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Abstract 

Hexagonal boron nitride (hBN) is an ultrawide bandgap (>6 eV) semiconductor and 2D 

material that has attracted much attention due to its unique properties and applications in 

electronics, optoelectronics, and nanophotonics. In all of these applications, large, high quality 

single crystals of hBN are required and atmospheric pressure solution growth is a consistent 

method to achieve this. This study was undertaken to improve this process, accelerate its 

optimization, and enable creation of devices in a wide range of fields. 

A new methodology was developed to optimize the boron concentration in hBN solution 

growth using the CALPHAD (CALculation of PHAse Diagrams) method to rapidly predict the 

optimal boron concentration for a wide range of solvents. Comparison with experimental results 

validates its accuracy. Deviations from CALPHAD predictions, confirmed with crystal growth 

by reusing source material, suggest that the hBN crystal growth process from molten metal 

solutions is kinetically limited. Reusing source material also substantially improves the yield of 

boron to hBN, which is especially important when using expensive isotopically pure boron for 

growth of h10BN or h11BN. 

Increasing the nitrogen solubility of the solvent is often attributed to increasing crystal 

size, but this work digs deeper into the effects of this property. Five different solvents (Ni-Cr, 

Co-Cr, Fe, Fe-V, and Cu) were tested and the domain area and thickness of crystals they 

produced were compared versus their nitrogen solubility. The nitrogen solubility did not affect 

the hBN domain area but the crystal thickness increased with nitrogen solubility. This suggests 

that, so long as the boron concentration is properly optimized, similar domain sizes can be 

obtained from any solvent. Furthermore, the thickness of as-grown crystals may be engineered 

for specific applications by choosing a solvent that naturally grows hBN of the required 



 

 

thickness. Finally, the optimal boron concentration increased with the nitrogen solubility, 

provides a shortcut for optimizing future solvents, accelerating research. 

Crystal defects such as stacking faults, dislocations, and impurities are detrimental to 

device performance, thus it is important to understand their properties and how they can be 

avoided or eliminated. Oxygen impurities were greatly reduced in the solvent with the 

introduction of hydrogen gas while carbon impurities may need to react with oxygen to be 

removed. Regardless, the impurity content in hBN crystals grown from these solvents was below 

the detection limit of secondary ion mass spectrometry (SIMS) in all cases, suggesting the purity 

of the process is already sufficient. Three classes of defects were detected using 

cathodoluminescence (CL) spectroscopy: spots, invisible lines, and wrinkles, which were 

determined to be color centers, half-inserted planes, and plastic deformation of hBN single 

crystals, respectively. A combination of Raman, photoluminescence (PL), and CL spectroscopy 

indicates that hBN crystals grown from Ni-Cr and Co-Cr tend to have fewer defects than those 

grown from Fe, Fe-V, or Cu. 

Monoisotopic hBN is especially useful in applications where coherence of phonons is 

especially important such as sub-wavelength optical microscopy and quantum sensing. 

Previously, processes were developed to synthesize hBN enriched with either the 10B or 11B 

isotopes using naturally abundant 14N2. In this work, a new process was developed to extend the 

capabilities of solution growth to also produce hBN with the 15N isotope. Raman and PL 

spectroscopy on these crystals indicate that they are very high quality, on par with crystals grown 

with 14N. Furthermore, the effect of the reduced mass on the Raman shift of the E2g
high peak and 

the energy of the phonon replicas is identified, which is in excellent agreement with theory.  
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Abstract 

Hexagonal boron nitride (hBN) is an ultrawide bandgap (>6 eV) semiconductor and 2D 

material that has attracted much attention due to its unique properties and applications in 

electronics, optoelectronics, and nanophotonics. In all of these applications, large, high quality 

single crystals of hBN are required and atmospheric pressure solution growth is a consistent 

method to achieve this. This study was undertaken to improve this process, accelerate its 

optimization, and enable creation of devices in a wide range of fields. 

A new methodology was developed to optimize the boron concentration in hBN solution 

growth using the CALPHAD (CALculation of PHAse Diagrams) method to rapidly predict the 

optimal boron concentration for a wide range of solvents. Comparison with experimental results 

validates its accuracy. Deviations from CALPHAD predictions, confirmed with crystal growth 

by reusing source material, suggest that the hBN crystal growth process from molten metal 

solutions is kinetically limited. Reusing source material also substantially improves the yield of 

boron to hBN, which is especially important when using expensive isotopically pure boron for 

growth of h10BN or h11BN. 

Increasing the nitrogen solubility of the solvent is often attributed to increasing crystal 

size, but this work digs deeper into the effects of this property. Five different solvents (Ni-Cr, 

Co-Cr, Fe, Fe-V, and Cu) were tested and the domain area and thickness of crystals they 

produced were compared versus their nitrogen solubility. The nitrogen solubility did not affect 

the hBN domain area but the crystal thickness increased with nitrogen solubility. This suggests 

that, so long as the boron concentration is properly optimized, similar domain sizes can be 

obtained from any solvent. Furthermore, the thickness of as-grown crystals may be engineered 

for specific applications by choosing a solvent that naturally grows hBN of the required 



 

 

thickness. Finally, the optimal boron concentration increased with the nitrogen solubility, 

provides a shortcut for optimizing future solvents, accelerating research. 

Crystal defects such as stacking faults, dislocations, and impurities are detrimental to 

device performance, thus it is important to understand their properties and how they can be 

avoided or eliminated. Oxygen impurities were greatly reduced in the solvent with the 

introduction of hydrogen gas while carbon impurities may need to react with oxygen to be 

removed. Regardless, the impurity content in hBN crystals grown from these solvents was below 

the detection limit of secondary ion mass spectrometry (SIMS) in all cases, suggesting the purity 

of the process is already sufficient. Three classes of defects were detected using 

cathodoluminescence (CL) spectroscopy: spots, invisible lines, and wrinkles, which were 

determined to be color centers, half-inserted planes, and plastic deformation of hBN single 

crystals, respectively. A combination of Raman, photoluminescence (PL), and CL spectroscopy 

indicates that hBN crystals grown from Ni-Cr and Co-Cr tend to have fewer defects than those 

grown from Fe, Fe-V, or Cu. 

Monoisotopic hBN is especially useful in applications where coherence of phonons is 

especially important such as sub-wavelength optical microscopy and quantum sensing. 

Previously, processes were developed to synthesize hBN enriched with either the 10B or 11B 

isotopes using naturally abundant 14N2. In this work, a new process was developed to extend the 

capabilities of solution growth to also produce hBN with the 15N isotope. Raman and PL 

spectroscopy on these crystals indicate that they are very high quality, on par with crystals grown 

with 14N. Furthermore, the effect of the reduced mass on the Raman shift of the E2g
high peak and 

the energy of the phonon replicas is identified, which is in excellent agreement with theory. 
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Chapter 1 - Introduction  

This dissertation is centered on optimizing hexagonal boron nitride (hBN) crystal growth 

from solutions, maximizing their size and minimizing their defect densities. Doing this will 

expand the wide range of device applications that are enabled by hBNôs unique properties 

(Section 1.1). The solution growth method provides a reliable way to grow crystals of the size 

and quality necessary for these devices but comes with many process variables that must be 

optimized (Section 1.2). Research into this process has been ongoing for at least 40 years and 

many advances have been made throughout that time (Section 1.3). The basic crystal growth 

process used in this work (Section 1.4) is based on the best results from those prior studies. This 

work builds on that by exploring the effects of the solution composition on the size and quality 

of hBN crystals grown from it. 

1.1 Properties and Applications of hBN Single Crystals 

For most of its history, hBN has been valued for its physical properties [1]. It has very 

high thermal and chemical stability, so it is frequently used as a refractory material in high 

temperature manufacturing and research. It is nontoxic, so it has been incorporated into 

cosmetics as a whitening agent. It is also comprised of layers that slide easily past one another, 

making it useful as a high temperature dry lubricant. These properties continue to be valuable in 

more modern applications, where hBNôs unique electrical and optical properties are especially 

relevant. 

As a single crystal, hBN is a wide bandgap semiconductor and 2D material. While bulk 

hBN was initially thought to have a direct bandgap [2], it is actually an indirect bandgap with an 

energy of ~6.0 eV and a highly efficient excitonïphonon interaction [3]. Its structure is similar to 

that of graphite and graphene as shown in Figure 1. Each layer forms a honeycomb structure 
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with alternating boron and nitrogen atoms and between each layer the atoms alternate as well in 

an AAô stacking structure, though other stacking structures are possible [4]. 

 Due to these properties, bulk single crystals of hBN have uses in a wide variety of 

electronic, photonic, and optoelectronic devices listed below. Each of these applications require 

large, high-quality hBN single crystals as opposed to the powders used in industrial applications. 

Therefore, processes like those presented in this work are necessary to make those applications 

possible. 

 

Figure 1 ï Diagram of the atomic structure of hBN showing the in-plane honeycomb structure (left) and 

the alternating AAô stacking structure between planes (right) with a, b, and c directions labeled. 

Neutron Detectors 

A unique capability of hBN is for neutron detectors, which could have a much higher 

efficiency than existing options. Neutron detectors have many applications such as material 

analysis research, metrology, nuclear energy, nuclear decommissioning, and homeland security 

[5]. Currently, the most common neutron detectors use 3He as the neutron-sensitive material, but 

the global supply of 3He is steadily diminishing due to a reduction in nuclear weapons [6]. In 

contrast, the 10B isotope is abundant and has one of the highest thermal neutron capture cross 

sections of any element (3840 barns) [7].  
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When a 10B atom captures a neutron, it splits into 7Li, an alpha particle, and a gamma 

particle according to the following reactions: 

ὄ  ὲ O  ὒὭ ρȢτχ ὓὩὠ  ‌ πȢψτ ὓὩὠ ‎πȢτψ ὓὩὠ   94% 

ὄ  ὲ O  ὒὭ ρȢχψ ὓὩὠ  ‌ ρȢπς ὓὩὠ              6% 

The electron-hole pairs created by inelastic scattering of the energetic 7Li and Ŭ particles moving 

through the material can be efficiently collected in the single-crystalline structure of hBN, 

leading to a detection efficiency of ~88.6%, in contrast with the low detection efficiency (< 5%) 

obtained with 10B-coated devices [8]. For devices made with monoisotopic h10BN, thick crystals 

(~90 Õm) are needed to capture all of the incident neutrons and maximize efficiency [9]. 

Substrate for 2D Materials and 2D Heterostructures 

The atomically smooth surface of hBN with no dangling bonds, its high chemical and 

physical stability, and its large bandgap make it an ideal substrate for many 2D materials. Zhang 

et al. [10] grew WSe2 via epitaxy on a hBN substrate, showing that vacancies in hBN trap W 

atoms and reduce the formation of WSe2. Ge et al [11] grew graphene nanoflakes via epitaxy 

inside holes etched into an hBN substrate such that the graphene was bonded to the etched hBN 

plane. The zig-zag edge where the two materials met exhibited very high magnetism, which is 

highly desirable for graphene spintronics. Wang et al. [12] fabricated graphene devices 

encapsulated with hBN, which exhibited ballistic transport of electrons over >15 Õm. In addition, 

Woessner et al. [13] showed that hBN encapsulation of graphene dramatically decreases the 

plasmon scattering in graphene, which will significantly improve nanophotonic and 

optoelectronic devices bases on graphene. Lee et al. [14] fabricated transparent, flexible field-

effect transistors based on a 2D heterostructure of hBN, MoS2, and graphene that had a high field 

effect mobility (45 cm2/V s) and a low operating voltage (<10V).  
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UV Emitter 

Even though hBN is an indirect bandgap, its luminescence efficiency is very high based 

on the short lifetime of excitons in the material (27 ns) [15], which makes it an excellent 

candidate for ultraviolet emitters. UV emitters can be used in a wide variety of applications 

including water and air sterilization, photocatalysis, and UV curing. Watanabe et al [16] 

fabricated a far ultraviolet (225 nm) plane-emission device with hBN powder that had a power 

output of 0.2 mW using only the power provided by standard AA batteries. These could be used 

in a wide range of applications including photocatalysis, sterilization, and modification of 

chemical substances. 

Nanophotonics 

Grudinin et al [17] showed that hBN has a very high refractive index, broad birefringence, and 

low optical losses compared to similar materials, which makes it an excellent material for 

nanophotonics. Caldwell et al [18] reported that hBN is a low-loss, mid-infrared, natural 

hyperbolic material, which allows sub-diffractional guided waves to be confined in all three 

dimensions. Dai et al [19] showed that the phonon-polariton resonance in hBN can be tuned by 

the number of layers. 

Single Photon Emitters 

Single photon emitters in crystals are point defects that emit one photon at a time. Grosso 

et al [20] demonstrated that the emission energy of single photon emitters at room temperature in 

hBN could be reversibly tuned to Ñ6 meV by stressing the material and that they were stable 

enough to be transferred to other substrates. These properties make it highly desirable for 

quantum information processing devices. 
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Twistronics 

Twistronics are a new class of devices that are fabricated by twisting one layer of a 2D 

material with respect to another, which creates moir® patterns and can affect its electronic, 

optical, and magnetic properties. Su et al [21] demonstrated that color centers at a twisted hBN 

interface could be precisely controlled, which could enable their use in quantum information 

technologies. Yasuda et al [22] and Woods et al [23] demonstrated that twisted bilayer hBN 

exhibited ferroelectric properties at room temperature and atomic thickness, which has 

applications in nonvolatile memories, high-permittivity dielectrics, electromechanical actuators, 

and pyroelectric sensors. 

Heat Management 

The high thermal conductivity hBN makes it promising for heat management in 2D 

devices and its electrically insulative nature means it wonôt short any electrical connections. 

Wang et al. [24] fabricated a reduced graphene oxide-based device with polycrystalline hBN-

coated glass as a substrate. The high in-plane conductivity (14 W/m K) carried heat away from 

its source while the low cross-plane conductivity (0.4 W/m K) prevented the formation of a hot 

spot directly under the device. The thermal conductivity could be increased further by using 

monoisotopic h10BN single crystals, which have an in-plane conductivity of 585 W/m K and a 

cross-plane conductivity of 3.5 W/m K [25].  

1.2  Basics of Solution Growth Method 

The solution growth method uses a solvent to dissolve both boron and nitrogen so that 

they can react with each other and precipitate as hBN. This reaction could, in theory, take place 

without a solvent, but it would be impractical in practice because hBN melts incongruently at a 

very high temperature (2142ϲC [26]). Deposition techniques such as chemical vapor deposition, 
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but they form thin films that are typically hindered by the lattice mismatch between hBN and the 

substrate. 

Solution growth has four basic steps: saturation, supersaturation, nucleation, and crystal 

growth. During saturation, boron and nitrogen dissolve into the solution until their solubility 

limits are reached. In the supersaturation step, the state of the system is changed such that the 

concentration of B and N increases or their solubility decreases, causing precipitation of hBN to 

be thermodynamically favorable. While the solution is supersaturated, hBN crystals will 

nucleate, then grow until the solution is no longer supersaturated. This section details the factors 

that influence each of these steps and how they inform how the process should be optimized. 

1.2.1 Solubility and Saturation 

Every hBN solution growth experiment starts by saturating the solvent with boron and 

nitrogen. So long as the solvent is exposed to sufficient boron and nitrogen sources, the system 

will naturally approach saturation due to being in a non-equilibrium state. The concentrations at 

which this will occur depend on the solubility of boron and nitrogen in the solvent.  

The solubility of boron in these systems is simply the liquidus curve on boron-solvent 

phase diagrams. For example, the Fe-B phase diagram [27] is shown in Figure 2 where the red 

line highlights the boron solubility in liquid Fe. At the maximum temperature used in this work 

(1550ϲC, see Section 1.4), the boron solubility in Fe is ~12 mass%. 
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Figure 2 ï Fe-B phase diagram with the sections of the liquidus that represent the maximum boron 

concentration that can be dissolved at a given temperature highlighted in red. [27] 

The solubility of molecular nitrogen in the molten metals typically used as solvents is 

governed by Sievertôs Law, which assumes that N2 splits into atomic species upon dissolving. 

The equation for Sievertôs Law takes the form 

ὑ
ὼ

ὖ Ⱦ
 

Where ὼ is the solubility of nitrogen as a mole fraction, ὖ  is the partial pressure of N2 in the 

gas, and ὑ is the Sievertôs constant, which is a function of temperature and the solvent 

composition. This indicates a few different ways to increase nitrogen solubility. First, a solvent 

can be chosen that has a higher nitrogen solubility in general. A quick rule of thumb is that, 

within the transition metals, the further left you go on the periodic table, the higher the nitrogen 

solubility of the element. 
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Second, the pressure of the system can be increased. All else held constant, the nitrogen 

solubility will increase by a factor equal to the square root of the increase in pressure. For 

example, if pressure is increased by a factor of 4, nitrogen solubility will increase by a factor of 

2. In crystal growth systems where the pressure can be easily controlled, this provides a very 

straightforward way to increase the nitrogen solubility, and thus the concentration of nitrogen in 

solution. 

 Third, the temperature of the system will change the nitrogen solubility, either increasing 

or decreasing it depending on the solvent being used and its composition. For example, Figure 3 

shows how nitrogen solubility increases with temperature in pure iron but decreases with 

temperature when the solvent is at least 6.5 wt% chromium [28]. Molten Ni-Cr alloys also have 

similar trends [29], but pure Fe, Fe-Cr, and Ni-Cr have all been used as solvents for hBN 

solution growth very successfully (see Section 1.3), so the trend of nitrogen solubility versus 

temperature does not appear to be critical for the functioning of a solvent in this process. 

 

Figure 3 ï Solubility of nitrogen versus temperature in molten Fe-Cr alloys at varying chromium 

concentrations. Curves based on model parameters given in [28]. Changing the concentration of 

chromium changes the slope and magnitude of nitrogen solubility curve. 
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Complicating matters is that the presence of boron in the solutionaffects the solubility of 

nitrogen and vice versa. Evans and Pehlke [30] studied the nitrogen solubility in an Fe-B system, 

which gives insights into how boron and nitrogen interact while dissolved in a solvent. They 

demonstrated that increasing the boron concentration in the solution decreased its nitrogen 

solubility, even in the absence of hBN formation. 

Regardless, the greater question is what conditions are required to cause hBN to start 

precipitating. This can be difficult to predict because it requires phase equilibria data for the 3+ 

component systems used for hBN solution growth, and that data is often scarce. Fortunately, in 

this work, a procedure was developed to predict the liquidus of hBN in an arbitrary solvent using 

the CALPHAD Method (see Section 2.1). As with boron solubility, the hBN liquidus defines the 

solubility curve of hBN. Thus, this curve can reveal when the solution is saturated or 

supersaturated. 

1.2.2 Methods of Supersaturation 

Once the solution has become saturated, the state of the system must be shifted to cause 

the solution to become supersaturated so that hBN will precipitate. This can be accomplished 

with a few different methods: slow cooling, temperature gradient, or solvent evaporation. Each 

of these have different parameters that dictate how crystal growth will progress. 

In the solvent evaporation method, the temperature is held constant and the solvent is 

allowed to evaporate, leaving boron behind and causing the solution to supersaturate. For this to 

be a practical method for crystal growth, the evaporation rate of the solvent needs to be high, 

which requires either a volatile solvent or extreme temperatures. A few works have grown hBN 

with this method [31]ï[33], but with the exception of Ishii and Sato [31] (see Section 1.3.2), the 

size and quality of hBN grown with this method have been poor. 



10 

 

In the temperature gradient method, a temperature gradient is imposed along the length of 

the solution to drive crystal growth, as illustrated in Figure 4b. In this setup, supersaturation is 

maintained through a balance between diffusion and crystal growth. The temperature gradient 

produces a gradient in the solubility of hBN, which increases with increasing temperature. More 

boron and nitrogen will dissolve on the hot side than the cold side, which introduces a 

concentration gradient in the same direction as the temperature gradient. This, in turn, provides a 

driving force for boron and nitrogen mass transfer from the hot to the cold side, producing a 

supersaturated solution in the cooler region that causes hBN crystals to precipitate. This process 

persists because the concentration gradient is maintained through the continuous removal of 

boron and nitrogen on the cold side (due to crystal growth) and addition of these components on 

the hot side (due to solvation of the source material). The key parameters in this method are the 

temperatures of the hot and cold side and the temperature gradient between them. 

In the slow cooling method, the entire system is cooled uniformly, which decreases the 

solubility and causes any B and N in excess of the saturation limit to precipitate as hBN (Figure 

4c). The key parameters in this method are the starting temperature, the quench temperature (the 

temperature at which slow cooling ends and the system is brought back to room temperature), 

and the cooling rate. The cooling rate is largely responsible for the degree of supersaturation, and 

thus the nucleation and growth rate, because it defines how quickly the state of the system is 

changing. Since crystals grown with this method form over a range of temperatures, the crystals 

grown with it could precipitate with a range of crystal qualities based on the temperature at 

which they formed. 



11 

 

 

Figure 4 ï a) Schematic of solvent evaporation method. As the solvent evaporates, boron is left behind, 

which causes the solution to become supersaturated so that hBN precipitates. b) Schematic of 

temperature gradient method. Concentration gradient causes B & N to diffuse to cold side, where hBN 

precipitates due to lower solubility. c) Schematic of slow cooling method. As temperature decreases, 

solubility decreases and any excess B & N precipitates as hBN. 

1.2.3 Nucleation and Crystal Growth 

To produce large single hBN crystals, the nucleation rate should be much slower than the 

crystal growth rate. Ideally, only one crystal will nucleate and grow to fill the entire region 

available to it. The kinetics of nucleation in hBN solution growth has not been explicitly studied, 

but Lacmann, Herden, and Mayer [34] showed that the rate of homogeneous nucleation (ὐ) for 

crystals in general is given by the expression, 

ὐ θ  Ὡ
Ў

 

Where Ὧ is the Boltzmann constant, Ὕ is the absolute temperature, and ЎὋ is the Gibbs free 

energy of nucleation, which is given by the expression, 

ЎὋ  θ
‎

Ўὧ
ὧ
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Where ‎ is the surface energy between the crystal and the solution, ὧ is the solubility of the 

crystal material in the solvent, and Ўὧ is the supersaturation (Ўὧ  ὧ  ὧ).  

These equations reveal a few ways to reduce the nucleation rate. First, lowering the 

temperature reduces nucleation, but that is not a good option because it will also slow crystal 

growth and mass transport. Increasing the Gibbs free energy of nucleation will also reduce the 

rate, which can be done by either increasing the surface energy between the crystal and the 

solution or decreasing the relative supersaturation (Ўὧ
ὧ). The surface energy is difficult to 

predict and will depend on what solvent is used for crystal growth, so while this does not provide 

a straightforward strategy to reduce nucleation rate, it does reveal that the choice of solvent will 

inherently affect it.  

The relative supersaturation, on the other hand, can be more easily controlled as is 

discussed in Section 1.2.2. For example, the relative supersaturation could be reduced by 

decreasing the cooling rate or the temperature gradient when using the slow cooling method or 

the temperature gradient method, respectively. However, the fact that supersaturation (Ўὧ) is 

divided by the solubility (ὧ) suggests that increasing the solubility will also decrease the 

nucleation rate. Furthermore, the slope of the solubility curve versus temperature may play an 

important role. With a constant cooling rate, a solvent with a steeper solubility versus 

temperature curve will be supersaturated faster than a solvent with a flatter curve. 

1.3 Prior Work on hBN Solution Growth 

Solution growth of hBN can be split into three categories: High Pressure High 

Temperature (HPHT), Atmospheric Pressure High Temperature (APHT), and monoisotopic hBN. 

HPHT hBN synthesis is widely considered the gold standard for growth of large, high-quality 

hBN. However, APHT synthesis can frequently produce hBN on par or better than those grown 
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at HPHT. Monoisotopic hBN is synthesized so that both boron and nitrogen have only one 

isotope and has only been grown with APHT synthesis to date. The natural isotope distribution of 

boron is 20% 10B and 80% 11B while the natural isotope distribution of nitrogen is 99.6% 14N and 

0.4% 15N (i.e., nearly isotopically pure 14N). Thus, by using a monoisotopic boron source 

material, monoisotopic hBN can be grown. This section details the advances each hBN solution 

growth researcher has made in developing these processes. 

1.3.1 High Pressure Synthesis 

Taniguchi and Watanabe et al [2], [35] began research into HPHT synthesis of hBN when 

it formed as a byproduct of cBN synthesis and they observed that it exhibited UV luminescent 

properties. They grew these crystals via the temperature gradient method with a barium solvent 

at high temperature (1500-1750ÁC) and high pressure (4.0-5.5 GPa) with the temperature 

gradient method. The crystals grown in these works were 1-6 mm2 and were colorless, which 

indicates low carbon impurities. In later work [36] with the barium solvent, they used SIMS to 

analyze the carbon and oxygen impurity concentrations in their hBN crystals; both were less than 

1018 atoms/cm3. An example of an hBN single crystal grown under these conditions is shown in 

Figure 5a. Kubota et al [37] also tested a pure nickel solvent at high temperature (1300-1900ÁC) 

and high pressure (4.5-6 GPa). The crystals produced were relatively small (10-25 Õm across) 

and were irregularly shaped, as shown in Figure 5b. The small size may be due to the extremely 

low solubility of nitrogen in pure nickel, which may inhibit the rate of crystal growth. 

Zhigadlo [38] followed up on this work with a magnesium solvent at 1700-2100ÁC and 1-

3 GPa using the temperature gradient method. A drawback of the barium solvent is that it is 

hygroscopic and oxidizes quickly in air, so it must always be handled in a dry nitrogen 

atmosphere. Magnesium is more stable and does not require such stringent care to be taken in 
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handling it, so the author proposes it as a more practical solvent. The best results with this 

solvent were obtained at 1900-2100ÁC and 3 GPa, the maximum temperatures and pressure they 

tested.  An image of hBN crystals produced with this solvent is shown in Figure 5c. The success 

of these parameters could be attributed to the faster kinetics with higher temperatures and 

increasing nitrogen solubility with higher pressure. These crystals have a similar size to those 

reported by Watanabe et al [35] and produced a Raman E2g peak FWHM of 8 cm
-1, which 

indicates good quality, suggesting this is a viable substitute for barium. 

Onodera et al [39] discovered that hBN crystals grown with a Ba solvent as described in 

ref. [36] consistently contained a carbon-rich domain. These domains are invisible in optical and 

electron microscope images, but visible in cathodoluminescence and photoluminescence images. 

They are also significantly detrimental to carrier mobility in an adjacent graphene layer as 

determined by electrical measurements on a hBN-graphene heterostructure. No advice was given 

on how to eliminate the domain from forming, but their method of detecting them with CL or PL 

allows carbon-free crystals to be selected before device fabrication. 

 

Figure 5 ï Examples of hBN crystals grown at high pressure and temperature. a) Optical micrograph of 

an hBN single crystal grown from a Ba solvent at high temperature (1500-1650ϲC) and high pressure (4-5 

GPa) [36]. b) SEM image of hBN crystals grown from a nickel solvent at 6 GPa and 1600ÁC [37]. c) 

Photograph of hBN flakes produced using a magnesium solvent at 3 GPa and 1900-2100ÁC [38]. 
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1.3.2 Atmospheric Pressure Synthesis 

The first reported demonstration of solution growth of bulk hBN single crystals was in 

1983 by Ishii and Sato [31], who used a silicon solvent at atmospheric pressure. They were able 

to produce flakes up to 2 mm across and 20 Õm thick as shown in Figure 6. The mechanism for 

hBN supersaturation and precipitation in their work is unclear, but the authors suggest that 

evaporation of the solvent could have been the driving force. The extreme temperature (1830ÁC) 

and low pressure makes this explanation plausible, but the driving force may also have been the 

cooling period from 1830ÁC to 1800ÁC. Unfortunately, the cooling rate was not specified.  It is 

also unclear if these flakes were single crystals or polycrystalline, but their Raman E2g peak 

FWHM was 8 cm-1, indicating their quality was relatively good, even by todayôs standards. 

However, these crystals had a pale-yellow color, which is indicative of carbon contamination, 

likely caused by the use of a graphite susceptor in their induction furnace. 

A few different researchers tested hBN solution growth at low temperatures (<1000ÁC) 

and pressures using a variety of solvents and experimental setups. Ostrovskaya et al [32] grew 

hBN at 650-1450ÁC from a lithium borate solvent, which was supersaturated by evaporating the 

solvent. Feigelson, Frazier, and Twigg [40] grew hBN (Figure 6b) with a molten salt (BaF2-Li3N) 

as a solvent at 760-900ÁC under a temperature gradient, following procedures that were 

successful for growth of other III-nitrides like GaN. Gu et al [41] grew hBN (Figure 6c) with a 

mixture of NaBF4, NaNH2, and LiBr at 600-700ÁC, though they did not specify how their 

solution was supersaturated. In all of these low temperature studies, the width of hBN single 

crystals were very small (<10 Õm) or their crystal quality was poor (Raman E2g
high peak FWHM 

>10 cm-1). 
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Figure 6 ï a) Large hBN flake produced by Ishii and Sato [31] in a Si solvent at 1850ÁC. b) Large single 

crystal grown from molten BaF2-Li3N salt at 820ÁC by Feigelson, Frazier, and Twigg [40]. c) Crystals 

grown from a mixture of NaBF4, NaNH2, and LiBr at 650ÁC by Gu et al [41] 

Kubota et al [42], following their success with high pressure synthesis of hBN and the 

success of Ishii and Sato [31] at atmospheric pressure, developed the slow cooling method for 

hBN solution growth at atmospheric pressure. To grow crystals, they cooled the system from 

1350-1500ÁC to 1200ÁC at 4ÁC/hr and tested two different solvents: pure Ni and Ni-Mo. A major 

conclusion in their work was the importance of the nitrogen solubility of the solvent. Pure nickel 

has a very low nitrogen solubility and produced crystals that were 300 Õm across or less with a 

thickness of a few microns. Adding Mo significantly increased the nitrogen solubility of the 

solvent, and crystals grown from Ni-Mo solvents (Figure 7a) were significantly thicker (10 Õm) 

and had a Raman E2g peak FWHM of 9.0 cm
-1, which indicates good quality.  

In a follow-up to this work, Kubota et al [43] tested a Ni-Cr solvent. The addition of Cr 

enabled crystals (Figure 7b) up to 500 Õm across and 60 Õm thick to be formed, which they 

attributed to its much higher nitrogen solubility than Ni-Mo. They also suggest that the optimal 

starting temperature of the process is near 1430ÁC since this produced their largest single crystals 

(Figure 7b). 
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Figure 7 ï a) Differential interference microscope image of hBN grown from Ni-Mo solvent at 1400ÁC 

[42]. b) Photograph of hBN crystals grown from a Ni-Cr solvent at 1430ÁC. [43]. 

The success of the APHT slow cooling method for hBN solution growth developed by 

Kubota et al [42], [43] led many others to build off of this process and improve it. Clubine [44] 

and Hoffman et al [45] studied the effect of the cooling rate and dwell temperature with a Ni-Cr 

solvent and concluded that the slowest cooling rate (2ϲC/hr) and highest dwell temperature 

(1700ϲC) they tested produced the largest crystals. This was attributed to a reduction in the 

nucleation rate with decreasing cooling rate and increasing atomic mobility with increasing 

growth temperature. However, the highest temperature in both works required use of a furnace 

with a graphite heating element, which may have contaminated the crystals with carbon. The 

largest crystal produced in these works ( Figure 8a) was 5 mm wide with a Raman E2g
high peak of 

8 cm-1, indicating they were high quality. Clubine [44] also tested pure Ni and pure Cu as 

solvents, but did not precipitate hBN from them. 

Sperber [46] tested a stepped growth process with a Ni-Cr solvent intended to increase 

the thickness of hBN single crystals without affecting their domain area. In the first step, the 

solution was slowly cooled from 1410ϲC to 1394ϲC at 4ϲC/hr to grow wide crystals as done in 

prior work. Then the system was dwelled at that temperature for 24 hours to allow the 
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established crystals to grow thicker. The crystals were relatively small compared to prior work 

(~170 Õm wide), but their thickness (~17 Õm) was large relative to their width, suggesting that 

both wide and thick crystals could be grown with this process if it were further optimized. 

Notably, the crystals grown in this way also grew oriented so their a/b direction was 

perpendicular to the surface of the solvent as shown in  Figure 8b. 

Liu et al [47] compared Ni-Cr to Fe-Cr as a solvent for hBN solution growth because Fe 

is significantly cheaper than Ni and would make the process more economical. They obtained 

hBN single crystals that were up to 2 mm wide ( Figure 8c) and had a Raman E2g
high peak of 7.8 

cm-1, indicating that both solvents produce similarly large and high-quality crystals and 

demonstrating that Fe-Cr will work as a low-cost alternative to Ni-Cr.  

 

 Figure 8 ï a) Optical micrograph of 5 mm-wide hBN single crystal grown from a Ni-Cr with a dwell 

temperature of 1700ϲC and a cooling rate of 2ϲC/hr [45]. b) Optical micrograph of hBN crystals grown 

from Ni-Cr using a stepped growth process to encourage growth in both the a/b and c directions. Crystals 

tended to form the shape of pyramids with their a/b direction roughly perpendicular to the solvent surface 

[46]. c) Photograph of large hBN single crystals on the surface of the solidified Fe-Cr flux they were 

grown from [47]. 
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Zhang et al [48] demonstrated that intentionally adding carbon to their Ni-Cr solvent 

increased the size and yield of hBN crystals, claiming that carbon reduces any residual oxygen in 

the system that would have otherwise inhibited crystal formation. Their results showed a 10-fold 

increase in domain size while using carbon concentrations between 1.8 and 6.8 mass% compared 

to their own results without any added carbon. No carbon was detected in the hBN crystals with 

EELS, but their largest crystals (Figure 9a) were 200 Õm wide while all other researchers that 

tried Ni-Cr were able to grow crystals larger than 500 Õm. Subsequent analysis by Cao et al [49] 

of hBN crystal growth with a Ni/Cr solvent, hBN as the source material, and with the addition of 

1.8 mass% carbon, demonstrate that graphite was precipitating where cracks appeared in the 

hBN crystals.  This graphite precipitation was suppressed by adding 0.25 to 4.76 mass% gold, 

which suppressed the carbon aggregation and produced larger crystals (Figure 9b).  The time 

resolved photoluminescence properties were also improved with the addition of gold. 

 

Figure 9 ï a) Optical micrograph of hBN grown from a Ni-Cr solvent containing 1.8 mass% carbon [48]. 

b) Optical micrograph of hBN grown from a Ni-Cr solvent containing 1.8 mass% carbon and 4.76 mass% 

gold to suppress precipitation of graphite [49]. 

Li et al [50] grew hBN from an Fe-Cr solvent with a process that combined features of 

the slow cooling and temperature gradient methods. One zone in their horizontal tube furnace 

was held at 1600ϲC throughout crystal growth while the temperature of the neighboring zone was 

steadily dropped from 1600ϲC to 1400ϲC at 4ϲC/hr, creating a temperature gradient across the 
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solution that gradually increased over the course of the experiment. These crystals were up to 3-4 

mm wide (Figure 10a) and had a Raman E2g
high peak FWHM of only 7.6 cm-1, the narrowest 

peak width reported to date using natural isotope distribution boron.  

In another work, Li et al [51] grew hBN from a pure Fe solvent by slowly cooling from 

1550ϲC to 1450ϲC at 4ϲC/hr. Pure Fe has a very low nitrogen solubility compared to other 

solvents that have been tested for hBN solution growth, but it still produced large, high quality 

hBN (Raman E2g
high peak FWHM of 7.6 cm-1). As shown in Figure 10b, this process also 

produced a highly-ordered hBN flake ~4 cm2 in area, one of the largest continuous hBN sheets 

reported. 

 

Figure 10- a) Micrograph of hBN on the surface of an Fe-Cr ingot. Green lines outline grain boundaries 

of three crystals [50]. b) Photograph of hBN single crystal grown from a pure iron solvent on solidified 

ingot. Triangular hBN sheet is ~4 cm2 in area. [51] 

Onodera et al [52] tested Ni-Cr alongside Ni-Mo and Co-Cr. They concluded that Co-Cr 

was the best of these solvents because it produced crystals with the lowest impurity 

concentrations. The largest of these flakes were >180 Õm2 after exfoliation from the solidified 

ingot (Figure 11a). These are smaller than those produced from Ni-Cr, but the reason for this is 

unclear based on the information provided in the article. However, a major conclusion from this 

work is that the crystals they produced from Co-Cr with an APHT process were free of carbon-

rich domains frequently found in crystals grown from Ba in a HPHT process, which were 
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initially discovered in a prior work [39]. These carbon domains were shown to degrade the 

carrier mobility of the material, so finding ways to avoid them is important. 

Zhang et al [53] grew hBN from a Cu-Cr solvent by slow cooling from 1700ϲC to 

1500ϲC at a rate between 2.5 and 10ϲC/hr. Copper was chosen as a replacement for Ni because it 

is much cheaper than Ni and has a very low carbon solubility, potentially reducing the 

concentration of carbon impurities in hBN grown from it. As in other works testing the effect of 

the cooling rate, the slowest rate they tested (2.5ϲC/hr) produced the largest, clearest hBN flakes. 

These flakes were up to 6 mm wide (Figure 11b) with a Raman E2g
high peak FWHM of 9.3 cm-1, 

which is significantly higher than in other works, indicating that they have worse quality. 

Li, Y. et al [54], following the success of  Li, J. et al [51], also studied hBN solution 

growth in pure Fe by slowly cooling the system from 1550ϲC to 1450ϲC at 4ϲC/hr. They 

specifically studied how the concentration of boron in the melt (1.5-25.3 at%) affected the size of 

hBN grown, determining that a boron concentration of 16.2 at% (3.6 mass%) produced the 

largest crystals (up to 400 Õm wide, Figure 11c). These crystals had a Raman E2g
high peak 

FWHM of 7.9 cm-1, which indicates that they have a high crystal quality. 

 

Figure 11 ï a) SEM image of free-standing hBN crystal flakes grown from a Co-Cr solvent [52]. b) 

Photograph of hBN flake grown from a Cu-Cr solvent [53]. c) Optical micrograph of hBN grown with 

16.2 at% B in a pure Fe solvent [54]. 
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1.3.3 Synthesis of Monoisotopic hBN 

To grow monoisotopic hBN, a hot-pressed boron nitride (HPBN) boat cannot be used as 

is often done for hBN solution growth because HPBN is only commercially available with the 

natural isotope distributions. Since HPBN dissolves into the solution during crystal growth, any 

hBN grown with it will have an unpredictable mixture of isotopes. Therefore, an inert crucible 

like alumina is required and monoisotopic boron powder is the boron source material. However, 

this comes with the additional challenge of needing to decide what concentration of boron to add 

to the solution instead of relying on the solventôs boron solubility and the solvation kinetics of 

HPBN to control the concentration of boron. Several works have been published that detail how 

to grow high-quality hBN 

Hoffman et al [55] was the first to describe how monoisotopic hBN can be grown via the 

solution growth method. They used a 46.76/ 41.47/ 11.78 mass% Ni/Cr/B solution with 

isotopically enriched 10B (92.64 at%) or 11B (99.99 at%) as the boron source material, cooling 

from 1500ÁC to 1200ÁC at 2ÁC/hr. However, they performed the experiment in a HPBN crucible, 

which diluted the isotopically enriched boron with natural isotope distribution boron. 

Furthermore, the crystals grown in their work were small (20-30 Õm) with wide Raman E2g
high 

peak FWHM (14.1 and 9.4 cm-1 for h10BN and h11BN, respectively), indicating that they had 

relatively poor quality. In later attempts, Hoffman [56] replaced the HPBN crucible with an 

alumina one, leaving all else the same, to much greater success. These crystals were much larger 

(~300 Õm, Figure 12a) with Raman E2g
high peak FWHMs of 3.5 and 3.6 cm-1 for h10BN and 

h11BN, respectively. 

Liu et al [57] achieved even better results using a process with a few key differences The 

starting composition was 48/48/4 mass% Ni/Cr/B, hydrogen was added to the furnace 
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atmosphere to remove carbon and oxygen impurities from the solution, and the cooling rate was 

lowered from 4ϲC/hr to 0.5ϲC/hr. Crystals grown with this process were up to 1 mm wide (Figure 

12b) and had Raman E2g
high peak FWHMs of 3.1 and 3.3 cm-1 for h10BN and h11BN, respectively. 

As with the results of Hoffman [56], these peak widths are dramatically narrower than those 

produced by any hBN single crystal with a natural boron isotope distribution, which is attributed 

to eliminating isotopic disorder in the material. 

Following this work, Li, J. et al [58] grew monoisotopic h10BN and h11BN from an Fe-Cr 

solvent. They used a faster cooling rate, cooling from 1550ϲC to 1450ϲC at 4ϲC/hr, but the basic 

process was otherwise the same. The largest crystals grown were 1-5 mm across (Figure 12c) 

and had Raman E2g
high peak FWHMs of 3.1 and 2.7 cm-1 for h10BN and h11BN, respectively, 

indicating that they are larger and slightly higher quality than those produced by Liu [57] with a 

Ni-Cr solvent.. 

Li, Y. et al [54] grew monoisotopic h10BN and h11BN from a pure Fe solvent using the 

optimal boron concentration they determined in the same work (see previous section). They did 

not specify the domain size of monoisotopic hBN they grew, but it is likely close to the size of 

natural isotope distribution hBN they grew (~400 Õm). Furthermore, the Raman E2g
high peak 

FWHMs for these crystals were 3.3 and 2.9 cm-1 for h10BN and h11BN, respectively, indicating 

that they have crystal quality similar to those of Liu et al [57] and Li, J.et al [58]. 
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Figure 12 ï a) Optical micrograph of h10BN grown from Ni-Cr with 11.78 mass% 10B by slowly cooling at 

4ϲC/hr [55]. b) Optical micrograph of h10BN grown from Ni-Cr with 4 mass% 10B by slowly cooling at 

0.5ϲC/hr [57]. c) Optical micrograph of h11BN grown from Fe-Cr with 3.2 mass% 11B by slowly cooling at 

4ϲC/hr [58]. 

1.4 Standard Crystal Growth Process 

All crystal growth experiments conducted in this study employed a two-step process: 

ingot formation then crystal growth. Ingot formation was done to thoroughly mix the source 

materials into a homogenous ingot that was used in the second step. A similar process was done 

in past work [56] with the goal of precipitating impurities from the solution prior to crystal 

growth. In that prior study, any material that precipitated during ingot formation was polished off 

and discarded along with any unincorporated powder. However, in this work, special focus was 

placed on the composition of the solution, and discarding material would change the composition 

of the solution by an unpredictable amount.  

Thus, ingot formation was modified as shown in Figure 13. Metal and boron powder ï 

the solvent and boron source materials, respectively ï were loaded into an alumina crucible and 

placed into a horizontal tube furnace. An alumina crucible was chosen in place of the hot-pressed 

boron nitride (HPBN) crucibles used in past work to prevent the boron concentration from 

changing unpredictably due to solvation of the HPBN crucible [43], [45], [47], [51]. 

Furthermore, HPBN crucibles cannot be used during synthesis of isotopically pure hBN because 

they are only available with the natural isotope distributions of B and N. Next, the furnace was 
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heated to 1550ϲC at 200ϲC/hr and held there for 24 hours so all components melted together into 

a homogenous liquid, then quenched at 200ϲC/hr back down to room temperature (Figure 13a). 

Throughout this process, a steady stream of 93/7 Ar/H2 flowed through the furnace at 270 sccm 

and 850 torr (Figure 13b). Hydrogen gas is included to react with carbon and oxygen impurities 

to produce H2O and CH4, which are swept from the system.  

The only major difference between this process and the ingot formation process described 

in ref. [56] is flowing argon through the furnace in place of nitrogen. Ingot formation without 

any nitrogen in the system consistently produced clean, homogenous ingots while ingot 

formation with nitrogen frequently left undissolved powder in the crucible as shown in Figure 

13c. This is likely due to avoiding the formation of hBN or metal nitrides during melting, which 

may inhibit thorough mixing of the components. In any case, the substitution of nitrogen for 

argon allows the composition of the solution to be precisely controlled by avoiding the need to 

discard material. 

 

Figure 13 ï a) Temperature profile of ingot formation experiments. b) Diagram of experimental setup 

inside the tube furnace. Hydrogen diluted with argon for safety continuously flowed over crucible to react 

with carbon and oxygen impurities and sweep them from the system. c) Results of ingot formation with 

and without N2 present in the atmosphere for two solvents. Removing nitrogen produced more 

homogenous ingots. 
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For the crystal growth step, the ingot formed in the first step was loaded into a horizontal 

tube furnace again to grow hBN single crystals. Unlike the ingot formation step, nitrogen is 

introduced into the system by continuously flowing 93/7 N2/H2 through the furnace at 270 sccm 

and 850 torr (Figure 14b). Hydrogen continues to volatilize impurities and remove them from the 

system while nitrogen dissolves into the solution to react with boron and form hBN. Once the 

ingot is loaded, the furnace is heated to 1550ϲC at 200ϲC/hr and held there for 24 hours to allow 

nitrogen ample time to saturate the solution, then slowly cooled at 1ϲC/hr to supersaturate the 

solution and cause hBN to precipitate (Figure 14a). At 1500ϲC, the system is quenched at 

50ϲC/hr to 1300ϲC, then at 100-200ϲC/hr down to room temperature. The initial slow quench is 

done to protect the alumina tube from thermal shock, which could crack the tube and ruin an 

experiment due to oxygen from the air entering the system. Once cooled, the ingot has a layer of 

hBN crystals covering its entire surface as shown in Figure 14c. 

 

Figure 14 ï a) Temperature profile of crystal growth experiments with diagrams illustrating how crystal 

growth progresses. b) Diagram of experimental setup inside the tube furnace. Nitrogen and hydrogen 

continuously flowed over crucible. H2 reacts with carbon and oxygen impurities and sweep them from the 

system. Nitrogen dissolves into the solvent and reacts with boron to form hBN. 

To make use of the crystals grown via this method, they must be removed from the ingot. 

This was done by mechanical exfoliation of the crystals with thermal release tape as shown in 
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Figure 15a. Once they are removed from the ingot, they can be removed from the tape by heating 

it on a hotplate so that it is no longer adhesive, producing free-standing crystals like the one 

shown in Figure 15b. Unfortunately, this process tends to break crystals, making them thinner 

and smaller in-plane than they were as-grown. 

 

Figure 15 ï a) Illustration of how mechanical exfoliation with thermal release tape is done. Some crystals 

inevitable become broken and are usually cleaved to produce thinner crystals. b) Optical micrograph of 

an hBN single crystal exfoliated from an ingot. 

Ingot formation and crystal growth experiments were each conducted in one of two 

furnaces shown below in Figure 16 and Figure 17, termed here ñFurnace 1ò and ñFurnace 2ò, 

respectively. Both furnaces are 1600 series single heating zone horizontal tube furnaces from CM 

Furnaces Inc., though they have a few minor differences. Furnace 2 is mounted on a structure 

that allows it to be tilted up to 30ϲ forward or back, though this functionality was not used in this 

work. Furnace 1 has three gas cylinders attached to it: Ultra-high purity (UHP) nitrogen, 

hydrogen, and argon, all from Matheson Gas. By setting the flowrates on the mass flow 

controllers (MFC) connected to each cylinder, precise mixtures of the three gases can be 

achieved. Furnace 1 has two gas cylinders attached to it: UHP nitrogen and a custom 95/5 Ar/H2 

mixture from Matheson Gas. A pure hydrogen cylinder is not attached to this furnace because of 

fire safety concerns due to it not being in a fume hood. In both furnaces, a butterfly valve is 

automatically controlled with a pressure controller reading a pressure transducer (covering a 

pressure range from 1 to 1000 torr) to maintain the pressure at 850 torr in all experiments. A low-
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pressure thermocouple gauge (covering a pressure range from 0.001 to 1 torr) measured the 

pressure during vacuum-purge cycles. 

 

Figure 16 ï a) Photograph of furnace 1 with components labeled. b) Schematic of gas flow and vacuum 

system attached to furnace 1. 
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Figure 17 - a) Photograph of furnace 2 with components labeled. b) Schematic of gas flow and vacuum 

system attached to furnace 2. 
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Chapter 2 - Optimizing Boron Concentration 

In many other studies on the solution growth of hBN crystals, the boron source material 

was hot pressed boron nitride (HPBN) [1]ï[10]. In those cases, boron is present in large excess 

such that the concentration of boron in solution is dictated by the kinetics of the solvent 

dissolving the HPBN, the hBN growth rate, and the solubility limit of boron in the solvent. In 

this work, the boron source material was elemental boron powder, which gives more precise 

control over the boron concentration in the solution and enables synthesis of isotopically 

enriched hBN simply by using isotopically pure boron powder (see Chapter 5). However, this 

necessitates choosing an amount of boron to add to the solvent at the start of each experiment 

and presents another variable to optimize. 

The concentration of boron dramatically affects the phase equilibria in hBN crystal 

growth solutions as will be shown in this chapter. Figure 18a shows a hypothetical liquidus curve 

for hBN in a molten metal solution. Above the curve, hBN is not stable: only a homogenous 

liquid phase is present. Below the curve, hBN is also stable and will precipitate from the liquid. 

An optimal starting boron concentration would be equal to the liquidus curve at the starting 

temperature. 

If the concentration is much higher than the optimum, the solution will start in a state far 

from equilibrium, creating a large driving force for hBN to precipitate and thus causing many 

hBN crystals to nucleate as illustrated by the orange dashed line in Figure 18. These crystals will 

grow as quickly as the mass transport and reaction kinetics will allow. This rapid growth tends to 

create more defective crystals as the atoms do not have time to find their most stable positions, 

and the abundance of nuclei will result in many small crystals instead of a few large ones as the 

crystals grow until they collide with their many close neighbors. 
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With the optimal starting boron concentration, illustrated by the green dashed line in 

Figure 18, the driving force for precipitating hBN will be controlled by the cooling rate of the 

furnace. Therefore, throughout the slow cooling process, the system will stay close to 

equilibrium, keeping the driving force for hBN precipitation small. Therefore, compared to the 

case with a too high boron concentration, fewer hBN crystals nucleate and grow more slowly, 

allowing them to grow larger and with better quality. 

If a boron concentration much lower than the optimum is used, time and energy will be 

wasted as illustrated by the blue dashed line in Figure 18. Until the temperature drops to the 

liquidus curve, hBN will not precipitate at all. Once the temperature reaches the liquidus curve, 

hBN will nucleate and grow like with the optimum concentration, just at a lower temperature. 

However, higher temperatures are expected to produce higher quality crystals since atomic 

mobility increases with increasing temperature, allowing atoms to find their most stable locations 

more easily. Therefore, lowering the starting temperature to accommodate the lower starting 

boron concentration is not a good solution. 

This chapter discusses how to find the optimum boron concentration, both experimentally 

and with the use of CALPHAD, with specific focus on maximizing the size of the single crystals 

formed.  
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Figure 18 ï Hypothetical liquidus curve of LҦhBN illustrating how to optimize the boron concentration. 
A concentration that is too high will have a high nucleation rate due to being overly supersaturated, 

resulting in many small crystals. A concentration that is too low will waste time and energy because no 

hBN will precipitate until the system hits the liquidus. An optimal concentration occurs where the liquidus 

intersects the starting temperature so that the system starts saturated, then slowly supersaturates to limit 

nucleation and produce few large crystals instead of many small ones. 

2.1 CALPHAD Modeling 

The CALPHAD (CALculation of PHAse Diagrams) method, described in great detail in 

ref. [11], is an algorithm that uses thermodynamic data collected from experiments and ab initio 

calculations with one, two, or three components to predict phase diagrams and thermodynamic 

properties in multicomponent systems. The thermodynamic data is used to determine a set of 

Gibbs energy equations that represent how every component in a system interacts with every 

other component in every phase that could be stable. For example, to accurately predict the 

liquid phase in the Fe-B-N system, equations for each unary (Fe, B, and N), binary (Fe-B, Fe-N, 

and B-N), and ternary (Fe-B-N) in the liquid phase need to be known. Ternary components can 

often be excluded from the equations if the ternary interactions are weak or one or more of the 

components is very dilute, making ternary interactions unlikely. Each of these equations are 
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combined into Gibbs energy equations for each phase (Ὃ) that are a function of temperature, 

pressure, and the concentration of every component in the system. 

 Ὃ ὪὝȟὖȟὼȟὼȟȣ  Equation 1 

To determine what phase(s) are stable, the Gibbs energies for every phase are summed 

together, weighted by the amount of each phase (ὲ) and the total Gibbs energy (Ὃ ) is 

minimized by adjusting the amount of each phase and the free parameters.  

 Ὃ ὲὋ Equation 2 

For example, in the Fe-B-N system, the temperature, pressure, and overall concentrations 

of Fe, B, and N in the system could be fixed and the amount of each phase and the concentration 

of components in each phase will be adjusted to minimize the total Gibbs energy. This can be 

repeated at other temperatures and other overall concentrations to fill out an entire phase 

diagram. However, calculating a phase diagram is only part of what the CALPHAD method can 

predict. Since the process provides a value for the total Gibbs energy at every state, many 

different thermodynamic properties such as the heat capacity or the coefficient of thermal 

expansion at those states can be calculated from Maxwell Relations. 

This is a powerful method to accurately extrapolate to states with no experimental data or 

to systems with four or more components without needing to gather additional data on those 

systems. In this work, the CALPHAD method was applied to two systems: Fe-B-N and Ni-Cr-B-

N. Some data is available on the ternary Fe-B-N system [12]ï[14], but the CALPHAD method 

can extrapolate and interpolate to the entire temperature and concentration range of interest in 

this study. For the Ni-Cr-B-N system, no data is available on the quaternary system and only 

scattered data is available for the four ternary sub-systems [15]ï[17], but the CALPHAD method 

is able to accurately fill those gaps as well. 
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In this work, ThermoCalc [18] software handled the intricacies of the CALPHAD method 

using their TCFE9 Steels/Fe-alloys database as the basis for all calculations. In all calculations, 

the pressure was fixed at 1 bar, which is close to the pressure used during experiments (1.14 bar). 

The total mass of boron and metal (Fe or Ni + Cr) in the system was set for each calculation 

(summarized in Table 1) to match the mass of these components in experiments. The amount of 

nitrogen in the system was defined by fixing the number of moles of N2 in the gas at a constant 

value, regardless of how the temperature changes or how much nitrogen dissolves into the 

solution or reacts with the boron to form hBN. This simulates a continuous flow of nitrogen into 

the system throughout an experiment, which creates a virtually infinite source of nitrogen. Thus, 

at every state calculated, nitrogen is fully saturating the system. The evaporation of boron, 

solvent metals, and hBN was ignored for these calculations, so the gas phase is pure N2. This 

makes the definition of the moles of N2 in the gas phase arbitrary since any amount greater than 

zero will saturate the solution within the given parameters. Finally, the temperature was varied as 

the independent variable so that the phase behavior throughout the experimental temperature 

range could be studied. 

Table 1 ï Masses of components used in CALPHAD simulations. 

Mass% B Mass B (g) Mass Fe (g) Mass Ni (g) Mass Cr (g) 

2 0.204 10 --- --- 

3.0 0.31 10 --- --- 

4.0 0.42 10 --- --- 

5.0 0.53 10 --- --- 

3.0 6.2 --- 100 100 

4.0 8.3 --- 100 100 

5.0 10.5 --- 100 100 

6.0 12.8 --- 100 100 

 

An example of the output of these calculations is shown in Figure 19, which shows the 

mass fraction of every phase plotted versus the temperature of the system using either Fe (Figure 
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19a) or 1:1 Ni-Cr (Figure 19b) as a solvent and containing 3 mass% B. At high temperatures, 

both systems consist of only two phases: liquid and gas. The first solid phase to become stable 

upon cooling is hBN, which occurs at 1592ÁC using Fe and 1474ÁC using Ni-Cr with 3 mass% 

B. This temperature marks the position of the liquidus under the given conditions and represents 

the state at which hBN will start precipitating. The mass fraction of hBN provides a way to 

predict the yield in crystal growth experiments as discussed in Section 2.3. At lower 

temperatures, the solvent starts to solidify as indicated by the sudden shift of liquid to body 

centered cubic (BCC) at 1443ÁC using Fe and to hexagonal close pact (HCP) at 1365ÁC using 

Ni-Cr. These temperatures provide a lower bound on the temperature range in which high-quality 

hBN can be grown. Coprecipitation of two solid phases typically reduces the crystal size of both 

as one solid provides more nucleation sites for the other solid to form and vice versa. 

Furthermore, once the solution has fully solidified, the mass transport kinetics required to feed 

hBN crystals more boron and nitrogen become too slow for practical solution growth of bulk 

crystals. Each of these lines shifts based on the concentration of boron in the system, allowing 

the effect of boron on the phase equilibrium of the system to be extracted. 

A liquidus curve can be extracted by plotting the liquidus temperature at a series of boron 

concentrations as shown in Figure 19c. As discussed at the start of this chapter, the optimum 

boron concentration will be the concentration of the liquidus curve at 1550ÁC, the maximum 

temperature in the standard crystal growth process used in this work. This concentration is 2.3 

mass% B for Fe and 4.0 mass% B for Ni-Cr. In past work [19], the boron concentration that 

produced the best results in a Ni-Cr solvent was 4 mass% B, perfectly matching the predicted 

optimum. Similar work with a pure Fe solvent had not been completed prior to this work, so a 

series of experiments were conducted to test the effect of boron as discussed in the next section. 



40 

 

 

Figure 19 ï Results of CALPHAD Modeling on Fe-B-N and Ni-Cr-B-N systems. Mass fraction of each 

phase is plotted versus temperature for the Fe-B-N system (a) and the Ni-Cr-B-N system (b) containing 3 

mass% B. The temperature at which hBN first becomes stable upon cooling and the amount of hBN 

predicted to precipitate by the quench temperature are noted. C) The liquidus curves for both systems are 

derived by plotting the former versus the boron concentration used to calculate the phase equilibria. 
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2.2 Experimental Validation 

To determine the validity of the predictions presented in the previous section, a series of 

hBN crystal growth experiments were conducted with a range of boron concentrations in an Fe 

solvent, using the average size of hBN single crystals as the metric of success. If the maximum 

crystal size is obtained at or near the predicted optimum boron concentration, the predictions will 

be considered accurate, suggesting that the predictive power of CALPHAD will be useful for 

optimizing other systems as well. If the maximum crystal size does not match the predicted 

optimum or is not affected by the boron concentration at all, determining why will help better 

understand how hBN solution growth works. 

Boron and Fe powder in amounts summarized in Table 2 were loaded in alumina boats 

and run through the standard crystal growth process described in Section 1.4. Optical 

micrographs were taken of the crystals that formed, both as-grown on the solidified metal ingot 

and as free-standing hBN flakes obtained by mechanical exfoliation with thermal release tape. 

Micrographs that were representative of the crystals produced in each experiment were selected 

and used to identify the range of crystal sizes produced as shown in Figure 20. Single crystals 

were identified by manually coloring over the single crystals in a digital painting program as 

shown in Figure 20b. Where no hBN was present or details of crystals were difficult to discern 

due to the image being out of focus or too dark, the image was left blank, excluding these regions 

from consideration in further analysis. This was done manually because automatic tools proved 

unreliable for identifying grain boundaries due to the abundance of visible features present 

within grain boundaries, resulting in the software consistently underestimating the size of 

crystals.  
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Table 2 ï Composition of solution at the start of each boron 

optimization experiment with an Fe solvent 

Experiment # Mass B (g) Mass Fe (g) Mass% B 

130 1.16 48.84 2.3 

131 1.16 48.84 2.3 

132 1.50 48.50 3.0 

133 1.5056 48.50 3.0 

134 1 49.00 2.0 

135 1 49.00 2.0 

136 1.5 48.50 3.0 

138 1.16 48.84 2.3 

141 1.1598 48.84 2.3 

146 0.9993 24.01 4.0 

147 1.25 23.75 5.0 

149 1.0065 24.02 4.0 

150 1.2503 23.75 5.0 

152 0.6254 24.38 2.5 

153 0.8751 24.13 3.5 

154 0.625 24.38 2.5 

155 0.8753 24.13 3.5 

160 1.1627 48.84 2.3 

161 1.25 48.77 2.5 

171 1.1598 48.84 2.3 

 

These images were then analyzed with ImageJôs Analyze Particles function to measure 

the area of each colored region, which corresponds to the size of each crystal. The crystals were 

sorted into bins by their areas, then the sum of all areas in each bin was normalized by the total 

area of all crystals in the image. This gives an estimate of the percentage of the total surface area 

covered in crystals of a particular range of sizes. An example of a histogram of the percent 

coverage for each bin is shown in Figure 20c. The process used to generate this data is imperfect, 

with potential for errors in correctly identifying grain boundaries or bias in choosing 

representative areas from each experiment, but it is still expected to be accurate to within Ñ20%. 

Similar figures as those shown in  Figure 20 are provided for the other experiments in this series 

in Appendix A. 
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Figure 20 ï Example of process used to extract crystal sizes from optical micrographs. a) Optical 

micrograph of hBN grown from an Fe solvent. b) Crystals highlighted by coloring over single crystals in 

the micrograph using a digital painting program. Blank areas are regions where the image was too dark 

or out of focus to properly identify crystals, so were excluded from analysis. c) Histogram showing how 

much of the image was filled by crystals of different size ranges. hBN single crystals <0.01 mm2 (red bar) 

are too small for device applications. 

Crystals as small as 0.01 mm2 can frequently be used for devices, so the percentage of the 

solvent-gas interface covered with crystals larger than 0.01 mm2 (termed ñcoverageò here) 

provides a succinct measure of how successful a given experiment was. Figure 21 shows 

coverage plotted versus boron concentration with micrographs showing examples of crystals 

grown with each of the boron concentrations tested. The trend here is clear: boron concentrations 

significantly above the predicted optimum (>3.0 mass% B in Fe) produced hBN with a 
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significantly smaller crystal size than boron concentrations near the predicted optimum (2.0-3.0 

mass% B in Fe). This indicates that optimizing the boron concentration is crucial for maximizing 

crystal size and that the CALPHAD method is a viable method for optimizing it. Boron 

concentrations lower than 2.0 mass% were not tested, but the crystal size would likely drop again 

at low enough concentrations due to not having enough time to grow before the system is 

quenched.  

 

Figure 21 ï Coverage of Fe-grown hBN single crystals larger than 0.01 mm2 in area versus the boron 

concentration added to the solution at the start of the experiment. Error bars show range of coverage 

measured in experiments with the same boron concentration. Optical micrographs of representative areas 

of the ingot surface for each concentration shown at bottom. Width of each image is 1 mm. 
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A possible explanation for why hBN crystals grown with 2.0 mass% B are not 

measurably smaller than hBN crystals grown with 2.3 mass% B is that crystal growth only 

occurs within a fraction of the total slow cooling period. If this is true, concentrations that are 

slightly too low would simply shift the crystal growth range to lower temperatures and the 

process would continue in much the same way as with the optimal concentration. This is still 

undesirable though because crystals grown at lower temperatures are expected to have worse 

crystal quality. At sufficiently low boron concentrations, the crystal growth range would overlap 

with the quench stage, at which point the crystal size would drop precipitously. Additional 

evidence for hBN only growing within a fraction of the slow cooling range is discussed in the 

next section. 

2.3 Expected vs. Observed Yield 

A significant deviation between the CALPHAD predictions and experimental 

observations is in the yield of boron to boron nitride: only about 0.75% of the boron added to the 

solution precipitates as hBN while CALPHAD predicts the yield of B to hBN to be 31%. The 

former was determined by stripping hBN from the surface of the solidified ingot with thermal 

release tape and weighing the free-standing crystals. This is an imperfect method for determining 

the total amount of hBN precipitated because some crystals remain adhered to the ingot despite 

multiple attempts to mechanically exfoliate them. However, in experiments using Fe as a solvent, 

80-90% of the surface area covered with hBN can frequently be stripped entirely of hBN, 

allowing this method to still provide a rough approximation of yield. These measurements are all 

underestimates of yield, but not by enough to explain the ~40x difference between the measured 

and predicted yield. 
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The predicted yield was determined from the mass fraction of the hBN phase predicted 

with CALPHAD at 1500ÁC, the temperature at which the system is quenched. An example of 

this is shown in Figure 19a, where the mass fraction of hBN in the system is predicted to be 3.1 

mass%. This is multiplied by the total mass of the system to get the mass of hBN, which is 

converted to the mass of B contained in hBN, then divided by the total mass of boron in the 

system to predict the yield (47%). With the optimal boron concentration (2.3 mass%), the 

predicted mass fraction of hBN at 1500ÁC is 1.3 mass%, corresponding to a yield of B to hBN of 

31%. More hBN could precipitate during quenching, making this prediction an underestimate, 

but accounting for kinetic changes during quenching would be difficult and this still provides a 

lower bound for the predicted yield. 

The large discrepancy between the measured and predicted yield suggests that more of 

the boron present in the solution could still be converted into hBN. To test that, the hBN 

precipitated from an Fe solution was mechanically exfoliated from the ingot, then the ingot was 

run through the standard crystal growth process again (skipping ingot formation) without adding 

any more source materials. The result was the precipitation of more hBN single crystals with a 

similar size and clarity as those formed in the first experiment (see Figure 22). To test the limits 

of recycling an ingot, this process was repeated another 3 times, for a total of 5 uses of the same 

source material. In each experiment, the size and clarity of crystals seemed largely unaffected by 

reusing the source material. The third run with Fe and the fifth run with Ni-Cr are exceptions 

where the crystal size was notably smaller, but this is likely simply due to process-to-process 

variability rather than being a result of reusing the material. 
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Figure 22 ï Optical micrographs of hBN grown from Fe (left) and Ni-Cr (right) across 5 uses of the same 

source material. 
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This discovery is a great boon to improving the resource efficiency of the atmospheric 

pressure solution growth process, which is especially beneficial when producing isotopically-

enriched hBN (see Chapter 5) where the cost of source materials is much higher. The same 

source material could likely be reused more than 5 times, but that was not attempted in this work. 

Assuming that the predicted yield of B to hBN (31%) accurately represents how much hBN 

could be produced with the given source material and only 0.75% of the initial boron is 

converted to hBN in each experiment, it may be possible to be reuse the same ingot 40 times. 

However, a significant concern with reusing the same source material multiple times is 

contamination of the source material or concentration of impurities experiment-to-experiment. 

Since these experiments are not conducted in a clean room, contaminants in the environment 

such as dust could deposit on the source material and the use of thermal release tape to remove 

hBN between experiments could leave behind small amounts of adhesive residue. Furthermore, 

as boron is extracted from the solvent through hBN crystal growth and small amounts of metal 

evaporates, impurities present in the solution may become more concentrated with each 

experiment, increasing their chance of incorporating into the hBN single crystals.  

To test if the impurity concentration in the hBN crystals changes with repeated use of the 

source material, hBN samples from the first and 5th uses with both Fe and Ni-Cr (1:1) solvents 

were tested using Secondary Ion Mass Spectrometry (SIMS) at Eurofins EAG. In all four cases, 

the carbon and oxygen concentrations were below their detection limits of <2E16 atoms/cm3 

(<0.4 ppm) for carbon and <2E17 atoms/cm3 (<4 ppm) for oxygen. SIMS may not be sensitive 

enough to detect the effect of repeated uses of the source material on impurity concentrations, 

but this indicates that any effects it does have are minor. 
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In any case, the fact that hBN can be grown with successive uses of the same source 

material indicates that the process is kinetically limited. If the system stayed at or near 

equilibrium throughout the slow cooling period (Figure 23a), the boron concentration in the 

solution would slowly decline as it was converted into hBN until the system was quenched. In 

this case, the boron concentration in the solution at the end of the experiment would equal the 

concentration of the liquidus at the quench temperature. Since the precipitated hBN is removed 

in subsequent experiments, this would be the starting boron concentration of the following 

experiment. No hBN will precipitate until the system hits the liquidus curve and since this 

wouldnôt happen until the quench temperature, no hBN would precipitate at all in the second run. 

If the system is instead kinetically limited (Figure 23b), dissolved boron will be converted to 

hBN more slowly than the slope of the liquidus curve allows, reducing the boron concentration 

less than what is thermodynamically possible. Thus, subsequent runs with the same source 

materials would hit the liquidus curve before quench, allowing more hBN to precipitate. This is 

what is observed experimentally, indicating that the process is kinetically limited. 

  

Figure 23 ï Hypothetical liquidus curve illustrating how the boron concentration would change with 

temperature during solution growth of hBN in multiple uses of the same source material. a) Assuming the 

system is always at equilibrium, no hBN would be able to form in a second run due to the boron being 

depleted in the first. b) Assuming the system is kinetically limited, hBN could precipitate from the solution 

in multiple reuses of the source material because less hBN precipitates in each run than is 

thermodynamically possible. 
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The kinetic limitation may be due to a reduction in the nitrogen mass transport into the 

solution caused by the formation of an hBN layer that blocks nitrogen from reaching the surface, 

as illustrated in Figure 24a. The crystal growth process used in this work starts by heating to 

1550ÁC and dwelling there for 24 hours, giving ample time for nitrogen to saturate the solution 

without forming hBN. Therefore, when the system begins to slowly cool, it is starting from an 

equilibrium state. As the system continues to cool, hBN forms at the liquid-gas interface and 

more nitrogen must dissolve to feed further crystal growth as illustrated Figure 24a (left). Since 

most of the surface is still bare molten metal, nitrogen gas is uninhibited from dissolving into the 

solution and the system stays close to equilibrium, which is reflected by the segment of the high 

temperature segment of the blue line in Figure 24b. However, since nitrogen cannot easily 

diffuse through a solid, the more hBN that forms on the surface, the slower nitrogen mass 

transport into the solution becomes, and the slower the formation of hBN becomes. This is 

reflected by the low temperature segment of the blue line in Figure 24b, where the systemôs state 

deviates further and further from the liquidus curve as the system cools. Eventually, the entire 

gas-liquid interface is filled with a layer of hBN single crystals, which blocks nitrogen mass 

transport entirely and any further hBN growth would be fed by the reservoir of dissolved boron 

and nitrogen (Figure 24a, right) until it is depleted and growth halts entirely. 
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Figure 24 ï a) Diagrams of the self-limiting process hypothesized to be present in the process used in this 

work. Left ï At the start of slow cooling, only a few hBN crystals have precipitated, allowing N2 from the 

gas to dissolve into the solution uninhibited and maintaining the system near equilibrium. Right ï At the 

end of slow cooling, hBN crystals fully cover the gas-solvent interface, blocking N2 from dissolving into 

the solution. Any further growth must be fed by the reservoir of nitrogen and boron dissolved in the 

solution. b) Liquidus curve (black) compared to hypothetical state of the system (blue) as the system is 

slowly cooled. The system starts near equilibrium, but steadily deviates further and further from 

equilibrium as hBN covers more and more of the gas-solvent interface. 

It is clear that the crystal growth process used in this work is kinetically limited, which 

contradicts the assumption in CALPHAD simulations that the system is at equilibrium, but this 

does not invalidate its use for optimizing the process. This is because the assumption of 

equilibrium is still accurate at the start of slow cooling, at which point the system has been 

dwelled at a constant temperature for 24 hours. Thus, the predictions discussed in Section 2.1 

will also be accurate at the start of slow cooling. Experiments using boron concentrations >3 

mass% produced very small hBN crystals because the system far exceeded saturation and thus 

the nucleation rate was higher than in lower concentration experiments. Regardless of how the 

kinetics change later, the number of crystals that nucleate is the biggest factor in determining the 
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final size of hBN crystals because they usually grow until they collide with neighboring crystals 

or the walls of the container.  
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Chapter 3  - hBN Size vs Solvent Properties 

Choosing an appropriate solvent for hBN solution growth is critical for producing large, 

high quality hBN. The size of an hBN crystal is defined by the area of a single crystal domain in 

the a/b lattice directions (in-plane) and the thickness in the c lattice direction (out of plane). 

Maximizing crystal area is important because grain boundaries are a significant barrier to charge 

carrier mobility in devices. Maximizing thickness is important for applications such as neutron 

detectors [1], where the greater thickness improves collection efficiency, or in applications where 

hBN is used as an insulator, where greater thickness ensures that components are electrically 

isolated from one another. However, many modern applications call for thin films, so 

understanding how to minimize thickness without sacrificing on domain area is also important. 

Many different solvents have been tested including Si [2], Ni [3], Ni-Mo [3], [4], Ni-Cr 

[4]ï[7], Fe [8], Fe-Cr [9], [10], Co-Cr [4], Cu [11], Cu-Cr [12], Ba [13], and Mg [14] using a 

wide range of experimental parameters and producing varying results. In this work, five different 

solvents were tested: Ni-Cr, Co-Cr, Fe, Fe-V, and Cu. Each of these solvents meet a few 

requirements that make them useful for hBN solution growth.  

First, they are all liquid at process conditions. For most of the solvents, this requires a 

process temperature well above 1000ÁC to ensure all components melt together. Solvents that are 

prone to vaporization at these high temperatures like Ba and Mg can only be used at high 

pressures, which keeps them liquid. The liquid state is necessary because the mass transport 

kinetics in a solid is too slow to be practical for synthesis of large hBN single crystals, and a gas 

phase system would fall into the category of a deposition technique like CVD or PVD, which 

have different use cases than solution growth.  
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Second, the solvent does not precipitate any solids other than hBN within the growth 

temperature range. The phase equilibria in some systems may favor a different material, making 

them undesirable for hBN solution growth. For example, in experiments with an Fe-V solvent 

conducted in this work, when the vanadium concentration was 30 mass%, VN precipitated 

instead of hBN, so lower vanadium concentrations were needed.  Binary phase diagrams can 

help predict if any other solid phases might be stable during crystal growth. For example, the Co-

Cr phase diagram is shown in Figure 25. With the same chromium concentration as used in Ni-

Cr solvents (50 mass%), the system is well above the liquidus, even at the quench temperature 

(1500ÁC), making precipitation of Co-rich or Cr-rich phases unlikely during crystal growth. The 

highest chromium concentration that is still above the liquidus at 1500ÁC is 57 mass%, which is 

why 43/57 Co-Cr was tested as a solvent. 

 

Figure 25 ï Co-Cr phase diagram modified from ref. [15] with the two Co/Cr ratios used in this work 

highlighted. In both cases the system is still above the liquidus before the quench temperature (1500ÁC) 

Third, the solvent can dissolve both boron and nitrogen. Molten metals are usually used 

as a solvent because they have a high enough boron solubility that it is unlikely to be a limiting 

factor in the process. Unfortunately, these solvents also typically have a low nitrogen solubility, 

and nearly every hBN solution growth researcher that has written about nitrogen solubility has 
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stated that increasing the nitrogen solubility of the solvent increases the size of hBN single 

crystals precipitated. This is mostly due to the claims of Kubota et al [3], [5], who observed that 

adding components to Ni that increased the nitrogen solubility of the solvent (first Mo, then Cr) 

increased the crystal size. When other researchers were successful with other high-nitrogen 

solubility solvents like Co-Cr [4], Fe-Cr [7], and Cu-Cr [12], the claim was cemented as fact. 

However, this was challenged by the great success of pure Fe as a solvent [8], which produced a 

highly-ordered hBN flake ~4 cm2 in area despite having a relatively low nitrogen solubility. This 

work challenges the idea even further by demonstrating that hBN of a reasonable size can be 

grown from pure copper despite having a nitrogen solubility that is nearly zero. Clearly there is 

more to optimizing hBN solution growth than maximizing nitrogen solubility and this chapter 

seeks to unravel the true effects of nitrogen solubility.  

3.1 Synthesis and Optimization 

The standard crystal growth process described in Section 1.4 was used in each of these 

experiments and only the composition of boron and solvent metals were adjusted. Table 3 

summarizes the compositions tested, which are combined with the experiments using Fe that are 

detailed in Section 2.2 and summarized in Table 2. Two different Co/Cr ratios and three Fe/V 

ratios were tested as solvents to test how nitrogen solubility affects crystal growth with a 

consistent set of components rather than comparing entirely different solvents. Since Cr and V 

have a high affinity for nitrogen, increasing their concentration in the solvent significantly 

increases the nitrogen solubility of the system. 
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Table 3 ï Composition of experiments to test effect of solvents 

Solvent Solvent Ratio (g/g) Mass% B 

Fe-V 

70/30 

2.5 
95/5 

97/3 

99/1 

Ni-Cr 1/1 4.0 

Co-Cr 

1/1 

2.0 

4.0 

5.0 

6.0 

43/57 

3.0 

4.0 

5.0 

6.0 

Cu --- 

0.25 

0.5 

0.75 

1.0 

2.0 

3.0 

 

A range of boron concentrations were tested in the Co-Cr and Cu solvents to find the 

concentration that produced the largest crystals. Optical micrographs of the largest crystals 

grown in each experiment were taken and the boundaries of the crystal were traced manually in 

ImageJ to determine its area in square micrometers as shown in Figure 26. The largest crystal 

obtained in each experiment is used as a metric instead of the distribution of crystal areas as was 

done in Section 2.2 because it is much faster to quantify and still correlates to the optimal 

conditions, though less precisely. With these results (summarized in Table 4), the boron 

concentration in four of the five solvents used in this work have been optimized. 
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Figure 26 ï Example of how hBN crystal area measured with ImageJ. Crystal is from a Ni-Cr solvent with 

4.0 mass% boron. 

Table 4 ï Optimal Boron Concentrations for solvents used in this work and their nitrogen solubilities. 

Solvent Solvent 

Mass Ratio 

Optimal B 

Conc. (mass %) 

Nitrogen Solubility @ 1 

bar, 1600 °C (mass%) 

Ni/Cr 1/1 4.0*  1.2 [16] 

Co/Cr 1/1 5.0 1.2À 

Co/Cr 43/57 4.0 1.9À 

Fe N/A 2.3**  0.045 [17] 

Fe/V 99/1-95/5 Not determined 0.055-0.15 [17] 

Cu N/A 0.75 5.4*10-5 [18] 
*   4.0 mass% B was used in Ref. [19] because it produced the best results 

**  Determined with optimizations detailed in 0 

À  Extrapolated from data in the Ni-Co-Cr system (see text below) 

It is illustrative to compare solvents for hBN solution growth with their nitrogen 

solubilities, which are summarized in Table 4 above. Values for the nitrogen solubility in liquid 

Ni-Cr, Fe, Fe-V, and Cu exist in literature, but data is scarce on the Co-Cr system. However, 

Abdulrahman and Hendry [20] studied the nitrogen solubility in the Ni-Co-Cr system, which can 

be combined with Ni-Cr data from refs. [16] and [21] and Co data from ref. [22] to define a 

model for the solubility of the ternary system as shown in Figure 27a. 
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Figure 27 ï a) Nitrogen solubility in the ternary Ni-Co-Cr system, vertical axis shows the nitrogen 

solubility versus composition at 1600ÁC and 1 bar. X and Y values calcluated with Equations Equation 3 

&Equation 4. b) Nitrogen solubility in Ni-Cr raised to the 0.2 power to linearize it. c) Extrapolated 

nitrogen solubility curve for the binary Co-Cr system with the solubility of the two solvents tested in this 

work (1/1 and 43/57) highlighted. 
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The ternary data was mapped to cartesian coordinates with the following equations: 
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Equation 4 

Where %Ni, %Co, and %Cr are the mass percents of nickel, cobalt, and chromium, 

respectively. The model (Equation 5), shown as the red surface in Figure 27a, is defined to be 

linear in the ñXò direction, following the linear trend of the nitrogen solubility in Ni-Co. In the 

ñYò direction, the model takes the form of a linear equation raised to the 5th power because the 

5th root of the nitrogen solubility in Ni-Cr linearized the data (Figure 27b). 

 Ὓ  πȢρςτπȢππψχψ ὢ πȢσςφρȢφυ ὣ  Equation 5 

To estimate the nitrogen solubility in the Co-Cr system, this model was extrapolated to 0 

mass% Ni, resulting in the curve shown in Figure 27c above. For the two Co-Cr solvent ratios 

tested in this work, the estimated nitrogen solubility is 1.2 and 1.9 mass% for 1:1 and 43:57 Co-

Cr, respectively. Since these are extrapolations of experimental data, a percent error of Ñ10% is 

estimated for these values. 

Figure 28 shows the optimal boron concentration for each solvent plotted versus its 

nitrogen solubility, which increases with increasing boron concentration. While it is not backed 

by any theory, a power law of the form 

 ύ τȢπz  ύ  
Ȣ  Equation 6 

fits this data very well, where ύ  is the optimal boron mass% and ύ   is the 

solubility of nitrogen at 1 bar and 1600ϲC in mass%. More data is needed on solvents with mid-

range nitrogen solubilities to confirm this trend, but it still provides a starting point to optimize 

the boron concentration in future solvents. For example, the 95/5 Fe-V solvent tested in this 
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work but not optimized has a nitrogen solubility of 0.15 mass% at 1600ÁC and 1 bar, so would 

likely have an optimal boron concentration near 2.9 mass%. 

 

Figure 28 ï Optimal boron concentration for each solvent plotted versus their nitrogen solubilities. 

Vertical error bars represent the estimated error in the optimal boron concentration of each solvent and 

horizontal error bars on Co-Cr points represent error in extrapolating their nitrogen solubilities from 

data in the Ni-Co-Cr system. 

3.2 Experimental Results 

Two different metrics for hBN single crystal size were considered in this work: the area 

of the largest single crystal and the distribution of crystal thickness. For crystal area, the solvents 

were compared using crystals grown with their optimal boron concentrations. The exceptions are 

the three Fe-V solvents tested, where optimal boron concentrations have not yet been 

determined.   

Figure 29 shows optical micrographs of the largest single crystals in each of the solvents 

tested in this work with a graph of domain size versus nitrogen solubility. These values were 

determined in the same way as described in Section 3.1 to estimate the optimal boron 

concentration (see Figure 26). Though the largest domains obtained in experiments using low 

nitrogen solubility solvents (Fe or Fe-V) are slightly lower than those grown from high nitrogen 
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solubility solvents (Ni-Cr and Co-Cr) on average, the overlap between these two groups is too 

great to consider it a trend considering experimental variability. Thus, every solvent is capable of 

producing similarly-large domains given that they have been properly optimized. 

 

Figure 29 ï Optical micrographs of the largest crystals produced in each of the five solvents tested in this 

work: Fe (a), Cu (b), Fe-V (c), Ni-Cr (d), and Co-Cr (e). f) Maximum crystal area plotted versus the 

nitrogen solubility of each solvent. 

The thickness of crystals was measured by both surface profilometry and optical 

microscopy. For the former method, free standing hBN flakes were placed on glass slides and a 
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surface profilometer measured the thickness at the edge of each flake as illustrated in Figure 30a. 

To produce these free-standing flakes, hBN was mechanically exfoliated from the surface of the 

solidified metal flux using thermal release tape. However, this often cleaves crystals, skewing the 

data to be thinner than as-grown crystals and making it more difficult to determine how the 

solvent affects crystal thickness. To correct for this, crystals must be either exfoliated from the 

ingot without cleaving them or measured while they are still adhered to the ingot.  

Attempts were made to dissolve the ingot in 70% nitric acid to release the crystals from 

the metal without damaging them. This was somewhat successful with Fe-B ingots, but it 

required etching for 2-3 days in nitric acid at room temperature to separate the crystals from the 

ingot. Furthermore, a unique feature of hBN flakes grown from Fe-B ingots was that they could 

frequently be exfoliated without cleaving the hBN, making dissolving the ingot unnecessary for 

accurately measuring crystal thickness. Ni-Cr-B ingots were largely unaffected by the nitric acid, 

even when the solution was boiling, making this an impractical way to release hBN from these 

ingots.  

Instead, the thickness of as-grown hBN crystals still adhered to the ingot were measured 

with an optical microscope under 1000x magnification. Since the crystals are transparent, 

features on the bottom can be seen through the material. By focusing on the top, then the bottom 

and noting how much the microscope stage moved, the thickness of the crystal was estimated as 

illustrated in Figure 30b. Measurement of the stage position was determined by the numeric dial 

of the fine focus adjustment knob. 

This process works on crystals grown from any solvent, so long as they are thick enough 

to accurately focus on the top and bottom of the crystal separately under 1000x magnification. It 
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is less precise than using a surface profilometer, but does not carry any risk of cleaving crystals, 

making it more accurate for measuring the thickness of as-grown crystals. 

 

Figure 30 ï a) Illustration of thickness of free-standing hBN flake measured with a surface profilometer, 

which drags a needle off the edge of a flake and measures the drop of the needle with a laser. b) 

Illustration of thickness of as-grown hBN flake measured with  an optical microscope, which was focused 

on the top and bottom of the transparent crystals so the change in height of the stage measures thickness. 

c) Thickness of free standing hBN flakes as measured by both a surface profilometer and an optical 

microscope and as-grown hBN flakes as measured by an optical microscope from the same crystal growth 

experiment. d) Distribution of thickness of hBN grown from four different solvents shown with boxplots. 

Horizontal position of the boxplots determined by the nitrogen solubility of each solvent and the dotted 

line shows the trend of increasing thickness  with increasing nitrogen solubility. 
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To ensure that estimating thickness with an optical microscope could be done consistently 

and accurately, measurements with both methods were made on random sets of crystals from the 

same 43/57 Co-Cr experiment. Figure 30c shows these measurements for three different cases: 

with a surface profilometer on free-standing flakes, with an optical microscope on free-standing 

flakes, and with an optical microscope on as-grown flakes still adhered to the ingot. The optical 

microscope consistently measured free-standing crystals to be thicker than those measured with 

the surface profilometer by about 5 Õm on average. Taking the thicknesses measured by the 

surface profilometer as the ñtrueò values, this indicates that the optical microscope slightly 

overestimates the thickness of hBN flakes. However, this overestimate is not large enough to 

account for the much larger thickness measured on as-grown crystals (55 Õm on average). 

Instead, this shows that mechanical exfoliation from the ingot consistently reduces the thickness 

of the as-grown crystals. 

Figure 30d shows boxplots of the distribution of thickness for four different solvents 

positioned by the nitrogen solubility of the solvent. The thickness of random sets of hBN single 

crystals still adhered to the solidified metal flux from each experiment were measured using an 

optical microscope as described above. Clearly, the thickness of the hBN flakes decreases with 

decreasing nitrogen solubility. hBN grown from pure copper could not be measured with this 

technique because they were too thin, which means that their thickness was substantially less 

than 5 Õm and continues the trend of decreasing thickness with decreasing nitrogen solubility. 

3.3 Effects of Nitrogen Solubility on hBN Growth 

The common knowledge throughout the history of hBN solution growth research has 

been that the solvent with the highest nitrogen solubility produces the largest crystals, but the 

results presented in this work challenge that idea. As shown in Figure 29, the maximum area of 
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crystals are similar across all solvents despite having widely varying nitrogen solubilities, so 

long as each solventôs optimal boron concentration is used. As discussed in Chapter 2, assuming 

the solution has been saturated with nitrogen, the boron concentration controls how 

supersaturated or subsaturated the system is at the start of crystal growth, which in turn controls 

the nucleation rate of hBN single crystals. The more crystals that nucleate, the smaller they will 

be on average. The nitrogen solubility of the solvent is not directly a factor in the degree of 

supersaturation, so is not expected to affect the crystal size so long as the boron concentration 

has been properly optimized. An extreme example to demonstrate the importance (or lack 

thereof) of nitrogen solubility is hBN solution growth with a copper solvent. 

Copper has a nitrogen solubility of 5.4*10-5 mass% at 1 bar and 1600ÁC, which is over 

20,000x less than the 1/1 Ni-Cr solvent, but it can still grow hBN single crystals up to 0.01 mm2 

in area. Figure 31 a and b show optical micrographs of two collections of hBN single crystals 

from two different copper experiments, which have features that are commonly observed in hBN. 

They are transparent to visible light, have a hexagonal crystal habit, and have wrinkles in their 

interior that follow crystallographic directions. To further ensure that these are actually hBN 

crystals, cathodoluminescence (CL) spectroscopy was performed on them at room temperature 

with a 20 kV acceleration voltage and 30 Õm aperture. Figure 31d shows the average CL 

spectrum within the area shown in Figure 31c, which has emission peaks that are characteristic 

of hBN: phonon replica peaks at 207-217 nm, stacking fault peaks at 217-248 nm, and point 

defect peaks at >248 nm (more details on what these peaks represent is provided in Section 4.2). 

Thus, the crystals grown in these experiments are certainly hBN rather than some other material. 
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Figure 31 ï a & b) Optical micrographs of hBN single crystals grown from a pure Cu solvent. c) SEM 

image of a Cu-grown hBN single crystal with wrinkles. d) Average cathodoluminescese spectrum of 

region shown in c) that shows peaks characteristic of hBN. 

The hBN single crystals grown from Cu also continue the trend of decreasing thickness 

with decreasing nitrogen solubility, producing hBN with a thickness <5 Õm, the thinnest of any 

solvent tested. This indicates that the nitrogen solubility, and thus the concentration of nitrogen 

in solution, is important for growth in the c-direction. To understand why, it is important to 

consider the mechanisms by which hBN can grow.  

First, for molecular nitrogen to react with boron and form hBN, both elements must break 

their initial bonds. Dissolved boron exists as individual atoms in molten metals, fulfilling this 

requirement, but since its optimal concentration is more than double the solubility of nitrogen in 

all solvents (see Table 4) and the stoichiometry of B:N is 1:1, it will never be the limiting 
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reactant. When N2 dissolves into molten metals, it also splits into individual atoms, making it 

available to react with the boron already dissolved in the solution.  

Since nitrogen is the limiting reactant, its concentration in the solution dictates the 

kinetics of hBN crystal growth, which is a function of both the nitrogen solubility and the mass 

transport kinetics of N2 dissolving into the solution and diffusing through it. Any reactions that 

occur near the gas-liquid interface will be insensitive to nitrogen solubility because nitrogen 

depleted by the formation of hBN can be quickly replenished by solvation of nitrogen from the 

gas. Reactions far from the gas-liquid interface will be much more sensitive to nitrogen solubility 

because it dictates the maximum nitrogen concentration in the solution. The higher the nitrogen 

concentration, the slower it will be depleted and the faster the reaction kinetics since nitrogen is 

the limiting reactant. What constitutes as ñnearò or ñfarò from the gas-liquid interface will 

depend heavily on the mass transport kinetics, which are difficult to predict in multicomponent 

solutions, but these concepts still provide a way to understand how nitrogen solubility affects 

thickness. 

Crystal growth of hBN can take place in two different crystallographic directions, the a/b 

direction (in-plane, increasing the domain area) and the c direction (out of plane, increasing the 

thickness). The crystals grow at the surface of the solution such that their a/b direction is parallel 

to the surface as illustrated in Figure 32. Some fraction of hBN layers exist near the gas-liquid 

interface, so their growth is insensitive to nitrogen solubility for the reasons stated above 

(pathway 1 in Figure 32). The remaining layers exist far from the gas-liquid interface, so their 

growth is dependent on nitrogen solubility (pathway 2 in Figure 32). Thus, in low nitrogen 

solubility solvents like Fe or Cu where growth far from the gas-liquid interface would be 

inhibited, only a thin layer of hBN is capable of growing and the flake becomes thin overall. 



69 

 

Conversely, in high nitrogen solubility solvents like Ni-Cr and Co-Cr, growth in all directions is 

relatively unimpeded, so thicker crystals can be formed. 

 

Figure 32 ï Illustration of pathways that nitrogen can take to grow hBN single crystals. 1) Nitrogen 

dissolves into the solvent at the gas-liquid interface and immediately reacts with boron to grow hBN 

layers near the surface. 2) Nitrogen dissolves into the solvent and diffuses into the bulk where it reacts 

with boron to grow hBN  layers far from the surface or nucleate new hBN layers. 
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Chapter 4 - Understanding Defects in hBN 

Previous chapters have focused on how to maximize the grain size of hBN single 

crystals, which is important because grain boundaries are a significant barrier to charge carrier 

mobility in devices. However, grain boundaries are just one variety of crystal defects that are 

frequently visible in optical microscopy, so are relatively easy to study. Many other defects exist 

in hBN single crystals that may affect device performance but require other techniques to detect 

and study. These include dislocations, stacking faults, vacancies, and impurities or large defect 

structures like the wrinkles discussed in section 4.2.3. This chapter discusses the variety of 

defects in hBN single crystals grown in this work, how they can be identified, and what process 

parameters caused them to form. 

4.1 Impurity Sources and Sinks 

Impurities in hBN introduce energy levels into the band gap, which change the electronic 

properties of the material and can be both beneficial and detrimental to device performance. The 

most common impurities that are unintentionally present in hBN are carbon and oxygen. Carbon 

impurities in hBN can function as single photon emitters in the visible range for use in quantum 

photonic devices [1] or as either an electron donor or acceptor depending on whether the carbon 

occupies a boron or nitrogen site, respectively [2]. However, carbon has also been shown to 

degrade carrier mobility in hBN/graphene heterostructures [3]. Oxygen impurities will act as 

electron donors [4], [5], but can also can oxidize the solvent, interfering with hBN crystal growth 

and potentially preventing hBN from growing at all. 

Carbon and oxygen impurities can have several sources in atmospheric pressure solution 

growth of hBN including the boron and solvent source materials, the nitrogen and hydrogen 

gases, ambient air that leaks into the system, and the alumina crucible that contains the solution. 
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Figure 33a shows the concentration of carbon and oxygen in the boron and solvent source 

materials (summarized in Table 5) used in this work to grow hBN as measured by inert gas 

fusion at Applied Technical Services, Inc. Two different sources of iron were tested as solvents to 

directly compare how differences in impurity content of the source material will affect the purity 

of the final hBN crystals. 

Table 5 ï Vendors and rated purity of source materials used in experiments. 

Source Material Company 
Rated Purity 

(metals basis) 

Fe (high purity) ESPI 99.995% 

Fe (low purity) Alfa Aesar 99% 

V ESPI 99.8% 

Ni Alfa Aesar 99.7% 

Cr Alfa Aesar 99% 

B Cerac 99% 

HPBN Momentive 99% 

 

To test how the impurity content of the crystal growth solution was affected by the 

impurity content of the source materials, four ingots formed after standard crystal growth 

experiments (summarized in Table 6) were measured by chemical analysis at Applied Technical 

Services, Inc. The carbon content and the oxygen content of these ingots compared to their 

expected concentrations in Figure 33 b and c, respectively. The expected concentration is 

calculated by summing the impurity concentrations from the source materials, weighted by their 

concentration in the ingot. For example, the experiments using Fe as a solvent contained 2.5 

mass% B, which contains ~1 mass% oxygen, so the boron is expected to contribute ~0.025 

mass% oxygen to the ingot. These calculations assume that all the impurities originate from the 

source materials and are not removed from the system during the process. 
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Figure 33 ï Carbon and oxygen impurity content in source materials (a) and ingots (b and c). Expected 

impurity concentrations calculated by summing the carbon and oxygen concentrations from the source 

materials used to make them, scaled by their relative amounts. 

Table 6 ï Composition of source materials in ingots tested with chemical analysis. 

 Boron Solvent 1 Solvent 2 

Ingot Mass% Source Mass% Source Mass% Source 

Fe (high purity) 
2.5 

B Powder - 
Cerac 

97.5 
Fe Powder - 

ESPI 
-- -- 

Fe (low purity) 
2.5 

B Powder - 
Cerac 

97.5 
Fe Powder - 
Alfa Aesar 

-- -- 

Fe-V 
2.5 

B Powder - 
Cerac 

94.6 
Fe Powder - 

ESPI 
2.9 

V Powder - 
ESPI 

Ni-Cr 
-- 

HPBN - 
Momentive 

50 
Ni Powder - 
Alfa Aesar 

50 
Cr Powder - 
Alfa Aesar 
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For oxygen, this assumption is clearly invalid because the oxygen concentration 

measured in the ingots is 1-2 orders of magnitude lower than the expected concentration for all 

ingots, indicating that most of the oxygen is removed during the crystal growth process. The 

large reduction in oxygen concentration from the source materials in all samples is likely due to a 

couple major oxygen sinks present in the process used in this work. A stream of hydrogen gas is 

added to the furnace atmosphere in all experiments primarily to react with oxygen and oxides 

present in the solution and carry oxygen out of the system as water vapor. Boron oxide (B2O3) is 

the least likely to be reduced this way because it is the most stable oxide of the materials used, 

but it fortunately has a relatively high vapor pressure (~0.003 bar at 1550ÁC [6], [7]), providing 

another sink for oxygen by sweeping evaporated boron oxide out of the system. 

For carbon, the expected and measured concentrations are much closer, but the origins of 

their differences is unclear. In the ingot produced with high purity iron, the carbon concentration 

is approximately double the amount from the source materials, suggesting that this experiment 

had a carbon source that is unaccounted for. In the ingot produced with low purity iron, the 

carbon concentration is approximately a quarter of the amount from the source materials, 

suggesting that this experiment had a carbon sink that is unaccounted for. Some additional 

carbon sources could be contamination in the alumina crucible and volatile organics carried into 

the growth atmosphere from the vacuum system. A couple carbon sinks could be carbon reacting 

with either hydrogen or oxygen to produce methane or carbon monoxide, respectively, that is 

then swept from the system by the flowing gas phase. The latter reaction is more favorable and 

has been demonstrated in hBN solution growth research [8], which may explain the discrepancy 

between the carbon content in the high and low purity Fe. The high oxygen concentration in the 
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low-purity Fe could react with its high carbon concentration to eliminate both impurities from 

the solution while the low oxygen concentration in the high-purity Fe could not. 

Since hBN grows from the solution, any impurities present in the solution will have a 

chance of incorporating into the hBN crystal, either by substituting for boron or nitrogen or 

intercalating between monolayers of hBN. However, crystal growth in general is a purification 

mechanism, so the impurity concentration in hBN crystals will be significantly lower than in the 

solution. To quantify this, samples of hBN grown from Fe, Fe-V, and Ni-Cr were analyzed by 

Eurofins EAG using secondary iron mass spectrometry (SIMS) to measure the impurity content 

of carbon and oxygen present within the crystals. In all cases, the impurities were below the 

detection limit of <2E16 atoms/cm3 (<0.4 ppm) for carbon and <2E17 atoms/cm3 (<4 ppm) for 

oxygen, suggesting that the level of purity achieved in the process is already sufficient for 

producing highly pure crystals. 

4.2 Classification of Defects 

Using cathodoluminescence (CL) spectroscopy, a variety of defects were detected: 

dispersed defects, spots, wrinkles, and invisible lines. Dispersed defects broadly represent any 

defects that contributed to defect emission in CL spectra but are spread out across the region 

mapped rather than concentrated on physical features. Spots are small points in the CL map that 

have strong emission in a narrow wavelength band. Wrinkles are large defect structures 

appearing as lines along crystallographic directions that have a topography reminiscent of 

wrinkled paper. Invisible lines are spectral features that trace thin lines in particular wavelength 

bands, but do not appear in optical microscopy or SEM images. This section discusses how these 

defects are identified and classified with CL spectroscopy and describes the properties and 
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structure of each of category of defects with insights into how they formed and how they might 

be eliminated. 

 

4.2.1 Characterizing Defects with CL Spectroscopy 

Cathodoluminescence (CL) spectroscopy was the primary tool used to quantify and 

analyze defects, so it is imperative to have a solid understanding of what the various spectral 

features in the CL spectrum of a hBN sample represent. Prior photoluminescence (PL) 

spectroscopy studies of hBN [9] provide a good starting point to classify the spectral features of 

light emitted by hBN. Excitons in hBN recombine by emitting deep UV photons in the range 5.7-

6.0 eV (207-217 nm). These are the intrinsic peaks of hBN resulting from the phonon-assisted 

relaxation of electrons across the indirect band gap (>6 eV), called ñphonon replicasò. All other 

peaks are associated with defects in the material. In the 5-5.7 eV (217-248 nm) range, the 

emission is associated with bound excitons formed in dislocations, lattice defects, and stacking 

 

Figure 34 - Comparison of a UV-PL spectrum (left) acquired with 196 nm excitation at 9K and a CL 

spectrum (right) acquired at room temperature with an acceleration voltage of 10 kV. Both techniques 

show emission in the same basic spectral regions across the entire UV-Vis range: phonon replicas (blue), 

stacking faults/dislocations (green) and point defects/color centers (red) 



77 

 

faults while peaks below 5 eV (>248 nm) are attributed to direct emission from point defects and 

color centers. These ranges can be easily mapped onto a CL spectrum as shown in Figure 34, 

providing a straightforward way to deduce the basic structure and composition of defects that 

cause spatially localized defect emission.  

A primary benefit of CL spectroscopy over PL spectroscopy is its high spatial resolution, 

which allows high-resolution hyperspectral CL maps to be created like the one shown at the top 

of Figure 35. These maps are created by collecting a CL spectrum at every pixel in a region. As 

an example, the spectrum in the top right of Figure 35 is from the center pixel of the CL map. 

This allows patterns in the spatial distribution of spectral features to be identified and correlated 

to specific defects as is discussed in following sections. In this example the spectrum is quite 

noisy, but another benefit of collecting CL data as a hyperspectral map is that it can be denoised 

using Singular Value Decomposition (SVD). 

SVD is a variety of Blind Source Separation (BSS) and falls under the broad umbrella of 

machine learning. At a high level, the goal of the algorithm is to find groupings of features 

("components") in the data that are as different as possible from each other (mathematically: 

orthogonal to each other) and will recreate the original data if they are summed together. When 

applied to hyperspectral CL maps, it produces a series of spectra (ñfactorsò) paired with maps 

(ñloadingsò) that together make each component as shown in the middle right of Figure 35. Each 

factor represents a distinct spectral pattern pulled from the data and the value at each pixel in the 

loading represents how much the factor contributes to the original spectrum at that pixel. The 

first 4 components in this example clearly highlight specific features in the CL map, but 

components 4, 5, and onward (not shown) all represent the noise that was present in the original 

data. Therefore, by excluding the ñnoiseò components and summing the remaining components,  



78 

 

 

Figure 35 ï Example of how a hyperspectral CL map is denoised using SVD decomposition. Top left ï 

Averaged CL map of original data, with the central pixel highlighted in red. Top right ï CL spectrum at 

that pixel. Middle right ï First 6 components of SVD decomposition on the original CL map. Middle left ï 

Scree plot of the explained variance versus the component index. The elbow point is the point furthest 

from a line connecting the first and last components and represents the last significant component. 

Bottom left ï Averaged CL map of denoised data calculated by summing all the SVD components up to 

the elbow point, with the central pixel highlighted in red. Bottom Right ï Denoised CL spectrum at that 

pixel. 
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a new hyperspectral map can be created with dramatically improved signal to noise as shown in 

the bottom of Figure 35. For consistency between CL maps, the decision on what components to 

exclude can be determined automatically by using a scree plot of the explained variance versus 

the component index as shown in the middle left of Figure 35. The ñelbow pointò, the point 

furthest from a line connecting the first and last components, represents the last significant 

component which is the first noise component in this example. 

Defects can also be identified with SVD applied to CL maps, but other algorithms are 

typically better for this purpose. In Figure 35, components 0 and 2 both highlight ñinvisible 

linesò (discussed in section 4.2.3), but the spectra are difficult to interpret. Non-Negative Matrix 

Factorization (NMF), another variety of BSS, works similarly to SVD but mandates that all 

components are positive, which tends to produce spectra that are more realistic. An example of 

NMF is shown in Figure 36 (left), which was performed on the data presented in Figure 35. The 

spectra in each of these components show specific peaks that are correlated with specific regions 

and patterns, but it can be made more interpretable through Independent Component Analysis 

(ICA). ICA is yet another variety of BSS that operates on the results of NMF (or another BSS 

algorithm), an example of which is shown in Figure 36 (right). Here, we can identify the physical 

meaning of each component. Component 0 represents the noise in the CL spectrum, Component 

1 represents the base material that is mostly free of defects, Component 2 reveals that the domain 

on the left has an increase in emission at 221 nm and 335 nm, and component 3 reveals that the 

invisible lines emit in the ranges 221-265 nm and 310-400 nm are the primary source of emission 

at the peak centered on 295 nm. This separation is useful because it allows spectral features to be 

correlated to physical defects. If the physical nature of the defects can be determined through 

more rigorous analysis of the material such as what is described in sections 4.2.3 and 4.2.3, other 
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materials that exhibit the same spectral patterns can be concluded to have the same defects 

without needing to go through the same rigorous analysis. The code written to perform these 

calculations and analyses is given in Appendix B.1. 

 

Figure 36 ï Example of Non-Negative Matrix Factorization (NMF) and Blind Source Separation (BSS) 

performed on the data presented in Figure 35. The number of components here were set equal to the 

elbow point from SVD. 

4.2.2 Spots 

Spots are classified as small points in the CL map that have strong emission in a narrow 

wavelength band and are notable due to their potential to be color centers. Color centers are 

important for quantum information technology due to their ability to become optically-

addressable qubits [10]. Therefore, determining which process parameters cause them to form 

will be beneficial for developing a reliable method to create them. In this work, spots that may be 

color centers were observed in two wavelength ranges as shown in Figure 37. In Figure 37a, faint 
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spots are visible at wavelengths near 320 nm, which falls in the same range as the color centers 

presented in refs. [11] and [12]. In Figure 37b, the small spot near the bottom of the map only 

appears in a very narrow wavelength band near 440 nm. In Figure 37c, many small spots across 

the entire region emit in the range 425-480 nm. Both of these spots fall in the same wavelength 

range as the blue color centers presented in ref. [12]. More work is necessary to positively 

identify these spots as color centers and to correlate them to process parameters, but they are 

strong evidence that color centers are formed naturally during the crystal growth process used in 

this work. 

 

Figure 37 ï Three examples of spots observed in hBN crystals using CL spectroscopy. Each example is 

shown with an SEM image (left), a CL map within a selected range (middle), and the average CL 

spectrum of the imaged region with the selected range highlighted (right) a) Steps on the edge of a crystal 

that exhibited faint spots near 320 nm. b) Mostly smooth region that showed two spots ï the larger had 

increased emission across the entire wavelength range and the smaller only emitted in a narrow band 

near 440 nm. c) A smooth region that showed many small spots speckled across the entire area that 

emitted in the range 425-480 nm. 
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However, not every spot that appears in CL data is a color center. For example, the large 

spot in Figure 37b showed elevated emission across the entire spectral range, not just in the 

selected range. This suggests that it is formed by a variety of defects that emit at many different 

wavelengths rather than being a simple point defect. Furthermore, its relatively large size and 

oblong shape suggest that the emission is spread across multiple lattice defects rather than 

confined to a single point defect, as is the case for color centers. 

4.2.3 Wrinkles 

Wrinkles are of particular interest because they are visible with optical microscopy and 

cause confusion in identifying grain boundaries. They form highly ordered triangles along 

crystallographic directions (Figure 38 b & c) that can span several millimeters before a shift in 

alignment occurs (Figure 38a). With only optical microscopy, it is not clear if the smooth regions 

bounded by wrinkles are single crystal domains that formed independently and fused into a 

polycrystalline solid or if they are crystallographically oriented such that they are (or were) parts 

of a much larger single crystal. Based on TEM data, the wrinkles are hypothesized to be akin to 

wrinkles in a piece of paper and formed by plastic deformation during crystal growth on top of 

the metal melt. 
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Figure 38 ï Examples of wrinkles in hBN crystals. a) Optical micrograph of an hBN flake containing 

many wrinkles (scale bar is 2 mm). b) High magnification optical micrograph of an equilateral triangle 

formed by wrinkles (scale bar is 100 Õm). c) SEM image of an intersection of 3 wrinkles (scale bar is 1 

Õm). 

Cross-sectional samples were cut from wrinkles using Focused Ion Beam (FIB) and 

studied with Transmission Electron Microscopy (TEM) as shown in Figure 39. Each sample 

consisted of a few distinct crystal domains surrounding voids. Figure 39b is the diffraction 

pattern from the sample in Figure 39a, which shows just three lattice orientations highlighted by 

red, green, and blue lines in both figures. This indicates that the lattice structure of the wrinkle is 

highly ordered rather than consisting of randomly oriented hBN fused into a continuous 

structure. Figure 39c is a high-magnification TEM image of the boundary between two domains 

from Figure 39d that reveals the lattice structure at the boundary.  
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Figure 39 ï TEM images of cross-sectional samples cut from wrinkles using FIB a) TEM image of a 

cross-sectional sample of a wrinkle with crystallographic directions highlighted. b) Diffraction pattern of 

sample shown in a that indicates three highly-crystalline regions are present. Red, blue, and green lines 

highlight the three lattice orientations present in the sample. c) TEM image of the boundary between two 

of the crystal domains shown in d, with inset highlighting its lattice structure. d) STEM image of another 

cross-sectional sample cut from a wrinkle using FIB. 

This TEM data informs two hypotheses about how the wrinkles formed. First, the crystals 

may have grown into that shape due to twinning mechanisms or by filling in gaps left by a 

fractured crystal. However, it would be unlikely that in this case the boundaries would grow into 

being almost perfect planar defects in near perfect crystallographic orientations. Furthermore, the 

presence of voids in every cross-sectional sample of wrinkles made so far suggests that this is not 

the case since a growing crystal will tend to fill any gaps it can expand into. Second, the crystals 

may have started as a single domain, but due to forces external to the crystal, they were pushed 

into wrinkles akin to how colliding tectonic plates form mountains. This is supported by the high 

degree of order throughout the wrinkle, the perfect alignment of domains separated by microns, 
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and the formation of voids. However, the source of the external force necessary to cause this 

remains unclear. Two neighboring crystals growing into each other could introduce lateral stress 

into the crystals, but so could the thermal expansion mismatch between hBN and the cooling 

flux. If the former is true, wrinkles could be eliminated by ensuring only a single crystal 

nucleates, which is difficult to achieve in practice. If the latter is true, the wrinkles could be 

eliminated by separating the hBN from the flux before it cools substantially. Regardless, 

eliminating these wrinkles would dramatically increase the domain size from ~100 Õm to several 

millimeters, enabling larger devices to be produced. 

CL spectroscopy on the wrinkles provides information on how it affects hBNôs optical 

properties, but the emission from wrinkles is always convoluted with emission from the base 

material. Non-Negative Matrix Factorization and independent component analysis (discussed in 

Section 4.2.1) were used to isolate components of the hyperspectral CL maps. Figure 40 shows 

the output of this process performed on a wrinkle. The top figure is the average CL spectrum and 

map before data analysis was performed. In the middle figure, the emission unique to the wrinkle 

has been isolated from the emission from the base material, which is shown in the bottom figure. 

Notably, the spectral pattern shown in the top image looks very similar to the CL spectrum of 

twisted hBN layers produced in other work [11], suggesting that a similar defect has happened 

naturally here. In this case, the hBN layers likely became misaligned and the (0001) hBN planes 

were twisted relative to each other at the boundaries during the deformation that caused the 

wrinkle. 
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Figure 40 ï Result of a combination of Non-Negative Matrix Factorization and Independent Component 

Analysis on an intersection of three wrinkles. Top) ï Average CL spectrum and map prior to analysis. 

Middle) ï Component showing emission unique to wrinkles isolated from data. Bottom) ï Component 

showing emission representative of the base material. The sum of the two components recreates the 

average spectra in the top figure. 

4.2.4 Invisible Lines 

Invisible lines appear with a variety of features as shown in Figure 41, but are always 

associated with a reduction of band edge emission (200-220 nm) along thin lines as shown in the 

first column of bandpass images. These lines are invisible in optical micrographs and rarely 

correlate with features visible in SEM images, hence their name. They sometimes emit in the 

near band edge (220-265 nm) region as shown in the third sample or at long wavelengths (440-

620 nm) as shown in the first and third samples. They also typically form two types of networks: 

either roughly parallel to one another as shown in the first sample or in a disordered network as 

shown in the second and third samples. In the cases where the invisible lines do not emit in these 

wavelength ranges, it is not clear whether the defects are physically different, or they do emit at 

these wavelengths but their emission is washed out by emission from other defects. If the latter is 
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true, their emission could potentially be extracted using the machine learning techniques 

showcased in Section 4.2.1 and Figure 36, which is reserved for future work. To determine if the 

former is true, the lattice structure of various examples of invisible lines must be determined 

through techniques such as TEM.  

 

Figure 41 ï Examples of CL maps that showed ñinvisible linesò. Each row is data from a selected sample 

and the first image in each row is an SEM image of the region mapped. The middle three columns are 

bandpass images created by summing the CL emission within a range of wavelengths. The right column is 

the average CL spectrum from each map with the bands used to create each bandpass image highlighted. 

To gather structural information about these defects, hBN samples <100nm thick were 

exfoliated and deposited on perforated SIN membranes for TEM analysis as shown in Figure 

42a. CL maps of this sample showed that invisible lines were present (Figure 42c), while TEM 

images revealed lines of local strain visible as wavy bright lines with dark shadows on both sides 

in Figure 42d. Edge dislocations, which take the form of half-inserted sheets inserted between 
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the 0001 planes in hBN as illustrated in Figure 42e, would cause both local strain and defect 

emission along the lines of their boundaries, indicating that this is what the invisible lines are. 

More detailed TEM work is needed to classify the different variations of invisible lines, but the 

perfectly hexagonal diffraction pattern of the area (inset of Figure 42d) indicates that these half 

planes donôt disturb its crystallinity and arenôt rotated with respect to the hBN lattice. 

 
Figure 42 - Optical image of hBN crystal on a perforated SiN membrane (a), SEM image (b), and CL 

bandpass image (c) of one region on this crystal showing a small wrinkle and invisible lines emitting in 

the range 219-248 nm. d) In-plane TEM image and diffraction pattern (inset) of another region showing 

local strain along thin lines. e) Diagram of an inserted plane in hBN. 

4.3 Correlating Crystal Quality to Solvent Species 

Crystal quality is a broad term that encompasses dislocations, stacking faults, point 

defects, and impurities, each of which affect the crystalôs properties in different ways, so 

quantifying ñqualityò is not straightforward. Still, several methods exist for comparing crystal 

quality between samples. The peak width of the Raman E2g peak is the most commonly used 

quality metric for hBN, where any distortion of the lattice will cause the peak to broaden. This 
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gives a simple way to judge how defective the material is in general but does not give insight 

into what defects are present. Photoluminescence (PL) spectroscopy is another common tool for 

judging hBN crystal quality where the intensity of defect peaks can be used to judge the 

abundance of the defects associated with those peaks. Cathodoluminescence (CL) can be used in 

the same way as PL but can also be simultaneously used to identify specific defects as discussed 

in section 4.2. This section presents how each of these three techniques is used to determine how 

hBN crystal quality is affected by the solvent used to grow them. 

4.3.1 Raman Spectroscopy 

Raman spectroscopy is a common method for analyzing the crystal quality of hBN. 

Typically, the full width at half maximum (FWHM) of the E2g peak located at ~1366 cm
-1 is used 

to quantify crystal quality relative to other samples, and a peak width <8 cm-1 is considered high 

quality by current standards. This is determined by fitting a Lorentzian peak to the Raman data as 

shown in Figure 43a, using the equation below: 

ὍὲὸὩὲίὭὸώ
Ὅ

ρ τ
ὼ ὼ
ὊὡὌὓ

 

Where Ὅ is the peak height, ὼ is the peak position, and ὊὡὌὓ is the full width at half 

maximum. This was done for a set of 50 samples precipitated from a Fe, Fe-V, Ni-Cr, or Co-Cr 

solvent using a Raman microscope with a 532 nm laser. Figure 43b shows box plots of these 

measurements for each of the four solvents. Nearly all the samples measured had an E2g FWHM 

less than 8 cm-1 indicating that high-quality hBN can be grown from any of these solvents.  
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Figure 43 ï a) Example of a Raman E2g peak from an hBN sample generated in this work  and b) boxplots 

of the range of Raman E2g peak widths of samples grown from four different solvents. 

4.3.2 Photoluminescence Spectroscopy 

Photoluminescence spectroscopy provides another way to quantify defects in hBN 

crystals. As discussed in Section 4.2.1, emission from different regions of an hBN PL spectrum 

can be correlated to two broad categories of defects: stacking faults (5-5.7 eV) and point defects 

(<5 eV). The intensity of emission in these regions will correlate to the relative quantity of their 

corresponding defects, but to compare intensities between samples, the data must be normalized. 

The absolute intensity of PL spectra can depend on the focus and alignment of optical 

components, the temperature of the sample, and the thickness of the sample, all of which can 

vary from measurement to measurement. To normalize the intensities, an intrinsic feature is 

usually chosen as the normalization factor. Since intrinsic emission will be consistent regardless 

of experimental and sample variability (e.g. optical alignment or thickness), defect emission 

from separate samples can be compared by using the ratio of its intensity to this feature. In this 

work, the intensity of the TO phonon replica peak was the normalization parameter since it is the 

most intense phonon replica. 
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Figure 44a) shows an example of a PL spectrum of an hBN sample acquired with 196 nm 

excitation at 9K and normalized to its TO phonon peak. The normalized intensity at 5.47 eV was 

used as the metric to represent the relative quantity of stacking faults and the normalized 

intensity at 4.16 eV was used at the metric to represent the relative quantity of point defects. This 

was done for five samples from each solvent (Fe, Fe-V, Co-Cr, and Ni-Cr) as shown in Figure 44 

b and c. In both regions, samples grown from Ni-Cr and Co-Cr had lower normalized defect peak 

intensities on average (shown by dashed lines), indicating that they typically produce higher 

quality crystals, than those grown from Fe or Fe-V. 

 

Figure 44 ï a) Example of a hBN PL spectrum normalized by its TO Phonon Line. The normalized 

intensity at 5.47 eV correlates to the relative abundance of stacking faults and the normalized intensity at 

4.16 eV correlates to the relative abundance of point defects. These intensities from several samples 

grown from each solvent (Fe, Fe-V, Co-Cr, and Ni-Cr) are shown for point defects (b) and stacking faults 

(c). Dashed lines are the average intensities from each solvent. 
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4.3.3 Cathodoluminescence Spectroscopy 

As discussed in Section 4.2, CL provides a way to identify differences in optical defect 

emission between samples and link emissions to particular defects.  However, to compare defects 

between samples, the data must be normalized. The absolute intensity of a CL spectrum depends 

on a wide variety of factors stemming from experimental conditions such as acquisition 

parameters, alignment of the light collection mirror, and variation in the electron beam intensity 

or from physical characteristics of the sample such as its thickness or interaction with its 

substrate. All these factors can change from measurement to measurement and cannot be easily 

accounted for. 

As with the PL data analyzed in this work, the CL data was normalized to the optical 

phonon replica. However, in CL spectroscopy, the phonon replica peaks are convoluted with 

defect peaks (Figure 34), making normalization this way more difficult. However, the intensity at 

wavelengths below 215 nm is almost entirely from the phonon replicas (Figure 45a). Thus, the 

intensity of the phonon replica peaks can be extracted by fitting two gaussian peaks to this region 

of the spectrum. The code written to accomplish this is given in Appendix B.2. 

To compare differences in defects between samples grown from each of the 5 solvents 

tested, the normalized emission was integrated over two wavelength ranges. Figure 45c shows 

boxplots of the integrated intensity between 200 nm and 265 nm, which encompasses the 

intrinsic emission and peaks associated with stacking faults. Figure 45d shows boxplots of the 

integrated intensity between 265 nm and 650 nm, which encompasses peaks associated with 

point defects and color centers. In both ranges, the defect emission of hBN grown from Ni-Cr, 

Co-Cr, and Fe-V were roughly equal, indicating that they have similar defect densities. In 

contrast, hBN grown from Fe and Cu generally had higher defect emission than the others, 
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indicating that they tend to have higher defect densities. Thus, to form the highest quality hBN, 

any of the Ni-Cr, Co-Cr, or Fe-V solvents should be used. Moreover, it tells us that the individual 

domains as exfoliated flakes display near-perfect hBN properties with minimal contribution from 

edge dislocations and point defects.  

 
Figure 45 - a) CL spectrum fit with 6 gaussian peaks - two for optical and acoustic phonon replicas and 4 

for defect emission. b) Example of a region manually selected for comparisons. Obvious defects like 

wrinkles, cracks, and folds were avoided to be more representative of the material in general. c) Box plots 

showing the range of the integrated intensity within the range 265-650 nm (representing point defects) for 

hBN samples grown from each solvent. d) Box plots showing the range of the integrated intensity within 

the range 200-265 nm (representing stacking faults) for hBN samples grown from each solvent. 

 
























































































































