (with 19.9% 10B), respectively. Macroscopic 

neutron capture cross-section is the product of the microscopic neutron capture cross-

section (σ) and the atomic number density of 10B (N), i.e., Σ = σN. For natural hBN (19.9% 
10B), N equals 10.199 × 10-3 atoms/cm3 [12].  

Accurate neutron flux is required for measuring neutron detection efficiency of a 

detector on the specific day of the measurement. It is calculated by the following equation: 

 φ(10 푐푚) = φ (10 푐푚) × 푒  (8.31) 

where φ(10 푐푚) is the neutron flux determined at 10 cm distance on the day of the 

measurement, φ (10 푐푚) is the neutron flux (1472 neutrons/sec-cm2) measured at 10 cm 

distance on March 10, 2010, 휆 is the decay constant of 252Cf (7.17×10-4 /day) and 푡  

is the time elapsed (in days) since the calibration [34]. 

Further, the thermal neutron flux is inversely proportional to the square of the distance 

of the detector from the moderator front face. 252Cf source embedded in the moderator can 

be considered as a point neutron source for the detectors outside the moderator, and the 

neutron flux can be calculated based the following equation: 
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 =  (8.32) 

where 휑  and 휑  are the neutron flux at distances d1 and d2, respectively. For the efficiency 

measurements in this work, detector placement was done at 8 cm. Neutron flux at 8 cm 

distance (on the day of measurement) was determined by using Eq. (8.31) and (8.32). 

8.3.5 Intrinsic Neutron Detection Efficiency Measurement Process 

Intrinsic neutron detection efficiencies of different hBN neutron detectors were 

measured. The detectors were kept in a lightproof aluminum box, which shielded the 

devices from external electromagnetic radiation and noise from inductive pick-up. Three 

separate measurements were performed for each efficiency determination experiment. In 

all three measurements, the associated detector was placed exactly 8 cm away from the 

moderator front face [12]. For the first two measurements, the 252Cf neutron source were 

placed inside the moderator housing. The emission coming out of the moderator does not 

only contain thermal neutrons, but also fast neutrons and gamma rays. For the second 

measurement, a 2-mm thick cadmium (Cd) sheet was placed just outside the moderator 

front face (i.e., in between the detector and the moderator). Cd sheet absorbs thermal 

neutrons (with energies below 0.5 eV) and allows the fast neutrons and gamma rays to go 

to the detector [34]. Since there is no Cd sheet in the first measurement, the recorded 

counts were registered by thermal and fast neutrons and gamma rays. On the other hand, 

only fast neutrons and gamma rays contribute to the counts in the second measurement. 

Therefore, the difference in the count rates (CBare – CCd) from these measurements is 

essentially the count rate recorded for thermal neutrons only, where CBare and CCd are the 

count rates from the first and the second measurements, respectively. The third 

measurement was done with the 252Cf source was taken out the moderator housing and it 

allowed accurate determination electronic noise level of the detector set-up. The intrinsic 

neutron detection efficiency (η) of a detector can be measured by the following equation: 

 휂 =  (8.33) 

where 휑 is the incident neutron flux (per second per cm2) and A is the device area (in 

cm2). Effective neutron conversion efficiency (ηconv) is another important term defined 

and used in this work for characterizing the performance of the detectors. ηconv (= η ηtheory⁄ ) 
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refers to the fraction of the incident thermal neutrons that were counted by the detector 

because of detector-generated charge being larger than the electronic noise level. ηtheory is 

the theoretical maximum detection efficiency for a specific hBN thickness (t). ηtheory 

equals the neutron interaction probability (p) of 10B, as defined by the relation: 

 휂 = 푝 = 1 − 푒 = 1 − 푒  (8.34) 

8.3.6 Response of hBN/sapphire In-plane MSM Detectors 

hBN/sapphire lateral MSM detectors showed a strong response to both alpha and 

thermal neutrons. Figure 8.15 (a) and (b) show the measured pulse height distribution of 

a 40 mm2 area detector indicating its response to alpha and thermal neutron, respectively. 

This detector (termed as detector A) is based on a 2.5 µm thick film and has an electrode 

spacing of 1 mm. The detector was biased at 750 V.  

For alpha response measurement, two pulse height spectra were recorded with the 

detector biased with 750 V, each for 300 seconds. One was with the alpha source placed 

directly on top of the detector and the other one was with the alpha source removed. As 

shown in Fig. 8.15 (a), more alpha particle counts are recorded above the counts associated 

with electronic noise- indicating that hBN detector is sensitive to alpha particles. 

 

 

Figure 8.15: Pulse height distribution associated with (a) alpha and (b) neutron 
response for a 40 mm2 area hBN lateral detector based on 2.5 µm hBN. Electrode 
spacing is 1 mm and applied bias was 750V. 
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The detector showed a strong and reproducible response to thermal neutron, and the 

response was measured by exposing the detector to the moderated 252Cf source mentioned 

before. The device was exposed to the moderated neutron spectrum for 10,000 seconds 

with a bias of 750 V (i.e., a corresponding electric field of 7500 V/cm).  This bias of 750 

V resulted in a consistent and relatively quiet background measurement, i.e., a lack of 

breakdown pulses. The background and neutron responses of the detector, as shown in 

Fig. 8.15 (b), indicate that the recorded counts from to the moderated 252Cf source is above 

the background signal and demonstrate the detector’s ability to detect incident neutrons. 
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Figure 8.16: Pulse height distribution for neutron detection efficiency measurement 
of a 40 mm2 area hBN lateral detector based on 2.5 µm hBN. Electrode spacing is 1 
mm and applied bias was 750V. 

Intrinsic thermal neutron detection efficiency of the same detector was measured. 

Using the decay constant of 252Cf, the thermal neutron flux at 8 cm (the position where the 

detector was placed) was calculated as 380 n/cm2-s during this measurement.  

Measurements of the background noise, the neutron response at the 8-cm position, and the 

Cd-covered neutron response at the 8 cm-position were all collected with a bias voltage 

of 750 V for 420 s.  The pulse height distribution associated with these three separate 

measurements can be seen in Fig. 8.16.  Using a lower-level discriminator (LLD) at 

channel 38, the count rate due to thermal neutrons was calculated by subtracting the Cd-

covered response from the bare 252Cf response.  This count rate, caused by neutrons below 

the Cd cutoff energy (0.4 to 0.5 eV), was 1.3 counts per second (cps). Using the calculated 
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thermal neutron flux, the active area of the device, and this count rate, the determined 

efficiency of this natural 2.5 µm thick hBN based detector was 0.86% ± 0.03% by using 

Eq. (8.24) [14].   

Theoretical maximum efficiency (휂 ) for natural hBN of such thickness is 

0.87%, considering 100% effective charge collection efficiency. Measured efficiency of 

0.86% indicates good charge collection with an effective charge collection efficiency 

(ηconv) of 98% for this detector. This 2.5 µm thick hBN based detector represents the first 

hBN-based solid-state thermal neutron detector with intrinsic thermal neutron detection 

efficiency reported [14]. Previously reported hBN detectors incorporated much thinner 

(0.3 µm) natural hBN films [1], [2]. Intrinsic neutron detection efficiency was not 

estimated for these detectors and theoretical limit of achievable detection efficiency for a 

0.3 µm thick hBN based SSND is as low as ~0.1%.  

The device was connected to an ORTEC 142PC preamplifier, the signal of which was 

input into a ORTEC 672 pulse shaping amplifier.  For alpha response measurements 

(shown in Fig. 8.15(a)), a shaping time of 3 μs and a gain of 300 were employed for the 

pulse shaping amplifier. A shaping time of 3 μs and a gain of 150 were employed for the 

shaping amplifier in case of neutron response measurements, as shown in Fig. 8.15 (b) 

and 8.16. Different background noise levels in the pulse height spectra of Fig. 8.15 (a) and 

(b) and Fig. 8.15 originated from different gain values of the pulse-shaping amplifier and 

different time durations associated.  

hBN detectors of varying hBN thickness (t), electrode spacing (L) and device area 

(A) were tested for neutron response and their detection efficiencies were measured. 

Besides device A (A = 40 mm2, t = 2.5 µm, and L= 1 mm), three other detectors were 

specifically considered for detection efficiency and performance measurement. The 

devices are device B (A = 5 mm2, t =7.5 µm, and L= 250 µm), device C (A = 11.2 mm2, t 

=10 µm, and L= 200 µm), and device D (A = 14 mm2, t =15 µm, and L= 250 µm) [12]. 

Similar to the measurements for the device A, neutron flux values were determined 

for devices B, C, and D from the decay time constant and number of days passed from the 

date of calibration. Calculated φ values at 8 cm from the moderator face were 320 n/cm2-

s, 300 n/cm2-s, and 298 n/cm2-s, respectively for these three devices at the time of the 

corresponding measurements. These detectors were biased at the highest voltage which 
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yielded quiet and reproducible background noise signals. These bias voltages were 450 V, 

600 V, and 700 V, respectively.  

 

 

Figure 8.17: Pulse height distribution for neutron detection efficiency measurement 
of lateral detectors B, C, and D. 

The measured efficiencies of detectors B, C, and D are 2.4 ± 0.2%, 3.2 ± 0.12%, and 

4.7 ± 0.18%, respectively [12]. Figure 8.17 (a), (b), and (c) illustrate the pulse height 

distribution associated with the detection efficiency measurements for B, C, and D 

detectors, respectively. Theoretical maximum detection efficiencies (ηtheory values) for 

these natural hBN detectors (with hBN thickness values of 7.5, 10, and 15 µm, 

respectively) are 2.6%, 3.4%, and 5.1%, respectively. Effective neutron conversion 

efficiency (ηconv) for these three detectors thus exceed 92%, while device A (with 2.5 µm 

thick hBN) showed a ηconv of 98%. It demonstrates the adequate charge collection 

capabilities of all these hBN films with the thickness of 2.5 to 15 µm. In this work, natural 
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TEB source was used for hBN growth yielding natural hBN with 19.9% 10B. Experimental 

works by Doan et al. showed that material quality of hBN is not significantly impacted by 

the choice of MOCVD precursors: natural TEB source (with 19.9% 10B) or enriched TEB 

source (with ~100% 10B) [134]. It indicates identical charge collection capabilities of 

natural and enriched hBN for the same thickness grown using the same CVD system. 

Considering the effective neutron conversion efficiencies of A, B, C, and D detectors, 

detection efficiencies of 4.2%, 11.5%, 14.8%, and 21.4% are therefore expected, 

respectively for the case when hBN films are enriched instead of natural ones. Table 8.1 

summarizes these results. 

Table 8.1: Efficiency values of lateral detectors with different hBN thicknesses. 

 
 

Achievement of close to 100% effective neutron conversion efficiency (i.e., ability to 

count most of the absorbed neutrons) for hBN neutron detectors with thicknesses ranging 

from 2.5 to 15 µm shows the thickness scalability for these detectors. Figure 8.18 shows 

the measured and expected efficiency values for these hBN based detectors. Thicker hBN 

(exceeding 15 µm) based future detectors should show similarly good charge collection 

and detection efficiencies scalable with hBN thickness, as theoretically expected. These 

results demonstrate that the fabrication of hBN thickness-scalable highly efficient thermal 

neutron detectors is possible with the dry processing technique developed by our group. 

A 50 µm thick natural hBN based neutron detector of the same device structure should 

yield an efficiency close to 20%. For a 50 µm thick enriched hBN based neutron detector, 

the expected efficiency is close to 60%.  

Further, lateral detectors are relatively insensitive to gamma rays, which can be 

understood from the pulse height spectra (for intrinsic detection efficiency measurement) 

of Fig. 8.16 and 8.17. For the Cd shielded measurements, the counts arise from incident 
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fast neutrons and gamma rays. For the aforementioned pulse height spectra, pulses arising 

from fast neutrons and gamma rays are almost identical to the background pulses which 

indirectly tells about relative gamma insensitivity of these detectors.     
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Figure 8.18: Theoretical and measured efficiency values of lateral hBN detectors as 
a function of hBN thicknesses. 

Low capacitance and low leakage current requirements generally limit the large area 

realization of 10B filled microstructured Si SSNDs developed by the same group [34]. But, 

capacitance should not be an issue for hBN based devices. hBN has 3 times lower 

dielectric constant compared to Si (4 compared to 11.7 for Si). Cross sectional area is 

smaller and distance between contacts is much larger for hBN based lateral devices than 
10B filled microstructured Si devices. Therefore, device capacitance, CDEV of 

hBN/sapphire lateral SSNDs is ~ 10-14 F/cm2, which is more than five orders of magnitude 

smaller than that of those Si devices. On the other hand, these devices show a leakage 

current, ILEAK of ~0.1 nA/cm2, which is more than an order of magnitude lower than that 

of Si devices. Low CDEV and ILEAK indicate that these detectors have much lower 

background noise and are scalable to larger area (tens of cm2) than the microstructured Si 

detectors. As a result, scaling of lateral MSM device area is not limited by ILEAK and CDEV, 

but by the device processing and the hBN films not getting peeled off from sapphire 

wafers. Excellent potential of area scalability and achievement of close to theoretical 



 

123 
 

efficiencies for different hBN thicknesses (i.e., hBN thickness scalability) suggest that 

hBN lateral MSM detectors can ultimately compete with the industry standard 3He based 

detection technology in near future.  

8.3.7 Response of hBN/sapphire Out-of-plane MSM Detectors 

Vertical MSM detectors also showed strong responses to neutrons. Measured out-of-

plane µτ values for a 17 µm hBN film are, µnτn =3 × 10-8 cm2/V and µpτp = 2 × 10-8 cm2/V, 

which are much smaller than those along in-plane direction in hBN [12]. These anisotropic 

carrier transports observed in hBN thin films arises from the layered structure of hBN 

[132]. Since out-of-plane µτ values are lower than those along in-plane, charge collection 

is poorer in a vertical MSM detector compared to lateral MSM detector [132]. Counted 

neutrons in these detectors fall in the low energy region of the associated pulse height 

spectrum, and noise level becomes more significant. Vertical detectors’ device 

capacitance, CDEV is ~0.2 nF/cm2, which is four orders of magnitude higher than the lateral 

devices. For device area increase from 1 mm2 to 9 mm2 (devices showed in Fig. 7.6 (b) 

and (c)), increased CDEV gives rise to increased noise and lower signal-to-noise ratio. 

Therefore, detector count rate (and efficiency) increases 2.5 times, for 9 times increase of 

device area. It suggests relatively poor scaling of area for hBN vertical MSM detectors, as 

compared to lateral MSM detectors. Figure 8.19 shows the associated pulse height spectra. 

 

 

Figure 8.19: Pulse height distribution for neutron response of vertical detectors with 
(a) 1 mm2 area and (b) 9 mm2 area. Both devices are based on 17 µm hBN. 
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8.3.8 Response of hBN-Si Template Detectors 

The hBN-Si trench structured neutron detectors were tested with the same alpha 

source and the same moderated 252Cf neutron source. These detectors showed good 

response to both alpha and neutron irradiation. Alpha response of a representative 0.36 

cm2 area hBN-Si template detector was measured for 60 seconds with a bias of 400 V. 

The ~45 μm deep and 5 μm wide trenches of this detector were separated by 5 μm thick 

Si walls. The trenches were filled with CVD deposited hBN. Figure 8.20 (a) illustrates the 

pulse height distribution for the detector with the presence of the alpha source along with 

the background spectrum, demonstrating the detector’s response to alpha irradiation. The 

detector was biased at 400 V for neutron response measurement. Figure 8.20 (b) shows 

the pulse height spectra for the presence and absence of the neutron source, each for a 100-

minute measurement duration. These pulse height spectra clearly indicate that the detector 

is sensitive to thermal neutrons. 

Intrinsic thermal neutron detection efficiency of the hBN-Si template detector was 

measured by exposing the device to the same moderated 252Cf neutron source, with three 

separate measurements, as mentioned before for the other detectors. Associated pulse 

height spectra are shown in Fig. 8.20 (c). Thermal neutron flux of 320 n/cm2-sec was 

calculated on the day of measurement. The detection efficiency was measured as 1.1 ± 

0.2% for the 0.36 cm2 area detector [15]. This device would have a factor of 5 higher 

detection efficiency if enriched hBN was deposited in place of natural hBN in this detector. 

Further improvement in the detection efficiency could occur from improved hBN material 

quality on (111) Si trench sidewalls and by device structure optimization. This hBN-Si 

template detector represents the first reported hBN/Si based DUV detector and thermal 

neutron detector [15]. These detector is also relatively insensitive to gamma rays, as 

indicated by Fig. 8.20 (c), following the same explanation used in section 8.3.6 for 

hBN/sapphire based lateral MSM detectors.  

For the hBN-Si template detectors, charge collection might seem to occur only from 

the hBN layer on top of the trenches at the first glance. But charge carriers are also 

collected in the hBN inside the trenches, as expected from the device design. Si trench 

structure does not contribute to the charge collection from the interaction with energetic 

particles (from neutron absorption reaction in hBN). Si works only as a conductor and a 
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supporting substrate in this detector geometry. The detection efficiency is low for the 

device due to the poor crystalline quality of hBN deposited on vertical (111)Si trench 

sidewalls. 

 

 

Figure 8.20: Pulse height distribution associated with (a) alpha and (b) neutron 
response, and (c) efficiency measurement for a 0.36 cm2 area hBN-Si template 
detector. Applied bias was 400V.      
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9. CONCLUSIONS AND FUTURE WORK 

9.1 Accomplishments 

A new ammonia-compatible CVD system was established for hBN growth. The 

system is a low-pressure CVD system that can be operated in a pressure range from 10 

Torr to atmospheric pressure, and a temperature range from 600 oC to 1500 oC with wafer 

sizes up to 2-inch in diameter. CVD growth process was developed for hBN on different 

substrates including sapphire, planar (111)Si, and vertical (111)Si trench sidewalls. These 

films were characterized using XRD, XPS, Raman spectroscopy, UV absorption, SEM, 

and μτ measurements. While the hBN epilayers grown on sapphire substrates were of good 

crystalline quality, hBN films grown on (111) Si were nanocrystalline or turbostratic.  

Influences of growth parameters including nitridation and growth temperatures, V/III 

ratio, carrier gas flow rate were determined for hBN/sapphire growth. Only a low 

temperature (850 oC) 10-minute sapphire nitridation (yielding thin and amorphous 

AlNxO1-x buffer layer) was found suitable for a 1350 oC epitaxial growth of hBN. Non-

nitridated sapphire, polycrystalline AlN buffer or crystalline AlN buffer layer promoted 

disordered hBN growth. An X-ray diffraction θ-2θ scan of hBN films grown at optimum 

conditions demonstrated a peak at a 2θ angle of 26.7o corresponding to the (002) plane 

with the c-lattice constant of 6.66 Å, which is equal to that of bulk hBN. These θ-2θ scans 

only showed the (006) peaks from the substrate and (002) and (004) hBN peaks, indicating 

hBN epilayers to be hexagonal in their phase and highly oriented along the c-axis. 

Crystallite sizes of these hBN films were determined as ~200 nm. Other excellent 

characteristics include a characteristic Raman peak at 1370.5 cm-1, 1:1 stoichiometry, and 

an indirect bandgap of 5.47 eV with high band-edge absorption coefficient. hBN films 

grown on (111)Si are nanocrystalline hBN with crystallite sizes of ~9 nm, showed a 

Raman peak at 1370 cm-1, and excellent stoichiometry from XPS measurements. 

hBN-Si template detectors were based on a novel design approach, where hBN was 

grown on the vertical (111)Si facets of the parallel trenches. Pulse height spectra 

measurements demonstrate the alpha and neutron detection capability of these detectors, 

with a measured efficiency of 1.1%. hBN-Si template detectors are also the first reported 

hBN-on-Si based deep UV and neutron detectors. hBN/sapphire vertical MSM detectors 
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also showed a strong neutron response, but their area scalability is poor owing to large 

device capacitance inherent from the vertical device structure.  

Lateral MSM detectors, fabricated using hBN/sapphire films, required several new 

processes since the films are layered materials and have a peeling-off problem. All-dry 

processes were developed to fabricate the detectors using patterned shadow mask for hBN 

layer etching as well as for metal deposition. Several detectors were fabricated and tested 

for their response to alpha and thermal neutron. Based on these measurements, it is 

estimated that over 92% of the neutrons absorbed by the films are detected for detectors 

based on different thicknesses (up to 15 µm). Thickness scalability of these detectors 

indicate that thicker hBN based detectors will also have higher detection efficiency as 

determined by the exponential relation of detection efficiency and hBN thickness.  

A lateral MSM detector based on 10 μm thick natural hBN film had neutron detection 

efficiency of 3.2%, close to its theoretical limit. The best lateral detector, with 15 µm thick 

natural hBN, showed an efficiency of 4.7%. These results are significant, since the results 

show that the demonstrated efficiency is more than 20% if the hBN were enriched. Thicker 

hBN films grown by this method can therefore produce neutron detectors with high 

efficiency (> 50%). Lateral MSM devices are also area scalable to areas of tens of cm2, as 

indicated by their low device capacitance and leakage current. These lateral detectors are 

also relatively gamma insensitive. Fabrication cost of these detectors is also low, as 

compared to 3He based detection technology.  

Growth of good crystalline quality hBN on sapphire and development of all-dry 

processing for lateral MSM devices introduced the possibility of fabricating devices with 

hBN of any thickness (i.e., tens of microns). hBN thickness scalability, area scalability, 

low-cost fabrication, and relative gamma insensitivity of hBN/sapphire lateral devices 

indicate their potential to replace the 3He based neutron detectors in the future.  
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9.2 Future Work 

    Epitaxial growth of hBN was achieved on sapphire, while turbostratic hBN growth 

was accomplished on (111) Si wafers. Further optimizations in the nitridated buffer layer 

formation, growth temperature and V/III ratio, as well as an efficient cleaning of sapphire 

substrates prior to loading into the reactor should give better crystalline quality hBN on 

sapphire with a higher level of reproducibility. 

Further experiments on the growth initiation is required to improve on the film quality 

for hBN growth on (111)Si. Particularly the initial growth phase needs to be improved, 

since Si3N4 formation probability on silicon is high and this needs to be avoided. hBN 

growth on (111)Si or vertical (111)Si sidewalls starts with a B pre-deposition (a few layer) 

step done with TEB, which might deposit boron carbide instead of the desired B. Diborane 

could be used for the B pre-deposition instead, though optimization will be required to 

make sure that only a few layers of B is deposited before hBN growth starts. Further, for 

hBN growth on trench structured Si, carrier gas (H2) flow could be increased to get reduce 

incorporation of carbon associated with the deposition of hBN. Though final 

demonstration of high efficiency detectors based on Si was not yet done, the results show 

that this is possible if the initial hBN nucleation is well controlled. Demonstration of high 

quality AlN on silicon took several years’ efforts by multiple groups and similar success 

is also possible with hBN on silicon. 

There are scopes for improvement in the device processing of hBN/sapphire lateral 

MSM detectors. For shadow mask based processing, there is an inevitable air gap between 

the shadow mask and the underlying film to be processed which makes it difficult to 

achieve anisotropic etching profile. Employed shadow masks become uneven and yield 

non-reproducible etching results after using a few times. 250 µm thick stainless-steel mask 

is currently being used, which is found to perform more consistently compared to earlier 

150 µm thick masks. Even thicker masks (~400 µm) could be ordered to get even better 

and reproducible results. 15 µm natural hBN based lateral MSM detector with good charge 

collection has already been demonstrated. We plan to achieve the fabrication of a 50 µm 

hBN based MSM detector (natural B device) with almost high effective neutron 

conversion efficiency, leading to an efficiency of ~20%. 
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hBN-Si template devices could be improved with better quality material growth on 

(111)Si vertical sidewalls of parallel trenches and controlled etching of the disordered BN 

film on top of the trenches before the front side metal deposition. Besides, hBN grown Si 

template is found to absorb moisture; this problem can be tackled by deposition of SiO2 

or parylene after device mounting is done. Further optimization is also needed for the front 

and back side contact. 

More characterization of hBN films can be performed. hBN/sapphire films can be 

characterized by photoluminescence (PL) measurements. hBN/(111)Si samples cannot be 

characterized for UV-vis absorption because of the low bandgap of Si and the fact that 

hBN films cannot be lifted off from (111)Si as free-standing films. HNA etch can be used 

to aggressively etch Si to get free standing hBN films detached from the (111)Si substrate. 

HNA is an extremely aggressive acidic mixture of hydrofluoric, nitric and acetic acids. 

XRD measurements of hBN/(111)Si films are also difficult because of the associated kβ 

and kα1 XRD peaks from (111)Si and freestanding hBN films could help perform 

crystallinity comparison of hBN/(111)Si films using XRD. 

For the growth of hBN in this work, natural TEB was used as the precursor. Using 

enriched TEB source, instead of natural TEB source, would yield similar crystalline 

quality hBN and dramatically increase the detection efficiency of the detectors. However, 

enriched TEB source is very costly and such purchase is dependent on the availability of 

funding.  

 

  



 

130 
 

REFERENCES 

 

[1] T.C. Doan et al., “Hexagonal boron nitride thin film thermal neutron detectors with 
high energy resolution of the reaction products,” Nucl. Instrum. Methods Phys. 
Res. A, vol. 783, pp. 121-127, May 2015. 

[2] T.C. Doan, “Thermal neutron detector based on hexagonal boron nitride,” Ph.D. 
dissertation, Dept. Elect. and Comput. Eng., Texas Tech University, Lubbock, TX, 
2016. 

[3] J. Li, R. Dahal, S. Majety, J. Y. Lin, and H. X. Jiang, “Hexagonal boron nitride 
epitaxial layers as neutron detector materials,” Nucl. Instrum. Methods Phys. Res. 
A, vol. 654, no. 1, pp. 417-420, Oct. 2011. 

[4] T. Ouyang et al., “Thermal transport in hexagonal boron nitride nanoribbons,” 
Nanotechnology, vol. 21, no. 24, p. 245701, Jun. 2010. 

[5] R. Y. Tay et al., “A systematic study of the atmospheric pressure growth of large-
area hexagonal crystalline boron nitride film,” J. Mater. Chem. C, vol. 2, no. 9, pp. 
1650-1657, Nov. 2014. 

[6] W. Gannett et al., “Boron nitride substrates for high mobility chemical vapor 
deposited graphene,” App. Phys. Lett. vol. 98, no. 24, p. 242105, May 2011. 

[7] E. Kim, T. Yu, E. Sang Song, and D. Yu, “Chemical vapor deposition-assembled 
graphene field-effect transistor on hexagonal boron nitride,” App. Phys. Lett. 98, 
p. 262103, Jun. 2011. 

[8] K. H. Lee et al., “Large-scale synthesis of high-quality hexagonal boron nitride 
nanosheets for large-area graphene electronics,” Nano Lett., vol. 12, no. 2, pp. 714-
718, Jan. 2012. 

[9] H. Wang et al., “BN/graphene/bn transistors for RF applications,” IEEE Electron 
Device Lett., vol. 32, no. 9, pp. 1209-1211, Sep. 2011. 

[10] C.R. Dean et al., “Boron nitride substrates for high-quality graphene electronics,” 
Nat. Nanotechnol., vol. 5, no. 10, pp. 722-726, Oct. 2010. 

[11] A. Nag et al., “Graphene analogues of bn: novel synthesis and properties,” ACS 
Nano, vol. 4, no. 3, pp. 1539-1544, Feb. 2010. 

[12] K. Ahmed et al., “Solid-state neutron detectors based on thickness scalable 
hexagonal boron nitride,” App. Phys. Lett., vol. 110, no. 2, p. 023503, Jan. 2017. 



 

131 
 

[13] K. Ahmed et al., “Effects of sapphire nitridation and growth temperature on the 
epitaxial growth of hexagonal boron nitride on sapphire,” Mater. Res. Express, vol. 
4, no. 1, p. 015007, Jan. 2017. 

[14] K. Ahmed et al., “Metalorganic chemical vapor deposition of hexagonal boron 
nitride on (001) sapphire for thermal neutron detector applications,” Vacuum, vol. 
137, pp 81-84, Mar. 2017. 

[15] K. Ahmed et al., “Growth of hexagonal boron nitride on (111) Si for deep UV 
photonics and thermal neutron detection,” App. Phys. Lett., vol. 109, no. 11, p. 
113501, Sep. 2016. 

[16] R. Rinard, “Neutron interactions with matter,” Los Alamos Technical Report, 
NUREGKR-5550:357377, 1991. 

[17] T. W. Crane and M. P. Baker, “Neutron detectors,” in Passive Non-destructive 
Assay of Nuclear Materials. Springfield, VA, USA: Natl. Tech. Inf. Serv., 1991, 
pp. 379–406. 

[18] G. Nelson, D. Reilly, “Gamma-ray interactions with matter,” in Passive Non-
destructive Assay of Nuclear Materials. Springfield, VA, USA: Natl. Tech. Inf. 
Serv., 1991, pp. 27-42. 

[19] A. N. Caruso, “The physics of solid-state neutron detector materials and 
geometries,” J. Phys.: Condens. Matter, vol. 22, no. 44, p. 443201, Oct. 2010. 

[20] “Helium-3 proportional counters,” Saint-Gobain [Online]. Available: http:// 
www.crystals.saint-gobain.com/products/helium-proportional. [Accessed: Dec. 3, 
2016]. 

[21] “Introduction to radiation detectors,” Equipco [Online]. Available: http:// 
www.equipcoservices.com/support/tutorials/introduction-to-radiation-monitors. 
[Accessed: Dec. 3, 2016]. 

[22] B. Hammouda, “Neutron area detectors,” NIST Center for Neutron Research, 
[Online]. Available: https://www.ncnr.nist.gov/staff/hammouda/distance 
_learning/chapter_13.pdf. [Accessed: Dec. 4, 2016]. 

[23] K.-C. Huang et al., “Boron filling of high aspect ratio holes by chemical vapor 
deposition for solid-state neutron detector applications,” J. Vac. Sci. Technol. B, 
vol. 30, no. 5, p. 051204, Sep. 2012. 

[24] R. Dahal et al., “Self-powered micro-structured solid state neutron detector with 
very low leakage current and high efficiency,” Appl. Phys. Lett., vol. 100, no. 24, 
p. 243507, Jun. 2012. 

[25] K.-C. Huang, R. Dahal, J. J.-Q. Lu, Y. Danon, and I. B. Bhat, “High detection 
efficiency micro-structured solid-state neutron detector with extremely low 

http://
http://www.crystals.saint-gobain.com/products/helium-proportional.
http://
http://www.equipcoservices.com/support/tutorials/introduction-to-radiation-monitors.
https://www.ncnr.nist.gov/staff/hammouda/distance


 

132 
 

leakage current fabricated with continuous pn junction,” Appl. Phys. Lett., vol. 
102, no. 15, p. 152107, Apr. 2013. 

[26] Q. Shao et al., “High aspect ratio composite structures with 48.5% thermal neutron 
detection efficiency,” Appl. Phys. Lett., vol. 102, no. 6, p. 063505, Feb. 2013. 

[27] R. Dahal et al., “Epitaxially grown semiconducting hexagonal boron nitride as a 
deep ultraviolet photonic material,” Appl. Phys. Lett., vol. 98, no. 21, p. 211110, 
May 2011. 

[28] Alan Munter, “Neutron scattering lengths and cross sections,” NIST Center for 
Neutron Research, Jan. 7, 2013 [Online]. Available: https://www.ncnr.nist.gov/ 
resources/n-lengths. [Accessed: Dec. 4, 2016]. 

[29] C. A. Klein, “Bandgap dependence and related features of radiation ionization 
energies in semiconductors,” J. Appl. Phys., vol. 39, no. 4, pp. 2029-2038, Mar. 
1968. 

[30] A. Ionascut-Nedelcescu, et al., “Radiation hardness of gallium nitride,” IEEE 
Trans. Nucl. Sci., vol. 49, no. 6, pp. 2733-2738, Dec. 2002. 

[31] J. Kotakoski, C. H. Jin, O. Lehtinen, K. Suenaga, and A. V. Krasheminnikov, 
“Electron knock-on damage in hexagonal boron nitride monolayers,” Phys. Rev. 
B, vol. 82, no. 11, p. 113404, Sep. 2010. 

[32] J. K. Shultis and D. S. McGregor, “Efficiencies of coated and perforated 
semiconductor neutron detectors,” IEEE Trans. Nucl. Sci., vol. 53, no. 3, pp. 1659-
1665, Jun. 2006.  

[33] J. Clinton, “Optimization and characterization of a novel self powered solid state 
neutron detector,” Ph.D. dissertation, Dept. Mech., Aerospace and Nucl. Eng., 
Rensselaer Polytechnic Institute, Troy, NY, 2011. 

[34] K.-C. Huang, “Fabrication and characterization of a novel self-powered solid-state 
neutron detector,” Ph.D. dissertation, Dept. Elect., Comput. and Syst. Eng., 
Rensselaer Polytechnic Institute, Troy, NY, 2014.  

[35] D. S. McGregor, et al., “Microstructured semiconductor neutron detectors,” Nucl. 
Instrum. Methods Phys. Res. A, vol. 608, no. 1, pp. 125-131, Sep. 2009. 

[36] G. F. Knoll, “Slow neutron detection methods,” in Radiation Detection and 
Measurement, 3rd ed., New York, NY: Wiley, 2000, ch. 14, sec. 1, pp. 507-510. 

[37] K.-C. Huang et al., “Scalable large-area solid-state neutron detector with 
continuous p–n junction and extremely low leakage current,” Nucl. Instrum. 
Methods Phys. Res. A, vol. 763, pp. 260-265, Nov. 2014. 

https://www.ncnr.nist.gov/


 

133 
 

[38] M. Chubarov, “Chemical vapour deposition of sp2 hybridised boron nitride,” Ph.D. 
dissertation, Dept. Phys., Chem, and Biol., Linköping University, Linköping, 
Sweden, 2015. 

[39] M. I. Petrescu and M.-G. Balint, “Structure and properties modifications in boron 
nitride. Part I: Direct polymorphic transformations mechanisms,” UPB Sci. Bull., 
Ser. B, vol. 69, vol. 1, pp. 35-42, 2007. 

[40] M. J. Rand and J. F. Roberts, “Preparation and properties of thin film boron 
nitride,” J. Electrochem. Soc., vol. 115, no. 4, 423-429, Apr. 1968. 

[41] S. S. Dana, J. R. Maldonado “Low pressure chemical vapor deposition boro-hydro-
nitride films and their use in x ray masks,” J. Vac. Sci. Technol. B, vol. 4, no. 1, 
235-239, Jan. 1986. 

[42] C. A. Klein and M. G. Holland, “Thermal conductivity of pyrolytic graphite at low 
temperatures. I. turbostratic structures,” Phys. Rev., vol. 136, no. 2A, p. A575, Oct. 
1964. 

[43] A. Simpson, A. D. Stuckes, “The thermal conductivity of highly oriented pyrolytic 
boron nitride,” J. Phys. Part C Solid, vol. 4, no. 13, p. 1710, Sep. 1971. 

[44] B. Sevik, A. Kinaci, J. B. Haskins, and T. Çağın, “Characterization of thermal 
transport in low-dimensional boron nitride nanostructures,” Phys. Rev. B, vol. 84, 
no. 8, p. 085409, Aug. 2011. 

[45] W. Paszkowicz, J. B. Pelka, M. Knapp, T. Szyszko, and S. Podsiadlo, “Lattice 
parameters and anisotropic thermal expansion of hexagonal boron nitride in the 
10–297.5 K temperature range,” Appl. Phys. A, vol. 75, no. 3, pp. 431-435, Sep. 
2002. 

[46] S. Majety, “Epitaxial growth and characterization of hexagonal boron nitride for 
deep UV applications,” Ph.D. dissertation, Dept. Elect. and Comput. Eng., Texas 
Tech University, Lubbock, TX, 2014. 

[47] I. Jo, “Experimental investigation of thermal transport in graphene and hexagonal 
boron nitride,” Ph.D. dissertation, Dept. Phys., The University of Texas at Austin, 
Austin, TX, 2012. 

[48] L. Zang, “Kinetics of epitaxial growth: surface diffusion and nucleation” [Online]. 
Available: https://www.eng.utah.edu/~lzang/images/lecture-30.pdf. [Accessed: 
Jan. 4, 2017]. 

[49] H. Brune, “Epitaxial growth of thin films,” in Surface and Interface Science: Solid-
Solid Interfaces and Thin Films, vol. 4, Wily-VCH Verlag GmbH & Co. KGaA: 
Germany, 2014, pp. 421-491. 

https://www.eng.utah.edu/~lzang/images/lecture-30.pdf.


 

134 
 

[50] F. C. Frank and J. H. van der Merwe, “One-dimensional dislocations. II. Misfitting 
monolayers and oriented overgrowth,” Proc. R. Soc. London, Ser. A, vol. 198, no. 
1053, 1216-225, Aug. 1949. 

[51] M. Volmer and A. Weber, “Keimbildung in übersättigten Gebilden” [Nucleation 
of supersaturated structures], (in German), Z. Physik. Chem., vol. 119, 277-301, 
1926. 

[52] E. Bauer, “"Phänomenologische Theorie der Kristallabscheidung an Oberflächen. 
I" [Phenomenological theory of crystal deposition on surfaces. I], (in German), Z. 
Kristallogr., vol. 110, pp. 372-394, Jan. 1958. 

[53] J. R. Creighton and P. Ho, “Introduction to chemical vapor deposition (CVD),” in 
Chemical   Vapor   Deposition, J. H. Park and T. S. Sudarsham, Eds. Materials 
Park, OH: ASM International, 2001, p. 2. 

[54] M. Razeghi, The MOCVD Challenge: A Survey of GaInAsP-InP and GaInAsP-
GaAs for Photonic and Electronic Device Applications, Boca Raton, Florida, 
USA: CRC Press, 2010. 

[55] W. T. Dietze, M. J. Ludowise, and C. B. Copper, “Improved mobility in OM-VPE-
grown Ga1-xInxAs,” Electron. Lett., vol. 17, no. 19, pp. 698-699, Sep. 1981. 

[56] “Chemical vapor deposition (CVD)” [Online]. Available: http:// 
materialrulz.weebly.com/uploads/7/9/5/1/795167/chemical_vapor_deposition.pdf
. [Accessed: Jan. 7, 2017]. 

[57] J. A. Vanables, Introduction to Surface and Thin Film Processes, Cambridge, UK: 
Cambridge University Press, 2000. 

[58] A. C. Jones, M. L. Hitchman, Chemical Vapour Deposition: Precursors, Processes 
and Applications, London, U.K.: Roy. Soc. Chem., 2009. 

[59] M. Sardela, “X-ray analysis methods,” Jun. 6, 2012 [Online]. Available: 
https://mrl.illinois.edu/sites/default/files/AMC/downloads/AMC-Workshop-
2012_Tutorial-4_XRD.pdf. [Accessed: Jan. 19, 2017]. 

[60] Environmental Health and Safety, Columbia University, “X-ray diffraction 
machines: uses and hazards” [Online]. Available: http://www.ehs.columbia.edu/ 
News%20Letter/FA09Page4.html. [Accessed: Jan. 29, 2017]. 

[61] “Raman spectroscopy,” Jul. 14, 2017 [Online]. Available: https:// 
en.wikipedia.org/wiki/Raman_spectroscopy. [Accessed: Jan. 29, 2017]. 

[62] Physical Electronics Inc., “XPS/ESCA” [Online]. Available: https:// 
www.phi.com/surface-analysis-techniques/xps-esca.html [Accessed: Jan. 10, 
2017]. 

http://
https://mrl.illinois.edu/sites/default/files/AMC/downloads/AMC-Workshop-
http://www.ehs.columbia.edu/
https://
https://
http://www.phi.com/surface-analysis-techniques/xps-esca.html


 

135 
 

[63] S. Jaturunruangsri, “Evaluation of material surface profiling methods: contact 
versus non-contact,” Ph.D. dissertation, Dept. Mech., Aerospace and Civ. Eng., 
Brunel University London, London, UK, 2015. 

[64] N. Guo et al., “Controllable growth of triangular hexagonal boron nitride domains 
on copper foils by an improved low-pressure chemical vapor deposition method,” 
Nanotechnology, vol. 23, no. 41, p. 415605, Sep. 2012. 

[65] K. K. Kim et al., “Synthesis of monolayer hexagonal boron nitride on Cu foil using 
chemical vapor deposition,” Nano Lett., vol. 12, no. 1, pp. 161-166, Dec. 2012. 

[66] L. Song et al., “Large scale growth and characterization of atomic hexagonal boron 
nitride layers,” Nano Lett., vol. 10, no. 8, pp. 3209-3215, Jul. 2010. 

[67] S. Suzuki, R. M. Pallares, C. M. Orofeo, and H. Hibino, “Boron nitride growth on 
metal foil using solid sources,” J. Vac. Sci. Technol. B vol. 31, no. 4, p. 041804, 
Jul. 2013. 

[68] Y. Shi et al., “Synthesis of few-layer hexagonal boron nitride thin film by chemical 
vapor deposition,” Nano Lett., vol. 10, no. 10, 4134-4139, Sep. 2010. 

[69] Y. Gao et al., “Repeated and controlled growth of monolayer, bilayer and few-
layer hexagonal boron nitride on Pt foils,” ACS Nano, vol. 7, no. 6, pp. 5199-5206, 
May 2013. 

[70] N. Umehara et al., “Influences of growth parameters on the film formation of 
hexagonal boron nitride thin films grown on sapphire substrates by low-pressure 
chemical vapor deposition,” Jpn. J. Appl. Phys., vol. 55, no. 5S, p. 05FD09, Apr. 
2016. 

[71] M. Chubarov et al., “Epitaxial CVD growth of sp2‐hybridized boron nitride using 
aluminum nitride as buffer layer,” Phys. Status Solidi RRL, vol. 5, no. 10-11, pp. 
397-399, Nov. 2011. 

[72] M. Chubarov, H. Pedersen, H. Högberg, J. Jensen, and A. Henry, “Growth of high 
quality epitaxial rhombohedral boron nitride,” Cryst. Growth Des., vol. 12, no. 6, 
pp. 3215-3220, May 2012. 

[73] M. Chubarov et al., “Initial stages of growth and the influence of temperature 
during chemical vapor deposition of sp2-BN films,” J. Vac. Sci. Technol. A, vol. 
33, no. 6, p. 061520, Nov. 2015. 

[74] Y. Kobayashi and T. Akasaka, “Hexagonal BN epitaxial growth on (0001) 
sapphire substrate by MOVPE,” J. Cryst. Growth, vol. 310, no. 23, pp. 5044-5047, 
Nov. 2008. 

[75] M. S. Bresnehan et al., “Prospects of direct growth boron nitride films as substrates 
for graphene electronics,” J. Mater. Res., vol. 29, no. 3, pp. 459-471, Feb. 2014. 



 

136 
 

[76] M. C. Polo, M. B. el Mekki, J. L. Andujar, N. Mestres, and J. Pascual, “Optical 
study of boron nitride thin films prepared by plasma-enhanced chemical vapor 
deposition,” Diamond Relat. Mater., vol. 6, no. 10, pp. 1550-1554, Aug. 1997. 

[77] M. Anutgan, T. A. Antugan, E. Ozkol, I. Atilgan, and B. Katircioglu, “Influence 
of the nitrogen flow rate on the order and structure of PECVD boron nitride thin 
films,” J. Non-Cryst. Solids, vol. 355, no. 31, pp. 1622-1629, Sep. 2009. 

[78] R. Y. Tay et al., “Direct growth of nanocrystalline hexagonal boron nitride films 
on dielectric substrates,” Appl. Phys. Lett., vol. 106, no. 10, p. 101901, Mar. 2015. 

[79] R. Y. Tay et al., “Growth of large single-crystalline two-dimensional boron nitride 
hexagons on electropolished copper,” Nano Lett., vol. 14, no. 2, pp. 839-846, Jan. 
2014. 

[80] J.-S. Li, C.-R. Zhang, B. Li, F. Cao, and S.-Q. Wang, “Boron nitride coatings by 
chemical vapor deposition from borazine,” Surf. Coat. Technol., vol. 205, no. 12, 
pp. 3736-3741, Mar. 2011. 

[81] V. N. Demin, I. P. Asanov, and Z. L. Akkerman, “Chemical vapor deposition of 
pyrolytic boron nitride from borazine,” J. Vac. Sci. Technol. A, vol. 18, no. 1, pp. 
94-98, Jan. 2000. 

[82] G. Younes et al., “Deposition of nanocrystalline translucent h-BN films by 
chemical vapor deposition at high temperature,” Thin Solid Films, vol. 520, no. 7, 
pp. 2424-2428, Jan. 2012.  

[83] T. Ichiki, S. Amagi, and T. Yoshida, “Initial stage of cubic boron nitride film 
growth from vapor phase,” J. Appl. Phys., vol. 79, no. 8, no. 4381-4387, Apr. 1996. 

[84] D. R. Lamborn, D. W. Snyder, X. X. Xi, and J. M. Redwing, “Modeling studies of 
the chemical vapor deposition of boron films from B2H6,” J. Cryst. Growth, vol. 
299, no. 2, pp. 358-364, Feb. 2007. 

[85] J. S. Lewis et al., “Chemical vapor deposition of boron-carbon films using 
organometallic reagents,” Mater. Lett., vol. 27, no. 6, pp. 327-332, Aug. 1996. 

[86] C. Kimura, T. Yamamoto, T. Hori, and T. Sugino, “Field emission characteristics 
of BN/GaN structure,” Appl. Phys. Lett. vol. 79, no. 27, pp. 4533-4535, Dec. 2001. 

[87] W. J. Zhang et al., “The mechanism of chemical vapor deposition of cubic boron 
nitride films from fluorine‐containing species,” Angew. Chem. Int. Ed., vol. 44, no. 
30, pp. 4749-4753, Jul. 2005. 

[88] H. Saitoh and W. A. Yarbrough, “Growth of cubic boron nitride from vapor 
phase,” Diamond Relat. Mater., vol. 1, no. 2, pp. 137-146, Mar. 1992. 



 

137 
 

[89] Y. Kubota, K. Watanabe, O. Tsuda, and T. Taniguchi, “Deep ultraviolet light–
emitting hexagonal boron nitride synthesized at atmospheric pressure”, Science, 
vol. 317, no. 5840, pp. 932-934, Aug. 2007. 

[90] O. Tsuda, K. Watanabe, and T. Taniguchi, “Band-edge luminescence at room 
temperature of boron nitride synthesized by thermal chemical vapor phase 
deposition”, Jpn. J. Appl. Phys., vol. 46, no. 4L, p. L287, Mar. 2007. 

[91] C. L. Tsai, Y. Kobayashi, T. Akasaka, and M. Kasu, “Molecular beam epitaxial 
growth of hexagonal boron nitride on Ni(111) substrate”, Journal of Crystal 
Growth, vol. 311, no. 10, pp. 3054–3057, May 2009. 

[92] A. Thon and T. F. Kuech, “High temperature adduct formation of trimethylgallium 
and ammonia”, Appl. Phys. Lett., vol. 69, no. 1, pp. 55-57, Jul. 1996. 

[93] B. Rohr, J.-H. Boo, and W. Ho, “The growth of hexagonal boron nitride thin films 
on silicon using single source precursor,” Thin Solid Films, vol. 322, no. 1, pp. 9-
13, Jun. 1998. 

[94] S. Caneva et al., “Nucleation control for large, single crystalline domains of 
monolayer hexagonal boron nitride via Si-doped Fe catalysts,” Nano Lett., vol. 15, 
no. 3, pp. 1867-1875, Feb. 2015. 

[95] G. Siegel, C. V. Ciobanu, B. Narayanan, M. Snure, and S. C. Badescu, 
“Heterogeneous pyrolysis: a route for epitaxial growth of hBN atomic layers on 
copper using separate boron and nitrogen precursors,” Nano Lett., vol. 17, no. 4, 
pp. 2404-2413, Mar. 2017. 

[96] Q. S. Paduano, M. Snure, J. Bondy, and T. W. C. Zens, “Self-terminating growth 
in hexagonal boron nitride by metal organic chemical vapor deposition,” Appl. 
Phys. Express, vol. 7, no. 7, p. 071004, Jun. 2014. 

[97] K. Uchida et al., “Nitridation process of sapphire substrate surface and its effect 
on the growth of GaN,” J. Appl. Phys., vol. 79, no. 7, pp. 3487-3491, Apr. 1996. 

[98] T. Loher, K. Ueno, and A. Koma, “Van der Waals type buffer layers: epitaxial 
growth of the large lattice mismatch system CdS/InSe/H–Si (111),” Appl. Surf. 
Sci., vol. 130, pp. 334-339, Jun. 1998. 

[99] W. Paszkowicz, J. B. Pelka, M. Knapp, T. Szyszko, and S. Podsiadlo, “Lattice 
parameters and anisotropic thermal expansion of hexagonal boron nitride in the 
10–297.5 K temperature range,” Appl. Phys. A, vol. 75, no. 3, pp. 431-435, Sep. 
2002. 

[100] X. Wang, H. Li, J. Wang, and L. Xiao, “The effect of Al interlayers on the growth 
of AlN on Si substrates by metal organic chemical vapor deposition,” Electronic 
Mater. Lett., vol. 10, no. 6, pp. 1069-1073, Nov. 2014. 



 

138 
 

[101] S. J. Bak et al., “Effect of Al pre-deposition on AlN buffer layer and GaN film 
grown on Si (111) substrate by MOCVD,” Electron. Mater. Lett., vol. 9, no. 3, pp. 
367-370, May 2013. 

[102] J. Cao et al., “The influence of the Al pre-deposition on the properties of AlN 
buffer layer and GaN layer grown on Si (111) substrate,” J. Cryst. Growth, vol. 
312, no. 14, pp. 2044-2048, Jul. 2010. 

[103] Q. Bao, J. Luo, and C. Zhao, “Mechanism of TMAl pre-seeding in AlN epitaxy on 
Si (111) substrate,” Vacuum, vol. 101, pp. 184-188, Mar. 2014. 

[104] M. E. Levinshtein, S. L. Rumyantsev, and M. S. Shur, Properties of Advanced 
Semiconductor Materials: GaN, AlN, InN, BN, SiC, SiGe, New York, NY: Wiley, 
2001. 

[105] R. W. Lynch and H. G. J. Drickamer, “Effect of high pressure on the lattice 
parameters of diamond, graphite, and hexagonal boron nitride,” J. Chem. Phys., 
vol. 44, no. 1, pp. 181-184, Jan. 1966. 

[106] S. Majety et al., “Hexagonal boron nitride and 6H-SiC heterostructures,” Appl. 
Phys. Lett., vol. 102, no. 21, p. 213505, May 2013. 

[107] X. K. Cao, B. Clubine, J. H. Edgar, J. Y. Lin, and H. X. Jiang, “Two-dimensional 
excitons in three-dimensional hexagonal boron nitride,” Appl. Phys. Lett., vol. 103, 
no. 19, p. 191106, Nov. 2013. 

[108] Z. Zhao, Z. Yang, Y. Wen, and Y. Wang, “Facile synthesis and characterization of 
hexagonal boron nitride nanoplates by two‐step route,” J. Am. Ceram. Soc., vol. 
94, no. 12, pp. 4496-4501, Dec. 2011. 

[109] L. Wang et al., “Growth and etching of monolayer hexagonal boron nitride,” Adv. 
Mater., vol. 27, no. 33, pp. 4858-4864, Sep. 2015. 

[110] J. H. Edgar et al., “Characterization of bulk hexagonal boron nitride single crystals 
grown by the metal flux technique,” J. Cryst. Growth, vol. 403, pp. 110-113, Oct. 
2014. 

[111] K. Watanabe, T. Taniguchi, and H. Kanda, “Direct-bandgap properties and 
evidence for ultraviolet lasing of hexagonal boron nitride single crystal,” Nat. 
Mater., vol. 3, no. 6, p. 404, Jun. 2004. 

[112] G. Cassabois, P. Valvin, and B. Gil, “Hexagonal boron nitride is an indirect 
bandgap semiconductor,” Nature Photon., vol. 10, pp. 262-266, Jan. 2016. 

[113] M. R. Joya, K. M. Fonseca, and J. Barba-Ortega, “Difference in the relative 
intensities Raman of the perovskite PLT with temperature,” in AIP Conf. Proc., 
Nov. 5, 2014, vol. 1627, no. 1, pp. 42-45. 



 

139 
 

[114] H. Richter, Z. P. Wang, and L. Ley, “The one phonon Raman spectrum in 
microcrystalline silicon,” Solid State Commun., vol. 39, no. 5, pp. 625-629, Aug. 
1981. 

[115] R. J. Nemanich, S. A. Solin, and R. M. Martin, “Light scattering study of boron 
nitride microcrystals,” Phys. Rev. B, vol. 23, p. 6348, Jun. 1981. 

[116] M. Snure, Q. Paduano, M. Hamilton, J. Shoaf, and J. M. Mann, “Optical 
characterization of nanocrystalline boron nitride thin films grown by atomic layer 
deposition,” Thin Solid Films, vol. 571, pp. 51-55, Nov. 2014. 

[117] F. L. Deepak, C. P. Vinod, K. Mukhopadhyay, A. Govindaraj, and C. N. R. Rao, 
“Boron nitride nanotubes and nanowires,” Chem. Phys. Lett., vol. 353, no. 5, pp. 
345-352, Feb. 2002. 

[118] K. S. Kim et al., “Hydrogen-catalyzed, pilot-scale production of small-diameter 
boron nitride nanotubes and their macroscopic assemblies,” ACS Nano, vol. 8, no. 
6, pp. 6211-6220, May 2014. 

[119] R. Ma, Y. Bando, and T. Sato, “CVD synthesis of boron nitride nanotubes without 
metal catalysts,” Chem Phys Lett., vol. 337, no. 1, pp. 61-64, Mar. 2001. 

[120] J. Cumings, and A. Zettl, “Mass-production of boron nitride double-wall 
nanotubes and nanococoons,” Chem. Phys. Lett., vol. 316, no. 3, pp. 211-216, Jan. 
2010. 

[121] C. Tang, Y. Bando, T. Sato, and K. Kurashima, “A novel precursor for synthesis 
of pure boron nitride nanotubes,” Chem. Commun., vol. 76, no. 12, pp. 1290–1291, 
May 2012. 

[122] C. Y. Zhi, Y. Bando, C. C. Tang, and D. Golberg, “Effective precursor for high 
yield synthesis of pure BN nanotubes,” Solid State Commun., vol. 135, no. 1, pp. 
67–70, Jul. 2005. 

[123] T. Laude, Y. Matsui, A. Marraud, and B. Jouffrey, “Long ropes of boron nitride 
nanotubes grown by a continuous laser heating,” Appl. Phys. Lett., vol. 76, no. 22, 
pp. 3239–3241, May 2000. 

[124] B. L. Liu et al., “Metal-catalyst-free growth of single-walled carbon nanotubes,” 
J. Am. Chem. Soc., vol. 131, no. 6, pp. 2082-2083, Jan. 2009. 

[125] D. Takagi, H. Hibino, S. Suzuki, Y. Kobayashi, and Y. Homma, “Carbon nanotube 
growth from semiconductor nanoparticles,” Nano Lett., vol. 7, no. 8, pp. 2272-
2275, Aug. 2007. 

[126] D. Skuridina et al., “Surface and crystal structure of nitridated sapphire substrates 
and their effect on polar InN layers,” Appl. Surf. Sci., vol. 307, pp. 461-467, Jul. 
2014. 



 

140 
 

[127] H. Kawakami, K. Sakurai, K. Tsubouchi, and N. Mikoshiba, “Epitaxial growth of 
aln film with an initial-nitriding layer on α-Al2O3 substrate,” Jpn. J. Appl. Phys., 
vol. 27, no. 2A, p. L161, Feb. 1988. 

[128] J. S. Paek et al., “Nitridation of sapphire substrate and its effect on the growth of 
GaN layer at low temperature,” J. Cryst. Growth, vol. 200, no. 1, pp. 55-62, Apr. 
1999. 

[129] A. Yamamoto, M. Tsujino, M. Ohkubo, and A. Hashimoto, “Nitridation effects of 
substrate surface on the metalorganic chemical vapor deposition growth of InN on 
Si and α-Al2O3 substrates,” J. Cryst. Growth, vol. 137, no. 3-4, pp. 415-420, Apr. 
1994. 

[130] J. S. Lewis et al., “Chemical vapor deposition of boron-carbon films using 
organometallic reagents,” Mater. Lett., vol. 27, no. 6, pp. 327-332, Aug. 1996. 

[131] W. C. McGinnis, R. Clarke, and C. Cionca, “Film implementation of a neutron 
detector (FIND): critical materials properties,” SPAWAR Systems Center, San 
Diego, CA, USA, Tech. Rep. 1957, Sep. 2007. 

[132] R. Dahal et al., “Anisotropic charge carrier transport in free-standing hexagonal 
boron nitride thin films,” Appl. Phys. Express, vol. 9, no. 9, p. 065801, May 2016. 

[133] D. S. McGregor, T. C. Unruh, and W. J. McNeil, “Thermal neutron detection with 
pyrolytic boron nitride,” Nucl. Instrum. Methods Phys. Res. A, vol. 591 pp. 530-
533, Jul. 2008. 

[134] T. C. Doan, J. Li, J. Y. Lin, and H. X. Jiang, “Growth and device processing of 
hexagonal boron nitride epilayers for thermal neutron and deep ultraviolet 
detectors,” AIP Adv., vol. 6, no. 7, p. 075213, Jul. 2016. 

[135] A. Maity, T. C. Doan, J. Li, J. Y. Lin, and H. X. Jiang, “Realization of highly 
efficient hexagonal boron nitride neutron detectors,” Appl. Phys. Lett., vol. 109, 
no. 7, p. 072101, Aug. 2016. 

[136] M. Shearn, X. K. Sun, M. D. Henry, A. Yariv, and A. Scherer, “Advanced plasma 
processing: Etching, deposition, and wafer bonding techniques for semiconductor 
Applications,” in Semiconductor Technologies, J. Grym, Ed. New York, NY, 
USA: InTech, 2010, p. 79. 

[137] “Electron beam physical vapor deposition,” Jul. 26, 2016 [Online]. Available: 
https://en.wikipedia.org/wiki/Electron_beam_physical_vapor_deposition. 
[Accessed: Jan. 20, 2017]. 

[138] R. Jaeger, “Introduction to microelectronic fabrication,” in Modular Series on 
Solid State Devices, G. Neudeck and R. Pierret, Eds. Menlo Park, CA, USA: 
Addison-Wesley, 1993, vol. 5, pp. 67-80. 

https://en.wikipedia.org/wiki/Electron_beam_physical_vapor_deposition.


 

141 
 

[139] D. V. Harea, I. A. Vasilev, E. P. Colomeico, and M. S. Iovu, “Persistent 
photoconductivity in amorphous As2Se3 films with Sn impurity,” J. Optoelectron. 
Adv. Mater., vol. 5, no. 5, p. 1115, Jan. 2003. 

[140] Y.-C. Wu et al., “Extrinsic origin of persistent photoconductivity in monolayer 
MoS2 field effect transistors,” Sci. Rep., vol. 5, p. 11472, Jun. 2015.  

[141] H. X. Jiang, G. Brown, and J. Y. Lin, “Persistent photoconductivity in II‐VI and 
III‐V semiconductor alloys and a novel infrared detector,” J. Appl. Phys., vol. 69, 
no. 9, pp. 6701-6703, May 1991. 

[142] M. T. Hirsch, J. A. Wolk, W. Walukiewicz, and E. E. Haller, “Persistent 
photoconductivity in n- type GaN,” Appl. Phys. Lett., vol. 71, no. 8, pp. 1098-1100, 
Aug. 1997. 

[143] A. Many, “High-field effects in photoconducting cadmium sulphide,” J. Phys. 
Chem. Solids, vol. 26, no. 3, pp. 575-578, Mar. 1965. 

[144] K. Hecht, “Zum Mechanismus des lichtelektrischen Primärstromes in isolierenden 
Kristallen,” Zeits. Phys., vol. 77, no. 3, pp. 235-243, Mar. 1932. 

[145] Y. Nemirovsky, A. Ruzin, G. Asa, and J. Gorelik, “Study of the charge collection 
efficiency of CdZnTe radiation detectors,” J. Electron. Mater., vol. 25, no. 8, pp. 
1221-1231, Aug. 1996. 

[146] W. Shockley, “Currents to conductors induced by a moving point charge,” J. Appl. 
Phys., vol. 9, no. 10, pp. 635-636, Oct. 1938. 

[147] Z. He, “Review of the Shockley–Ramo theorem and its application in 
semiconductor gamma-ray detectors,” Nucl. Instrum. Methods Phys. Res. A, vol. 
463, no. 1, pp. 250-267, May 2001. 

[148] B. E. Saleh, and M. C. Teich, “Semiconductor photon detectors,” in Fundamentals 
of Photonics, New York, NY: Wiley, 1991, ch. 17, pp. 644-680. 

[149] M. Razeghi and A. Rogalski, “Semiconductor ultraviolet detectors,” J. Appl. Phys., 
vol. 79, no. 10, pp. 7433-7473, May 1996. 

[150] R. Redus, “Application note ANCZT-2 Rev. 3 charge trapping in XR-100T-CdTe 
and -CZT detectors,” Amptec, Nov. 2007 [Online]. Available: https:// 
amptek.com/pdf/anczt2.pdf. [Accessed: Dec. 13, 2016]. 

[151] H. Spieler, “Semiconductor detectors Part 2,” Stanford Linear Accelerator Center, 
Stanford, CA, Sep. 1988 [Online]. Available: http://www-physics.lbl.gov/ 
~spieler/SLAC_Lectures/PDF/Sem-Det-II.pdf. [Accessed: Dec. 13, 2016]. 

[152] Cremat, “CSP application notes,” [Online]. Available: http://www.cremat.com/ 
applications/csp-application-notes. [Accessed: Dec. 23, 2016]. 

https://
http://www-physics.lbl.gov/
http://www.cremat.com/


 

142 
 

[153] FAST ComTec, “CR-110 charge sensitive preamplifier” [Online]. Available: 
https://www.fastcomtec.com/fwww/datashee/amp/cr-110.pdf. [Accessed: Dec. 
20, 2016]. 

[154] ORTEC, “Introduction to amplifiers” [Online]. Available: ortec-online.com/-
/media/ametekortec/other/amplifier-introduction.pdf. [Accessed: Dec. 23, 2016]. 

[155] A. R. Boulogne and A. G. Evans, “Californium-252 neutron sources for medical 
applications,” Int. J. Appl. Rad. Isotopes, vol. 20, no. 6, pp. 453-461, Jun. 1969. 

[156] MCNP - a general Monte Carlo n-particle transport code, 5th ed., Los Alamos 
National Laboratory, Los Alamos, NM, 2003. 

 

 

  

https://www.fastcomtec.com/fwww/datashee/amp/cr-110.pdf.


 

143 
 

APPENDIX A: PIPING DIAGRAM OF MOCVD SYSTEM 

 

 

 

 

Figure A.1: Simplified connection of the reactor to pumps and precursor lines.      
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Figure A.2: Simplified piping diagram of the MOCVD reactor used in this work. 




