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Abstract

Hexagonal boron nitride has been used as an inert, refractory material with excellent
resistance to thermal decomposition and oxidation for more than fifty years. In the past few
years, hBN has been targeted for potential electrical and optical devices such as neutron
detectors, ultraviolet light emitters, deep ultraviolet light detectors, and substrates for graphene
and other atomically-thin two-dimensional materials. All of these potential applications benefit
from high quality, single crystals, with thicknesses varying from nanometers to microns. This
research was undertaken to investigate four aspects of hBN crystal growth and recovery. (1) In
an effort to optimize hBN crystal growth from a nickel-chromium flux, a series of stepped
cooling experiments were undertaken. The temperature profile was stepped in a way as to
promote growth in both the a and c directions, at their optimal growth conditions. Crystals were
found to be typically 100-500 pum across and thickness of approximately 20-30 pum with a
pyramid-like crystal habit. (2) A method for the removal of hBN crystals prior to freezing of the
metal flux was demonstrated using a specialized hot pressed boron nitride crucible capable of
removing hBN crystals from the flux in situ. (3) Growth of isotopically pure hBN crystals was
undertaken. By modifying the crucible material for solution growth, enrichment of hBN crystals
over 90% was accomplished. (4) Exfoliation of hBN has many potential applications,
specifically as graphene-hBN heterostructures where layers approaching thicknesses of single
atoms are most effective surface to interact with graphene as an electronic device. Several
methods were tested toward exfoliating a single crystal resulting in few-layered hexagonal boron
nitride nanosheets. As a result of these investigations a greater understanding of hBN bulk

growth, its isotopic enrichment, its recovery, and its exfoliation was obtained.
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Chapter 1 - Introduction

The intent of this research was to investigate the highly versatile compound boron nitride,
specifically bulk single crystals of the low density crystal structure, hexagonal boron nitride
(hBN) which is analogues to the hexagonal carbon structure, graphite. By far, the most common
synthesis routes for hBN are chemical vapor deposition (CVD) [1-7] and solution growth [8-16].
A low pressure solution growth method to grow bulk single crystals developed by Edgar et al.
[17] was optimized for growth in the lateral a and vertical ¢ direction. From this information a
new route to grow large crystals in both the a and ¢ directions is proposed by using a stepped
temperature cooling method.

Hexagonal boron nitride is being considered for several electronic and opto-electronic
devices such as neutron detectors [18, 19], ultraviolet light emitters [20, 21] and deep ultraviolet
light detectors [21]. Many of these applications are predicated on the characteristics of hBN as a
I11-V semiconductor. Boron is one of the few elements that strongly interacts with thermal
neutrons, specifically due to the 1°B isotope, making hBN crystals suitable for use as a solid state
neutron detector. 1°B is one of two stable isotopes, the other being *'B. Control of B enrichment
in hBN crystals will improve essential properties which form the basis of the aforementioned
applications. Therefore, control of B enrichment was studied.

The solution method presented by Hoffman et al [22] provides exceptional, large, single
crystal hBN from a nickel and chromium flux. The resulting crystals from this flux can become
embedded in the alloy created from the cooled flux. To obtain the largest most pristine crystals
possible, crystals must be removed from the flux. Several methods to remove crystals have been
broached including thermal release tape [22] and acid mixtures [23]. However, these methods

have been found ineffective to a certain extent; they leave the crystals in the flux or cracked [23].



In order to fully realize crystal yields and avoid mechanical damage, an in situ method for
removing hBN crystals from the metal flux is proposed.

There have been many studies focusing on two dimensional (2-D) layered materials since
the discovery of graphene [24]. The attraction of 2-D BN lies in its ability to enhance and create
new properties different from its bulk parent by its geometry and quantum effects observed at the
nanoscale. There have been many routes taken to synthesize 2-D hBN such as CVD [1-3, 25-27],
solid state reactions [28-30], substitution reactions [31], unzipping hBN nanotubes [169],
electron irradiation [32, 33], and exfoliation [33-35]. Exfoliation of layered materials can be
either mechanical or chemical in nature. Mechanical exfoliation typically involves mechanically
pealing layers with tape until the desired number of layers remain. However, due to the nature of
interlayer bonds this may result in cracking. A monolayer has not been reported by this route
and as such this study was focused on the chemical exfoliation of hBN crystals to mono or few-

layers for nano-optic and nano-electric applications.



Chapter 2 - Literature Review

From the first, boron nitride (BN) has been an intriguing, versatile, and yet exacting
material. W.H. Balmain first prepared BN in the 1840’s by reacting boric oxide with potassium
cyanide [36]. While its potential applications were perceived immediately, industrial production
did not follow until nearly 100 years later [37, 38]. The microcrystalline powder form of BN has
many uses as a lubricant or coating when chemical inertness at high temperatures is required.
Boron nitride’s thermal properties make it a good lubricant at both low and high temperatures
even in an oxidizing atmosphere. Many mechanical parts can be produced by hot pressing BN.
The hot-pressed form of boron nitride (HPBN) is especially useful as a refractory material.
Properties such as its high thermal conductivity, high thermal shock resistance, and machining
ease make HPBN invaluable in furnaces, reactors, as ceramics for high temperature processes,
and as parts in high temperature equipment [38]; these parts can be used up to 3000 °C.

Boron nitride is considered the carbon of compounds, with its own equivalent of all the
forms of carbon (C): graphite and hBN, diamond and cubic boron nitride (cBN), longsanite and
wurtzite boron nitride (WBN), and graphene and hexagonal boron nitride nanosheets (hBNNS).
The two most used forms of BN are its equivalents to graphite, hBN, and diamond, cBN.

Just as carbon has graphite, a layered hexagonal structure, boron nitride also has a layered
structure, hBN. Hexagonal boron nitride is a soft, low density modification of BN and is
composed of layers of flat six-atom sp? hybridized hexagonal rings, (alternating three atoms
boron and three atoms nitrogen) with the rings stacked perfectly atop each other in alternating
fashion AA’AA’ (boron atop nitrogen atop boron, etc.) (Figure 2-1). Both graphite and hBN
sheets have a honeycomb lattice structure, however their different electronic properties and

phonon band structure are a result of unequal stacking. A commonly encountered form of hBN



is pyrolytic BN (pBN) prepared by chemical vapor deposition (CVD); it adopts the layered hBN

structure but is by no means single crystal since it has many grains and reduced long-range order.

ey,
B N

Figure 2-1 Crystal structure of hexagonal boron nitride.

The diamond-like (cBN) is produced from the basic hexagonal version, as diamond is
from graphite, at extremely high pressures and temperatures. cBN is one of the hard, high density
modifications of BN and adopts the zinc blende structure with a stacking sequence ABCABC. In
this structure, every atom is bonded to four other atoms of the opposite element (boron to four
nitrogens and nitrogen to four borons), giving it a sp® hybridization structure (Figure 2-2). Table

2-1 lists some selected properties of hBN, cBN, graphite and diamond.

Figure 2-2 Crystal structure of cubic boron nitride.
One of the more extraordinary structures of BN is the wurtzite form (wBN), which has

the same form as zinc oxide. Although the wurtzite structure is common among other group I1-

nitride compounds, wBN is a rare and metastable structure for BN. A high density BN



modification, the wurtzite unit cell is hexagonal but possesses sp® hybridization bonding among
the constituent atoms (Figure 2-3). Technically, wBN is even harder than the cubic form, though
like the carbon structure, lonsdaleite, wBN has limited practical applications due to difficulties in

synthesizing the material.

Figure 2-3 Crystal structure of wurtzite boron nitride.
Table 2-1 Selected properties of BN and carbon analogs at room temperature.

Property hBN graphite cBN diamond

Crystal structure Hexagonal Hexagonal Cubic Cubic

Lattice constant (A) a=2.504 a=2.461 3.615 3.567
€=6.661 c=6.708

Density (g/cmq) 2.34 2.2 3.45 3.515

Mohs hardness 1.5 1-2 9.5 10

Band gap (eV) 5.971 (direct) 0 (semimetal) 6.4 (indirect) 5.4 (indirect)

Electrical conductivity a:<107'° a: 1.0 x 10° ~10°13 ~1018

[(Qcm)?] c: <1016 c: 2.4 x 10

Thermal conductivity  a: 600 a: 250 ~400-700 ~2000

(W/m/K) c: 30 c: 80

Linear thermal a:-2.9x10° a:-1.2x10° 1.2-1.9 x 10 0.8 x 10°®

expansion c:40.5x 10 c:25.9x 10

(K%




Applications of hBN

Lubrication

Bulk hBN has presented many intriguing opportunities for some time due to its low
density, electrical insulation, excellent oxidation resistance, high thermal conductivity, excellent
inertness, and low friction coefficient. Like graphite, hBN makes a good lubricant, and its
limited chemical reactivity and its brilliant white color means it has found its way into cosmetics.
Currently, hBN is being used by all major cosmetic producers in foundations, eye shadows,
lipsticks, and other skin care products [39]. Besides cosmetics, hBN is incorporated into high
temperature ceramics, alloys, resins, plastics, rubbers, and other materials to give them self-
lubricating properties; this is due to hBN’s unique thermal properties and myriad of useful
material properties making it an ideal solid lubricant. Hexagonal boron nitride lubricant is
particularly useful in situations where the conductivity or chemical reactivity of graphite would
be problematic. For example, hBN can even be an effective lubricant in a vacuum and does not
require water or gas molecules trapped between layers, as graphene does. This makes hBN an
ideal choice as a lubricant in space [40]. Hexagonal boron nitride has even made a foray into
ammunition as bullet lubricant as an alternative to molybdenum disulfide, commonly referred to
as “moly coating”. This is claimed to increase the gun barrel life [41].

Electronics

Hexagonal boron nitride’s thermal stability is clearly essential in its application as a
refractory material and industrial lubricant, however hBN’s fascinating electronic and optical
properties are of interest in this research. Hexagonal boron nitride may enable several electronic

and optoelectronic devices including neutron detectors [18, 19], ultraviolet light emitters [21,



42], and deep ultraviolet light detectors [21], and as a substrate for graphene and other two
dimensional atomically thin materials, such as MoS; [43, 44].

Hexagonal boron nitride can be a B diffusion source for Si, a protective coating to
prevent chemical attack by other materials, or a gate insulator for field-effect transistors [45].
With excellent dielectric and thermal properties, hBN is used in electronics as a structural
material for seals and microwave-transparent windows [45]. Unlike graphite, hBN is highly
resistive, which is advantageous for some applications such as a substrate supporting
semiconductor layers. Hexagonal boron nitride has been used as an electrical insulator in the
development of van der Waals heterostructures. This is attributed to hBN's near atomic scale
flatness, the absences of dangling surface bonds, and low phonon interactions between materials.

The near 2D sheets are likely to have wide applications in electronics where its insulating
capability make them a natural partner for graphene’s conductivity. Recently, hBN has been
employed as a dielectric in graphene devices [43] such as graphene field - effect transistors, hBN
is an excellent gate dielectric and substrate that provides a smooth and flat surface necessary for
maximum carrier mobility in graphene sheets [46]. The charge mobility of graphene on hBN is
significantly higher than graphene on silica [43]. Graphene devices on standard silicon dioxide
(SiO2) substrates are highly disordered, exhibiting characteristics that are inferior to those of pure
graphene [47-56]. Carrier mobility is limited by scattering from surface charged states and
impurities on SiOz substrates [48, 50, 52]. So far, efforts to engineer alternatives to SiO; have
typically involved other oxides which have similar surface effect problems [57, 58]. Hexagonal
boron nitride is an appealing substrate because of its strong in-plane ionic bonding which makes

it relatively inert and free of surface charge traps and dangling bonds. The planar surface should



be key in suppressing rippling in graphene, conforming to both corrugated and flat substrates
[53, 59]. Graphene can be transferred to hBN wrinkle free by polymethyl-methacrylate [60].

One of the most beneficial aspects of hBN as a substrate is the almost identical lattice
constant (1.7% mismatch) to graphite as well as large optical phonon modes and electrical band
gap [61]. Graphene devices on hBN substrates have carrier inhomogeneaties and mobilities
almost a full order of magnitude better than SiO,. Other advantageous qualities of these devices
are improved chemical resistance, reduced roughness, and intrinsic doping. Dielectric properties
of hBN compare favorably to those of SiO, allowing the use of hBN as an alternative gate
dielectric with no loss of functionality [62]. Surface optical phonon modes of hBN have energies
two times larger than those of SiO, making hBN a superior option in high temperature and high
electric field environments. The roughness of graphene on hBN is indistinguishable from hBN
alone, making it three times smoother than on SiO..

Electronic transport measurements of monolayered graphene transferred onto hBN show
that the heterostructure is high quality; the mobility was always higher than graphene on SiO>
[60]. The resistivity of the structure corresponding to the overall charge neutrality point is
extremely narrow occurring at nearly zero gate voltage. The conductivity is strongly sublinear in
carrier density indicating crossover from charge impurity dominated scattering to short-range
impurity scattering at large carrier densities [49, 50, 55, 63]. The density independent mobility
due to charge impurity long-range scattering of graphene on hBN is three times larger than
graphene on SiOz and resistivity from short-range scattering is on par with values obtained for
graphene on SiO> [63]. Transport measurements from bilayer graphene transferred to hBN show
that the conductivity is linear with gate voltage up to large densities. The electron and hole Hall

mobilities are 6 x 10* cm?V1stand 8 x 10 cm?V=1stat T=2 Kand 4 x 10*cm? V1s?at



room temperature in air. High mobility in dual gated devices may be preserved by fabricating
hBN-graphene-hBN stacks [62]. This leads to improved mobility, chemical stability, and field-
effect transistor performance [64-68]. Atomically thin, multilayered BN nanosheet-graphene
heterostructures with sandwich configurations (e.g. BN-C-BN) exhibit charge mobility as high as
5x 10° cm? V1s1[69]. The reverse heterostructure of (C-BN-C) has been utilized in field-
effect tunneling transistor devices [70]. The electron tunnel current through BN nanosheets
demonstrates that they are effective tunnel barriers down to a single atomic plane. The tunnel
current is exponentially dependent on the BN barrier thickness [69]. The BN nanosheet can
work as a barrier between graphene and a metal gate in the graphene tunnel junction [70]. It has
been proposed that a band gap would be induced in graphene aligned to an hBN substrate,
however, this has not been experimentally verified. The chemical reactivity of graphene on hBN
is drastically different from that on SiO,. Doping after annealing is non-existent compared to
SiO,. Magnetotransport measurements also bear out the superiority of hBN compared to SiO>
[71].

Optics

As a I11-V compound, BN is closely related to AIN and gallium arsenide (GaAs). 111-V
compounds have been extensively studied as semiconductors because of their superior electrical,
thermal and structural properties compared to the ubiquitous Si semiconductor. For instance,
while Si has an indirect band gap, many of the 111-V compounds have direct band gaps that make
optical applications like light-emitting diodes (LEDs) and lasers much more energy efficient.

Hexagonal boron nitride shows promise for ultraviolet (UV) optical applications because
its quasi-2D excitation nature is expected to yield optical properties with large nonlinearities

[20]. An UV laser using hBN was achieved by using an electron-beam excitation source. The



photoluminescence intensity of hBN is 100 times higher than aluminum nitride for the same
input light stimulation, thus it is attractive as a deep ultraviolet (215-230 nm) emitter [21]. For
example, Watanabe et al.[72] successfully demonstrated a deep UV hBN field emission device
that generated a wavelength of 225 nm. However, the intrinsic optical properties of hBN,
specifically luminescence properties, have a correlation with impurities and defects in the
samples crystal structure. Poor crystalline quality has led to a wide variation in reported band
gap properties, specifically excitation luminescence. Therefore, high purity hBN crystals are
necessary to efficiently emit deep UV [48, 73]. Pure single crystals exhibit a dominant
luminescence peak and a series of s-like excitation absorption bands at 215 nm. A lasing device
with a p-n junction structure would require p and n-type doping control of hBN which has not
been achieved. Because of hBN's thermal and chemical stability its threshold for UV damage
should be high.

For all of these applications, hBN single crystals are preferred to achieve the best
possible properties. In general, single crystals have the highest charge carrier mobilities, as they
lack grain boundaries that cause scattering. Similarly, grain boundaries and other defects can
create charge recombination centers that degrade luminescence efficiency. For substrate
applications of hBN, a single crystal orientation is best, since the layer’s properties change with
its crystallographic orientation relative to the substrate; grain boundaries in the hBN substrate
may affect the electrical properties of the graphene it supports [74].

Optimization of hBN Crystal Growth

The unique and outstanding properties of hBN have been established, yet there is still

significant work necessary to produce bulk crystals with the same control of defects and

dimensions that now exists in the growth of single crystal Si.

10



Single crystals may be produced by the transport of crystal constituents in the solid,
liquid, and vapor phase. Based on the phase transformation process, crystal growth techniques
are classified as solid growth, vapor growth, melt growth, and solution growth. Choosing the
appropriate growth technique plays a vital role in the impurities and defect concentrations of
bulk crystals. Determining the best method for bulk crystal growth depends on the
characteristics of the material being produced. A vital tool to help illuminate the best method of
the material is its phase diagram. The BN phase diagram from Bundy and Wentorf [75],
subsequently revised by Corrigan and Bundy [76], shows cBN to be the thermodynamically

stable phase up to approximately 1500 °C (Figure2-4).
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Figure 2-4 BN phase diagram. (From Bundy and Wentorf [75])
The relative stability of BN’s main allotropes, cBN and hBN, has been unclear, and for

many years it was believed that hBN was thermodynamically more stable than cBN at standard
conditions. This was supported by the fact that the synthesis of BN normally results in the

formation of hBN. Current analysis and measurements indicate the reverse, hBN is stable at zero
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pressure and relatively high temperatures [77, 78]. The application of periodic local Meller-
Plesset second order perturbation theory also favors the cubic phase. This indicates that long
range electron correlation is the largest factor for the relative stability of the BN polymorphs
[79]. Will et al. [78] demonstrated that kinetics is the decisive factor and the cBN to hBN
transformation strongly depends on purity, grain size, and defect concentration. The findings of
cubic phase BN at standard conditions is supported by most density functional theory (DFT)
studies [80-84], however, there are still theoretical models that estimate hBN is more stable than
cBN; these are the generalized gradient approximation and local density approximation
calculations [85-87]. It has been suggested that the intrinsic deficiencies of the DFT method
become critical for the small energy differences involved in the BN system which render this
method incapable of providing a fully consistent and conclusive picture.
Melt Growth

Growth from a melt by solidification is the most widely used method for the preparation
of large single crystals. The Czechalski technique is widely adopted to grow many 111-V
semiconductors, which involves pulling a crystal from a melt [88]. In Czochralski method, the
material to be grown is melted by induction or resistance heating under a controlled atmosphere
in a suitable non-reacting container. By controlling the furnace temperature, the material is
melted. A seed crystal is lowered to touch the molten charge. When the temperature of the seed
is maintained very low compared to the temperature of the melt, by suitable water cooling
arrangement, the molten charge in contact with the seed will solidify on the seed. Then the seed
is pulled with simultaneous rotation of the seed rod and the crucible in order to grow perfect
single crystals. Owing to the extremely high melting points of many of the borides, carbides,

nitrides, etc., crystal growth by direct techniques (Czochralski, Bridgman, sublimation) at those
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high temperatures is extremely difficult due to container problems and precise growth control
[89-91]. Because of hBN’s high melting temperature (>2950 °C) [92] the growth of single
crystals from a melt would be quite difficult.

CVD Growth

Another possible method is vapor phase growth. By far, chemical vapor deposition
(CVD) has been the most common method to synthesize hBN over the decades. In this process,
chemical precursors containing boron and nitrogen flow through a reaction chamber where they
are heated and deposited via chemical reaction onto a substrate. Some common precursors are
trifluoroborane [1], trichloroborane [2] and diborane [3] with ammonia. The quality of hBN
films made by CVD is dependent on temperature, pressure and molar flow rates of the
precursors. Typically, these reactions are carried out at temperatures between 1300°C and
1700°C and pressures between 0.1 and 200 torr. The molar flow rates are then adjusted to ensure
stoichiometric B-N deposition. More recently, CVD with a single precursory compound
containing both boron and nitrogen such as borazine [4], ammonia-borane [93] or borane-amine
organocomplexes [6] has gained appeal. Benefits of single-precursor over double-precursor
CVD are lower reaction temperatures and elimination of precursor flow rate ratio optimization.
However, contamination (especially carbon and oxygen) becomes an issue with complex
precursors. The crystalline quality of pBN is less than desirable as the hBN layers exhibit
stacking disorder [7]. CVD grown hBN can be limited by low growth rates, small grain sizes,
lattice mismatches to substrates, strain, and cracking. Therefore, single crystal (and especially

bulk crystal) hBN growth is unsatisfactory with CVD.
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Solution Growth

Solution growth of hBN single crystals is a viable option. Materials that have high
solubility, which is strongly dependent on temperature, can be easily grown by solution method
[88]. A solution is formed by the addition of a solid solute to a solvent. At a given temperature
and pressure, there is a given amount of solvation. The amount of solute required to make a
saturated solution at a given condition is called the solubility. Solution growth proceeds as
follows: heat the container having a solvent and the solute to a temperature so that the solution
mutually dissolves, this temperature is maintained for a soak period of several hours, and the
temperature is lowered slowly resulting in crystallization. The driving force of the solution
crystallization is supersaturation [94]. In order to relieve supersaturation and move towards
equilibrium, the solute crystallizes. If crystallization occurs such that a stepped interface is
formed in contact with a supersaturated solution, the growth process occurs in the following

stages [94]:

1. Transport of solute to the vicinity of the crystal surface.

2. Diffusion through a boundary layer, adjacent to the surface for which a gradient in the
solute concentration exists because of depletion of material at the crystal solution
interface.

3. Adsorption on the crystal surface.

4. Diffusion over the surface.

5. Attachment to a step.

6. Diffusion along the step.

~

Integration into the crystal at a kink.
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The sequence 1-7 is illustrated in Figure 2-5, where solute particles (black spheres) are
surrounded in the solution by six solvent particles (white spheres) forming a regular
octahedron for simplicity. Step 4.* represents the ability of solution to desorb from the
crystal surface.

There are many advantages to using a solution growth technique; probably the foremost
being that crystal growth occurs at a lower temperature than that required for growth from a
pure melt. Reducing the temperature is often beneficial if not essential especially for those
materials that decompose before melting, resulting in crystallization of another phase and for
highly refractory materials (i.e. BN) that require difficult techniques for crystallization from a

melt.

Figure 2-5 Nucleation process for crystal growth.
Further advantages of solution techniques for crystal growth are that the growing crystal can

grow free from mechanical or thermal constraints into the solution allowing it to develop facets.

Other advantages of relatively low growth temperature as compared to the melting point of the
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solute, include decreasing point defects, dislocation densities, and low-angle grain boundaries
improving crystal quality over those grown from their own melt. The disadvantages of the
method are: substitution or interstitial incorporation of solvent ions into the crystal, microscopic
or macroscopic inclusions of solvent or impurities, non-uniform doping, a slow growth rate, and
container problems [94].

The solvent used in the solution method is of extreme importance. The type of solution
and the solute-solvent interactions may play a decisive role in the crystal growth process. By
selecting the proper solvent the tendency toward unstable growth may be reduced by increasing
the width of the metastable region (i.e. supersaturation), thereby preventing inclusions and
multinucleation. The choice of solvent also effects the degree of solvent-solute interaction and
therefore the purity of the grown crystals [94]. The main requirements of a solvent are:

1. The ability to dissolve the components needed to form the crystal.

2. Low melting temperature.

3. Does not form intermediate compounds with the crystal components.
4. Low vapor pressure.

5. High purity to minimize contaminants.

6. Does not incorporate into the crystal.

7. Low viscosity.

8. The solubility changes significantly with temperature.

For crystal growth of borides compounds with very high melting points, transition metals
which form compounds of relatively "low™ melting point with B may act as solvents. For
example, BesP has been formed from Ni solution, AlB; from Al solution, and BP and BAs from

CusP solution [94]. Many solvent choices that have been tested for hBN crystal growth such as
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silicon [8], sodium [9], lithium bromide (LiBr) [95], copper [96], and BaF-LiN [11]. One of the
first attempts to grow hBN single crystals was by Ishii and Sato [8] with boron dissolved in a
silicon flux in a nitrogen atmosphere. After cooling from a temperature of 1850°C for two
hours, their largest hBN crystal was reportedly two millimeters across and 20 um thick.
However, the hBN crystals were yellow in appearance due to carbon impurities and also
contained nitrogen vacancies. Taniguchi and Watanabe [14] used a barium boron nitride to
dissolve hot-pressed BN and powder BN at 4-5 GPa and 1500-1650°C for 20-80 hours. Since
these conditions are close to cBN/hBN phase equilibrium, a mixture of the two phases was
produced. Crystal size appeared to be less than one millimeter across, and the sensitivity of
alkali and alkaline-earth metal solvents to air and moisture were significant disadvantages of this
solvent. Kubota and Watanabe [15] performed another synthesis of cBN/hBN with a Ni solvent
at 4.5-6 GPa and 1300-1900°C for 20 minutes. These crystals ranged from 5 um (cBN) to 25 pm
(hBN) across. While the crystals were small, the nickel solvent proved more stable and easier to
work with. Since hBN is the predominant phase at low pressures, this suggests that it can be
grown from similar cBN metal solvents at significantly lower pressures.

Yang et al. [16] synthesized hBN by dissolving 0.5 pm ¢BN crystals in a layer of molten
nickel at 30 torr and about 1300°C. The hBN crystals they produced were only 2 um across,
most likely because nitrogen solubility in molten nickel is small (<0.01 wt% at 1550°C and 1
atm). The binary Ni-B and Ni-N phase diagrams show that 30 wt % B is in a liquid phase at
1550 °C [80], however the solubility of N in liquid Ni is only 0.0012 wt% at this temperature
and 1 atm of N2 [97]. The nitrogen solubility of a liquid Ni-Mo alloy increases with an
increasing concentration of Mo reported by Kowanda and Speidel [98]. Kubota et al. [99]

dissolved BN powder in a nickel solvent that contained 40 wt% molybdenum to increase
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nitrogen solubility an order of magnitude over pure nickel [98]; the result was single hBN
crystals that were 300 um across and 10 um thick. Their reported experimental conditions were
1350-1500°C for 12 hours followed by 4°C/hour cooling to 1200°C and quench cooling
thereafter.

Since chromium dissolves nitrogen up to two orders of magnitude better than
molybdenum [16, 98], Kubota et al. [99] mixed 53 wt% chromium with the nickel solvent under
the same aforementioned conditions and obtained hBN crystals 500 pm across and 60 um thick.
The process employing a nickel-chromium flux developed by Kubota et al. [15] has perhaps
been the most successful in its ability to produce good sized crystals (>500 um) at modest
temperature (1500 °C) with excellent optical properties.

For the systematic growth of large crystals and for the achievement of a high yield, the
phase diagram has to be known to a sufficient degree. However, many high-temperature
solutions contain three or more components, and the determination of a complete phase diagram
in such cases is totally impractical. As stressed by Roy and White [100] the solution is treated as
a pseudo-binary system with the phase to be crystallized as one component (solute) and the
solvent as the other. The information required for crystal growth is the solubility curve of the
phase to be crystallized and the stability field of this phase which is the range of composition and
temperature over which it is stable. No Ni-Cr-B-N quaternary phase diagram is available, as
such exact melting and solidification temperatures were unknown until Clubine [23] determined
the Ni-Cr eutectic point of 1345°C at 53 wt% Cr. It was determined the Ni-Cr system was an
appropriate solvent choice because the ratios of the boron-dissolving nickel and nitrogen-
dissolving chromium were comparable, ensuring sufficient B and N were dissolved to precipitate

hBN. When heating the Ni-Cr-B-N system, the melting temperature was not a concern because
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it was sure to be below the Ni-Cr eutectic temperature of 1345°C since additional components
tend to depress the initial melting temperature. However, the freezing temperature was
important to know as it provides the lower temperature limit for crystal growth. Therefore
Clubine used differential scanning calorimetry (DSC) finding the freezing range to be between
1175°C and 1215°C allowing crystal growth may occur in a 150 °C range. Hoffman et al. [22]
grew bulk hBN crystals where Ni and Cr powders were mixed to a composition near 53 wt.% Cr,
plus boron nitride powder, loaded at a 1:20 weight ratio to the Ni and Cr powders. These
powders were loaded into boron nitride crucibles, dissolved, and crystals were produced using a
slow cooling method.

The most common technique for producing supersaturation in flux growth is by slow
cooling where generally a linear cooling rate is applied. The linear growth rate v (in cm/h) by
slow cooling is related to the cooling [91] according to

v=1 ) (@) Eq. 21
where V is the volume of solution (cm®), A the area of the growing crystal (cm?), dn/dT the
change in solubility per degree (g/cm®/°C), and dT/dt the cooling rate in °C/h. A constant linear
growth rate and therefore a cubic decrease of temperature with time will cause unstable growth.
Scheel and Elwell [101] have shown that the temperature regulation and the cooling rate have to
be adjusted in such a way that the slope of the effective cooling can (including any oscillations or
fluctuations) never exceed the slope of the calculated optimum cooling curve for stable growth at
the corresponding temperature. The general rule is that the smaller the growth rate, the better
and larger the crystals. However, one has to find a compromise between the slow cooling rate
and the correspondingly long duration of an experiment. Also Laudise [102] stressed that

cooling rates which are not at least comparable with the temperature fluctuations due to
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inaccurate regulation are pointless. A very slow initial cooling rate is impractical for the
(normal) case where the super-solubility curve is not known with sufficient accuracy and much
time passes before nucleation starts.

The advantages of the slow cooling technique are:

1. That a closed container (sealed crucible) can be used thereby preventing evaporation of
volatile solvent or solute constituents which are poisonous or corrosive and which cause
uncontrolled supersaturation.

2. The technique is relatively simple for the growth of crystals up to 5- 10 mm size.

3. The slow cooling technique is suitable for exploratory materials research. It is usually simple
to crystallize known crystals and also new phases in sizes from 2 to 5 mm, which are suitable for
X-ray structure determinations and a number of physical measurements.

The slow cooling method of hBN crystal growth, employed by Hoffman et al. [22]
involves 4 steps. First, the furnace temperature was increased from room temperature to the
maximum or soak temperature. Second, the soak temperature was maintained for several hours
so the Ni-Cr flux could saturate with boron and nitrogen. Third, samples were cooled at a
controlled rate to 1200 °C, causing the hBN to precipitate and crystallize on the surface of the
flux. Finally, after cooling to 1200 °C, the furnace was turned off, allowing it to cool to room
temperature for analysis. They determined that the crystalline quality was directly related to the
cooling rate where 4 °C/hr cooling marked the transition from polycrystalline hBN, at 10 °C/hr
to single crystals with crystal grains greater than 500 um (Figure 2-6) with crystals grown at 2
°C/hr being the highest quality. Their analysis showed the hBN crystals formed on the top of
metal flux surface. The crystals were highly ordered, as determined by X-ray diffraction, where

the (002), (004), and (006) planes exhibit strong, narrow peaks (Figure 2-7). Raman
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spectroscopy of these crystals confirmed their quality with a single peak at 1366 cm™ and a

FWHM of 8.0 cm™.

Figure 2-6 Comparison of hBN grown at cooling rates of (a.) 10 °C/hr, (b.) 4 °C/hr, and (c.)
2 °C/hr after having soaked at 1500 °C for 24 hours. (From Hoffman [22])
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Figure 2-7 X-ray diffraction spectra for hBN crystals growth with soak temperature of (a)
1550°C and (b) 1700°C. (From Hoffman [22])

The maximum apparent crystal width formed increased with temperature from 0.75 mm across at
1450 °C to 5.0 mm across at 1700 °C, as shown in Figure 2-8. Crystal thickness showed an

opposite trend, with crystal thickness as large as 500 um at 1500 °C and decreasing to 40 um at
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1700 °C. Images of the crystal width and thickness of samples grown at 1500 and 1700 °C are
shown in Figure 2-8. The morphology of the crystals formed also changed with the temperature.
At higher temperatures, the crystals exhibited a more triangular habit and preferred to grow
wider and thinner. At lower temperatures, the crystals exhibited a thicker, hexagonal shape, with
growth rates roughly equal in the a and c directions. This is attributed to the preferential
termination of the crystal edge with either N or B atoms, increasing crystal stability [93, 103].
Schematics of these two crystal habits and a diagram of an atomic layer of hBN preferentially

terminating with N atoms are shown in Figure 2-9.

Figure 2-8 Width (a.) and thickness (b.) of crystal grown at 1500 °C. Width (c.) and
thickness (d.) of crystal grown at 1700 °C. (From Hoffman [22])
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Figure 2-9 Diagram of (a) differences in crystal habit for hBN grown at low and high
temperatures and (b) theoretical atomic arrangement for the high temperature, triangular
hBN habit. (Adapted with permission from K.K. Kim, A. Hsu, X. Jia, S.M. Kim, Y. Shi, M.
Hofmann, D. Nezich, J.F. Rodriguez-Nieva, M. Dresselhaus, T. Palacios, J. Kong, Nano
Lett. 12 (2012) 161. Copyright 2012 American Chemical Society.)

It is clear the solution method incorporating a Ni-Cr flux as the solvent is capable of producing
highly ordered, large, thick hBN crystals. By modifying the slow cooling of the solution method
by Hoffman et al. [22], it was proposed that crystals can be grown both larger and thicker (i.e.

increased growth in the a and c direction).

Crystal Extraction

Probably one of the more underappreciated components of solution growth is the
separation of crystals from the solution immediately following crystal growth. Generally,
crystallization from high-temperature solutions is terminated at a temperature above the eutectic
point allowing for crystal separation from the solution or following relatively rapid cooling to
room temperature. The former alternative is generally preferable when this is convenient, as in
top-seeded growth where the crystal may normally be raised out of the solution by a motorized

drive mechanism. However, if crystals are grown by spontaneous nucleation, it is necessary to
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cool the crucible to room temperature prior to removal of the crystals. This is widely practiced
because of its relative simplicity. The excess solution is then normally dissolved in some
aqueous reagent, a process sometimes referred to as "leaching".

The leaching process relies on the differential solubility in this reagent of the crystal and
the high-temperature solvent. It is clearly important for easy removal of the crystals that a
suitable fast acting reagent exists. The disadvantage of removing the excess solution at or
around room temperature is that the rate of dissolution may be extremely low. Warming the
leachate promotes dissolution and the resulting saving in time can be dramatic, especially if
leaching is performed at a temperature close to the boiling point of the aqueous reagent.
Additionally, most rapid leaching rates require that the acid be replenished at frequent intervals
depending on the volume of the container used. This results in considerable acid waste, which
may require special disposal depending on the solution used.

Many experimentalist have simply poured off the excess solution by removing the
crucible from the furnace with tongs and decanting the liquid after removing the crucible lid.
This method is possible only when the lid fits loosely onto the crucible, since it is desirable that
the crucible should be returned to the furnace as rapidly as possible in order to minimize thermal
shock to the crystals. However, due to the extreme temperatures (1200 °C >) and the
sensitivities toward oxygen of the furnaces utilized this is not a viable option.

An alternative procedure has been suggested by Grodkiewicz et al. [104] who punctured
the base of the crucible from below with a steel spike, to drain the solution without removing the
crystal from the furnace. This is an intriguing solution, however the difficulty is finding a
material that would be capable of puncturing a hole in the crucible with minimal force and

capable of withstanding the high temperatures of the furnace (1450 °C >).
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The seeding technique of Bennett [105] and Tolksdorf [106] provides a particularly
convenient means of removing the crystal from the residual solution by inversion of the crucible.
Crucible inversion is applicable to sealed crucibles and may be used for unseeded growth if some
mechanism is provided within the furnace. This mechanism may be extremely simple, for
example, a wire attached to the base of the crucible, which is pulled vertically upwards, provided
that the crucible is mounted on a suitable pivot. Completely sealed crucibles permit a greater
degree of reproducibility in the crystal growth conditions but inversion and subsequent
solidification of the residual solution presents problems in the removal of the lid and of access to
the crystals.

An isothermal technique to remove excess solution has been used by Kawabe and
Sawada [107] who, sucked up the still liquid flux through a nickel pipe by a rotary pump, and
then cooled the furnace with the crucible to room temperature. In a similar manner for sealed
crucibles, pressure from outside could be used to pump the excess solution out of the crucible.

Leaching was employed by Clubine [23] where hBN crystals were separated from the
metal flux by immersing the entire sample in hot aqua regia, as hBN is unreactive with acids, to
dissolve away enough of the metal to separate crystals. However, 1-2 days can be required to
sufficiently dissolve the metal flux sufficiently, due to Cr and Ni being partially resistant to one
or another of the component acids making up the aqua regia solution.

An alternative utilized by Hoffman et al. [22] involves mechanically peeling crystals
from the metal flux with thermal release tape, eliminating the difficulty of dealing with acid
waste and facilitating transfer to substrates. However, cooling of the crucible and crystals to
room temperature while leaving the flux intact may cause cracking of the crystals. This was

recognized by Edgar et al. [17]:
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“Frequently, the crystals were cracked, presumably due to contraction as the metal flux
solidified, and the differences in the coefficients of thermal expansion of the hBN and the metal
flux.”

Additionally, the use of thermal release tape can crack or tear the crystals unevenly
leaving layers of hBN still embedded in the metal flux, limiting the potential of the crystal
thickness.

Zhidaglo et al. [108] was able to separate the hBN crystals from their high pressure
solution method by heating the solution in a vacuum to evaporate and drive off the solvent.
However, a drawback to this method is the high vapor pressure of the metal flux necessitating
high temperatures to evaporate the Ni-Cr solvent and could result in dissolution of the hBN
crystals [108].

A method for draining of the metal flux is here proposed for the solution growth of hBN
single crystals, where the crystal pulling mechanism of a furnace is used to raise a custom made
crucible, draining the solution in situ thereby alleviating crystal cracking due to the cooling of
the metal flux and freeing the crystals unharmed. This is described in section 3.

Isotope Enrichment of hBN Crystals

Boron has two stable isotopes, 1°B and *'B where the natural abundance of B is 80.22%
11B and 19.78% °B. Boron is one of the very few elements to absorb thermal neutrons. The
neutron absorption property of B is mainly due to the presence of *°B, which undergoes the main
capture reaction where thermal neutrons react with *°B to give off an alpha particle and energy
while leaving a lithium ion: °B + *n = 7Li + *a + E where 94% of the time the "Li particle
is in an excited state and E = 2310 keV, and 6% of the time the "Li particle is formed in its

ground state and E = 2790 keV [109]. The lighter isotope has one of the highest thermal neutron
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capture cross-sections of any element at about 3850 barns [109]. By using °B as the boron
source in hBN, many radioactive applications have been envisioned. For example hBN
nanotubes have been preposed as radiation shields in future interplanetary missions [110].
Another feasible radioactive application of supreme interest to national security proposes hBN as
a neutron detector. To defend its borders from nuclear attack, a country may inspect goods
entering for radioactive material with gas-filled neutron detectors, mainly filled with *He.
However, 3He detectors are declining in popularity because of increasing prices. In the past, 3He
was relatively abundant as it is created by decaying tritium in nuclear weapon stockpiles. With
the conscious effort to halt the proliferation of nuclear weapons all around the world, the supply
of He only met a third of demand in 2009 [111]. Therefore, a necessity exists to find
replacement materials for neutron detection of which hBN is an exceptional option. Beyond a
lack of ®He, an inherent disadvantage of gas-filled neutron detectors is their low efficiency [112].
Bulky, pressurized tubes are necessary to generate detectable electrical signals when a neutron
interaction occurs, making the device delicate and expensive.

Solid-state neutron detectors offer higher efficiencies with a more sturdy and compact
design, provided an appropriate material for neutron detection is incorporated into the device
[112]. °B-enriched BN would reduce the material thickness required for completely capturing
neutrons, making charge collection (and, hence, signal generation) in a material with low carrier
mobilities easier [112]. Some other properties of boron nitride that are intriguing for neutron
detection are its low effective atomic number (10.8 and 14 for natural boron and nitrogen,
respectively) and high dielectric strength (>140 eV/nm) [112]. The former property is useful for
discriminating neutron emission from gamma radiation since low-Z nuclei are more transparent

to gamma rays than heavier nuclei [112]. The latter property is important since high applied
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voltages are typically necessary to operate the device with maximum charge- collection
capability.

Conventional solid-state neutron detectors made of silicon and a neutron-capturing
material have been around for decades [113] and are typically, composed of two regions. The
first is the neutron-capturing layer (e.g. boron or boron compound) where an incident neutron
strikes a 1°B atom and ejects ’Li and an alpha particle. The alpha particle must then travel to the
semiconductor layer (e.g. silicon) where it interacts with the silicon atoms to produce electron-
hole pairs and, thus, a detectable electrical signal. The separated neutron-capture and charge-
collection layers are responsible for the device’s poor efficiency, and their thicknesses are
critical; the boron layer must be thick enough to provide enough °B centers for neutron capture,
but thin enough to allow the generated alpha particles to escape the boron layer into the silicon
layer where an electrical signal can be detected. Efforts to overcome the inefficiency of the
layered devices have led to pillared devices where thin alternating layers of boron and silicon are
stacked side-by-side to increase the likelihood of neutron capture and alpha particle-spawned
electrical signals [114]. The efficiency of these devices is still below 50% [114]. The maximum
theoretical efficiency is achieved if the neutron-capturing and charge- collection layers are
integrated into a single layer. This implies the need for a material that is a semiconductor, and
many such materials have been tested including boron carbide [115], boron phosphide [116] and
pBN [18, 112]. While the efficiencies of the pBN devices tested by both Doty [112] and
McGregor et al. [18] were quite low, this is most likely attributable to the polycrystalline nature
of pBN. Bulk, single-crystal hBN should exhibit improved charge transport properties versus
pBN. The use of a single hBN crystal as a neutron detector, in which it will serve as both

neutron capture material and signal detector, requires a certain thickness to have appropriate
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signal to noise ratios. The higher the enrichment of B as 1B in the compound, the thinner the
crystal can be, while still maintaining a large neutron capture cross section. This would
significantly boost efficiencies because its high Barnes cross-sectional capture paired with the
charge transport properties of hBN. This highlights the need for a high quality, °B enriched
hBN single crystals.

Hoffman et al. [117] have successfully grown hBN single crystals enriched with 1°B and
11B respectively using the solution method. Their method for growing hBN single crystals which
used the crucible as the boron source was modified by adding a premelted flux of Ni and Cr as
well as either a % by weight of 99% 1°B or 1B included in the flux. This produced °B %
enriched and !B % enriched hBN crystals. The specific B concentration was measured by
secondary ion mass spectrometry (SIMS). From this, the researchers created a pseudo
calibration curve, relating the atomic % B enrichment to the Raman shift, red for !B and blue for
198 enrichment, from the 1366 cm™ signature peak of natural abundance hBN single crystals. It
is proposed that by replacing the HPBN crucible used in the Ni-Cr flux method, with another
material, one that does not contain boron, control of B enrichment will be increased.

Most experiments in crystal growth from high-temperature solutions are carried out in
containers, either in crucibles or in ampoules. Thus crystal growers must choose a practical
crucible material which is resistant to corrosion by the solvent, solute, and the atmosphere at the
high growth temperatures. Further requirements are a high mechanical strength, ease of shaping
and of cleaning, good thermal shock resistance, reasonably long lifetime (little recrystallization)
and a low price. Corrosion is related to the wetting angle of the melt. The larger the difference
in the type of bonding between crucible and melt, the smaller the wetting and the corrosion

normally observed [94]. As a rule suitable crucible materials are those which have a type of
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bonding different from that of the solvent and solute provided, that no decomposition reaction
occurs. The difference in the chemical bond type generally leads to a sufficiently small
solubility of the crucible material in the solvent, especially when this material has a relatively
high melting point. Examples of the bonding difference rule are the use of platinum crucibles for
ionic melts, of (ionic) oxide, and of covalent graphite and nitride crucibles for metallic melts
[94]. For this reason, crucibles tested in the present study were limited to oxides as carbon
inhibits hBN crystal growth and nitrides are too similar. As such three possible crucible
replacements for the HPBN crucible were considered: alumina (Al203), yttria-stabilized zirconia
(Y-ZrOy), and yttria (Y203). As oxides, these materials are suitable for use with the metal
solvent employed in the solution method. Also, because of the high temperatures necessary for
hBN growth the crucible must have an extremely high melting temperature, which applies to all
three materials. The interaction between BN, the Ni-Cr solvent, and the crucible materials was
unknown however and so it was tested experimentally.

A successful crucible material will allow for higher enrichment of '°B in hBN while not
interacting with the solvent or solute. Boron 10 enrichment of hBN crystals near 100% will
create optimal thermal neutron capture, allowing for thinner crystals, which in turn benefits
detection of alpha particles. The resulting neutron detector, would be highly portable and far
more rugged than current gas detectors as well as having much better efficiency than sandwiched
devices layering B with Si.

Two Dimensional hBN

With the explosive rise of graphene, beginning in 2004 [24], research began on the

existence and stability of a 2D BN counterpart [118]. Hexagonal boron nitride nano-sheets

(hBNNSs) were initially prepared in the form of so called nano-meshes [119]. The following
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year, free standing 2D BN flakes were peeled off of hBN crystals [120]. Additionally, BN nano-
ribbons, nano-sheets with variable lengths and narrow widths, were produced as hollow nano-
strips in 2008 [121]. Today, the lightest group 111-V compound is established as one of the most
promising non-carbon nano-systems. 2D BN has many intriguing properties such as: high
thermal conductivity, superb oxidation resistance, excellent chemical and thermal stability,
electrical insulation, and mechanical robustness that have made them of supreme interest to
material scientists. Various applications such as thermally robust catalytic and sensing
substrates, highly durable field emitters, multifunctional fillers in composite materials, compact
UV laser devices, and chemically inert super hydrophobic films have been envisioned. Boron
nitride nano-sheets have promise as a “green” lubricant additive for water [122] and BN sheet
polymer hybrid films can be a safe choice as protective coatings to prevent corrosion in marine
environments [123]. Because of its isostructural relationship to graphene, these two materials
can be combined to fine tune their composite properties [124, 125]. One example is as a 2D
heterostructure with a BN substrate as an improved dielectric for graphene devices in order to
enhance carrier mobility, and maintain a widened band gap. BN-C hybrid nano-sheets have
great potential for fine tuning band gaps for use as fuel cells and transistors [69].

An hBN layer may be envisioned as a graphene layer, in which the carbon atoms are
substituted by alternating boron and nitrogen atoms. Just like graphite, each hBN layer has
atoms bound together by strong covalent bonds in the plane, while van der Waals forces hold the
layers together. The crystallographic parameters of hBN and graphite are almost identical as
shown in Table 2-1 [20, 37, 126, 127]. Unlike graphene monolayers, their corresponding 2D
brethren, hBNNSs, have rarely been observed due to the unique stacking characteristics of hBN.

The hexagons of neighboring planes in the hBN are superposed, B and N atoms are in succession

31



along the c axis (AA’ stacking), while in graphite they are shifted by half a hexagon (AB
stacking), as schematically depicted in Figure 2-10 [30]. Molecular dynamic simulations have
been performed to evaluate the energy cost associated with a frustrated N-N or B-B bond as
compared to a B-N bond. Starting from an isolated hBN sheet, if two neighboring B and N
atoms are exchanged the energy cost associated with this antisite defect is 7.1 eV [128] after
atomic relaxation. Due to the difference in electronegativity of B and N, the B - N bonds are
partially ionic in contrast to the C - C bonds in graphite structures. This feature can lead to lip-
lip interactions between neighboring layers in the BN nanostructures, forming “spot-welds”

between the atoms of adjacent layers.

Figure 2-10 Structural models of (a and b) hBN sheets and (c and d) graphite sheets
displaying the difference in their stacking sequence. Cross-sectional and plane view of (e)
the pristine and (f) relaxed models of the bilayered h-BN edge. (From Pakdel [129])

In this way a metastable energy minimum is achieved by decreasing the number of dangling

bonds at the edges and reducing the frustration effect of B - B bonds being formed or N - N

32



bonds instead of the more energetically favorable B - N bonds. Therefore, the formation of
multilayered BN stabilizes the entire structure [128, 130-132]. Additionally, DFT studies
suggest that covalent interlayer B - N bonds are spontaneously formed across the adjacent BN
bilayers which results in a folded monolayered hBN as shown in Figure 2-10(e). By calculating
the structural relaxations, interlayer covalent bonds form across the bilayered zigzag edge,
leading to a closed edged termination. There is a calculated energy gain of -4.9 eV for each
interlayer bond formed at the edge. These interlayer bonds in the out-of-plane direction have a
covalent nature similar to the intralayer sp? hybridized bonds within the bulk material, leading to
the difficulty in isolating a monolayer of hBN [133]. Also, van der Waals corrected DFT
calculations suggest that the adjacent BN layers might freely slide from AA’ stacking to an AB
stacking type with, N centered on B - N rings on adjacent layers, and along certain favorable
directions, despite a band gap reduction of 0.6 eV. Furthermore, calculations suggest that the
van der Waals forces role is to anchor the BN layers at a fixed distance, whereas the electrostatic
forces dictate the optimal stacking mode and the interlayer sliding corrugation [134]. All this to
say that extraction of a single sheet of hBN is highly unfavorable energetically as well as
thermodynamically.

The attraction of hBNNSs lies in its ability to enhance and create new properties from its
bulk parent by its geometry and quantum effects seen at the nano-scale. Thus, the ability to
characterize its structure, in comparison to the bulk material, is necessary. Utilizing TEM,
researchers have observed that typical multilayered nano-sheets have layers ordered with an
interlayer distance of approximately 0.33-0.34 nm, characteristic of the interplanar spacing in
bulk hBN (002) planes [135]. Spectroscopic signatures of hBN nano-sheets such as Raman and

Fourier transform infrared (FT-IR) exhibit characteristic peaks that are quite similar to those of
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bulk hBN crystals. The Ezg modes are Raman active, the A2y and E1y modes are IR active, and
the B1g modes are optically inactive. Both of the Raman active E>g modes are due to in-plane
atomic displacements; the low frequency mode is characterized by whole planes sliding against
each other. The high frequency mode is due to B and N atoms moving against each other within
a plane. High frequency interlayer Exg vibration mode of the different BN structures is between
1363-1374 cm™ [136, 137]. Multilayered hBN has a red shift while single layered nano-sheets
are observed to have a blue shift of approximately 4 cm™ attributed to hardening of the Ezg
phonon mode due to slightly shorter BN bond in the isolated monolayers. The Raman peak
frequency will shift higher or lower under compressive and tensile stresses [137, 138]. The
typical absorption peak for FT - IR is at 811 c¢m™ and a broad absorption band with the bottom
in the range of 1350-1520 cm* which are ascribed to the B - N - B bending vibration mode
parallel to the c-axis and B - N stretching vibration mode perpendicular to the c-axis modes of
hBN, respectively [136].

Thermal Applications

One of the largest and most successful applications of h(BNNSs to date is as fillers in
thermally conductive polymers [30, 139-141]. BN monolayers are predicted to have a larger
thermal conductivity, k, value than their bulk counterparts. Out-of-plane vibrations contribute
largely in the calculation of k value for hRBNNSs, as well as reducing in phonon-phonon
scattering in the 2D layer. This may explain the difference between a single layer and hBN bulk
heat transport constant [142]. Consequently, BN monolayers will have one of highest room
temperature thermal conductivities [142]. Previously, polymer materials have been embedded
with SizN4, AIN, and BN microparticles to improve their thermal conductivity. However, nano-

materials are more effective fillers for such polymer matrix composites due to their higher
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surface area [30]. Plastics with hBN additives have higher thermal conductivity and electrical
resistivity as well as smaller thermal expansion. Unlike graphene, or other conductive fillers that
may exhibit higher thermal conductivities [143], hBN nano-sheets eliminate possible electrical
current leakage, compensating for lower dielectric constants and thermal conductivities.

Another application utilizing the high thermal conductivity of hBNNSs is as a 2D filler in
mineral oil to form a Newtonian nanofluid. This nanofluid has a lower freezing point than pure
mineral oil, excellent filler dispersion, high thermal conduction, and high electrical insulation
[144]. These fluids may be the next generation of nanooils for lubrication, capable of efficient
thermal management in heavy-duty machinery such as transformers.

Magnetic Applications

The magnetic properties of 2D BN are confined to nanoribbons due to the edge effect
[145]. However, DFT calculations have shown that by adding hydrogen (H) and fluorine (F) to
hBNNSs they can become ferromagnetic, antiferromagnetic, or magnetically degenerate
depending on how the surface is functionalized [146]. Vacancy defects in hBN monolayers may
also induce magnetic properties [147, 148]. With the addition of iron oxide nanoparticles to
hBN platelets, it is possible to orient the platelets in an epoxy matrix perpendicular to the
substrate under a magnetic field, thus improving the thermal conductivity of the composite [149].

Wetting Applications

Wetting is the ability of liquid to maintain contact with a solid surface, which is a result
of intermolecular interactions at their interface. The degree to which a surface is wetted is
determined by the adhesive forces between the solid and the liquid and the cohesive forces in the
liquid. These are usually determined by the chemical composition and microstructural geometry.

Water can wet bulk hBN surfaces relatively well, but hRBNNS surfaces may repel water droplets.
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A smooth hBN coating is relatively hydrophilic with an approximate contact angle of 50 °
whereas nano-rough hBN coatings made of vertically aligned nano-sheets can be hydrophobic
with a contact angle up to 150 ° [135-137, 150-152]. These hBN nano-structure films may find
use in water repelling, anti-fouling, self-cleaning, and anti-corrosion systems [137].

Catalytic Properties

BN sheets have potential advantages for catalytic applications. DFT calculations predict
that weak interactions between gold (Au) particles and hBN can lead to strong promotion of
binding and catalytic activation of oxygen (O) adsorbed on Au/hBN [153]. Au can be trapped
effectively by nitrogen (N) or boron (B) vacancies and impurity point defects leading to strong
adsorption accompanied by large transfer to and from the adsorbate. As a result, the excess of
charge on the supported Au increases its catalytic activity [153]. Platinum has also been
monodispered along with Au on hBN nano-sheets and has been shown to be an effective catalyst
in various reactions. In this way, the conversion of carbon monoxide (CO) is possible at lower
temperatures and higher stability compared with other substrates such as aluminum oxide
(Al203) due to its high thermal conductivity, acid-base resistance, oxidation resistance, and
hydrophobicity [154].

Environmental Applications

Layered materials such as hBN have found many environmental applications. Recently,
porous hBNNSs with high specific surface areas have shown high performance for the sorption
of a wide range of solvents, dyes, and oils, and were proven effective for the removal of these
contaminates from water [155]. A nanostructured material made from the sheets can absorb up
to 33 times its own weight in oils and organic solvent, but also repels water. Once it has been

saturated with the pollutant, the sheet can easily be cleaned by heating to burn off the pollutant.
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Because of its unique thermal resistance properties, the hBN sheet is unharmed during the
heating process and can be reused. Due to the interlayer space and flexibility of hBN it is
feasible that it could accommodate various sized molecules such as proteins, viruses, pesticides,
etc. However, the biocompatibility and toxicity levels of these nano-materials must still be
studied. Nevertheless, it is easy to envision the possible applications in the biomedical fields
[156].

Electronic/Optical Applications

Of all the significant advances in nano-electronic materials and devices, semiconductors
have seen the most dramatic changes as shown by Moore’s Law where the number of field-effect
transistors has doubled every 18-24 months. The effect of Moore’s Law can easily be seen as the
number of semiconductor chips being employed has seen an exponential increase. From the year
2000 to 2010 the industry nearly doubled in size. However, researchers have been hard pressed
lately to keep up with Moore’s Law, as devices become smaller and smaller, to the tens of
nanometers size range, the benefits from new phenomena at the nano-scale are being diminished
by increases in tunneling currents and the need for atomic-scale precision in fabrication,
challenging the device’s performance [157]. As such, new materials with fewer defects, tunable
electrical properties, as well as superior thermal properties must be developed to further decrease
device size.

In addition to the increased need for new nano-materials to continue to make progress in
the semiconductor industry, nano-optics is a natural complement to nano-electronics and
advances in the technology must also move forward. Nano-optic devices can perform optical
functions in thin layers, often less than a micron thick. Due to their size being sub-wavelength in

cases, the structures interact with light locally, involving quantum effects and can achieve optical
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effects in an extremely short focal length compared with bulk optics [158]. Optical storage,
photocatalysis, sterilization, ophthalmic surgery and nano-surgery are numerous applications
requiring high transparency thin films with cathode luminescence in the deep ultraviolet range
[20]. The optical properties of h(BNNSs make it an enticing optical material for these
applications. Hexagonal boron nitride nano-sheets do not exhibit optical absorption in the visible
region of the spectrum. They exhibit high transparency as thin films or suspensions, and appear
white when accumulated in bulk quantities [4, 35, 93, 159-161]. In the deep UV range hBNNSs
show a sharp absorption peak at 210-220 nm. Boron nitride nano-sheets show a strong cathode
luminescence emission in the deep ultraviolet range [93, 160, 162] making these 2D nano-
materials appealing for compact emission in the deep ultraviolet range [93]. A single crystal
provides better properties for these applications. As such, the exfoliation of a single crystal hBN
into hBNNSs is proposed.

Synthesis of Two Dimensional BN

There are currently many routes being employed in the synthesis of 2D BN
nanostructures. Most are variations adopted from the procedures used to produce graphene
sheets and ribbons. Some of the current methods being developed include: mechanical
exfoliation [33-35], chemical vapor deposition [1-3, 25-27], solid state reactions [28-30],
substitution reaction [31], high energy electron irradiation [32, 33], unzipping BN nanotubes
[169], and chemical exfoliation [163-167].

Mechanical Exfoliation

The first effort to obtain atomic sheets of hBN was the mechanical exfoliation technique,
in which the BN layer is mechanically peeled or cleaved. This method was initially used to

isolate graphene in 2004 [24] and has since been applied to many other layered materials such as
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hBN and molybdenum disulfide (MoS>) [120]. Layers of hBN can be peeled off with an
adhesive tape, attached to a substrate, and identified with an optical microscope. This method
has characteristic traits of thickness and larger lateral size, which make them easier to work with
for studies in physics and optoelectronics [33-35]. This route has been quite successful in the
synthesis of graphene but cannot produce hBN monolayers. This method results in hBNNSs
with approximately 10 layers or 3.5 nm thick. As stated above, this could be due to the strong
lip-lip interactions between hBN basal planes because this interaction is essentially a chemical
bond between adjacent layers decreasing the number of dangling bonds at the edges [130, 168].
Another route to mechanical exfoliation of hBN is to use shear forces instead of the direct force
of pulling. This is done through mild wet ball-milling processes. Under a nitrogen atmosphere
(N2), an hBN powder precursor gently shears the layers, and benzyl benzoate is used as the
milling agent to reduce ball impact and contamination [169]. This produced improved yields
over pealing with adhesive tape, producing layers of less than 10nm in thickness, but the process
is incompatible with hBN single crystals.

Another method that shows promise of high throughput and large scale production of few
layered hBN nano-sheets is the high pressure microfluidization process. A combination of DMF
and chloroform are combined with hBN powder and inserted inside a microfluidizer processor
and kept at a constant pump pressure of 207 MPa. This accelerates the product into the
interaction chamber, and inside the chamber, the product stream separates into micro channels of
various geometries and is forced to collide upon itself creating incredible forces of impact and
shear stress. These forces are several orders of magnitude greater than those created by
sonication. This results in hBN with a reported yield efficiency of 45% with hBNNSs between

20-30 layers and 500 nm lateral dimensions [170]. While this provides an impressive yield, the
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violent shearing forces render hABNINSs bent and out of shape where as it is desirable to preserve
the original lateral dimensions of the hBN following treatment.
Chemical Vapor Deposition

Chemical vapor deposition of hBNNSs is possible through various precursors and
substrates. In 1964, Malcolm Basche deposited BN coatings onto a surface by the thermal
decomposition of ammonia (NHs) with boron trichloride (BClz) at 1450-2300 °C [171]. Other
experiments have used NHz and diborane (B2He) as precursors to deposit amorphous BN films
less than 600 nm thick on Si, germanium (Ge), molybdenum (Mo), and tantalum (Ta) at
temperatures ranging from 600 to 1000 °C [172]. Currently, researchers are working with
precursors such as borane (BHj3), trichloroborazine (H3B3ClI3Nz3), hexachloroborazine. BFs-NHs,
BCls-NHsz, and BzHs-NH; [1-3, 25-27].

The first hBN monolayer film was grown by the adsorption and decomposition of
B3sN3zHe on Pt(111) and Ru(0001) surfaces in 1990 [173]. BsN3Hs can be compared to benzene
in which the C atoms are substituted with alternate B and N atoms in a natural BN stoichiometry
of 1:1. Therefore, there is no need for two or more gasses to grow hBN layers [1]. Vertically
aligned hBN nano-sheets on Si substrate were grown at 800 °C from a mixture of BF3-N2-H>
gases using a microwave plasma CVD technique [136]. This produced protruding BN nano-
sheets rather than uniform granular films. This was attributed to the strong etching effect of
fluorine and the electrical field generated in the plasma. By manipulating the ratio and flow rates
of BFs and H. the morphology and thickness of the hBNNSs could be controlled. Lateral
dimensions varied between 80 nm to 2.9 um and thicknesses of approximately 60 layers. By
decreasing the ratio of BF3 to Hy, to 2:30 the thickness of the nano-sheets was decreased by a

factor of four. The control of the a direction growth is impressive, and would be particularly
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useful in nano-electronic and nano-optic applications, however, the thickness of hBN sheets are
no where near a monolayer.

Alternatively, a thermal CVD technique was developed in which B, magnesium oxide
(MgO), and iron oxide (FeO) powders were heated up to 1300 °C in a tube furnace under NH3
flow [135, 150]. As a result, vertically standing hBNNSS were grown on Si/SiO2 substrates with
different sizes and morphologies, depending on synthesis temperature. As the temperature was
increased from 1000 to 1200 °C, the nano-sheets increased in lateral size. As the temperature
approached 1300 °C branching of the nano-sheets occurred on the main nano-sheet surface.
Nano-sheets grown at higher temperatures had higher degrees of crystallinity. hBNNSs
produced by this method had typical thicknesses of 5nm, and were polycrystalline in nature.

Figure 2-11 illustrates the proposed model for two stage growth of hBNNSs.

Planar growth Vertical growth

Figure 2-11 A model illustrating the nucleation and two-stage growth of the BN nanosheets
on the Si/SiO2 substrate. (From Pakdel [137])

As seen in Figure 2-11, first there is a stage of growth in which the base layers are parallel to the
substrate. As the grain boundaries expand, sufficient levels of force curl the edges of the top
layers upward producing vertically oriented nano-sheets. At these higher temperatures, adsorbed
B and N atoms have a high mobility and can move along the surface towards the edge of the

nano-sheet and then covalently bond with the edge of the hBN sheet, growing taller instead of

41



thicker [137, 150]. CVD methods are excellent in regard to controlling the thickness of
hBNNSs, however, these methods are far better suited to thin film applications and can lack the
structural integrity of hBN layers from a single crystal.

Solid State Reactions

Lian et al. [28] produced hBNNSs by a solid state reaction: NaBF, + 3NH; +
3NaN; = BN + NaF + 3NaCl + 4N, + 3NH; + 3HF. The powders were mixed and pressed
into pellets, then heated in an autoclave for 20 hours at 300 °C producing nanoflower-like
nanoflakes. hBNNSs produced by this process measured only 300-400 nm laterally, with
thicknesses of approximately 20 layers.

Few-layered hBNNSs with lateral dimensions over 100 um have been produced by a
chemical blowing technique that does not require a substrate or catalyst. Instead, NH3BHj3 is
heated to 80 °C and then to 110 °C to begin the blowing process by dehydrogenization, and then
the reaction mixture was raised to 400 °C to dehydrogenate. Hydrogen is rapidly released from
the soft and swollen B-N-H compound. This is then heated to 1400 °C for three hours to
crystalize the layers into the nano-sheet. Subsequent ultrasonication and centrifugation to
remove bulky BN from the suspension yielded few layered polycrystalline hBN [29, 30].

Substitution Reaction

Substitution reactions have also been used in the synthesis of BN nano-sheets. This
involves replacing an atom or functional group with another functional group or atom. One
series of experiments utilizing this method involves heating B2O3 powder to 1,650 °C in an open
graphite crucible covered by MoO: and graphene sheets under continuous flow of N2. This
product was collected from the graphene sheets and heated in air at 650 °C for 30 minutes to

remove any residual C layers [31] producing hBNNSs between 15 and 4 layers with lateral
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dimensions in the nanometer range. The layers are also polycrystalline with Raman FWHM
greater than 20 cm™.

High Energy Electron Irradiation

High energy electron irradiation can be used to sputter layers off of layered materials
inside a TEM. In this way, few layered nano-sheets, produced by mechanical cleavage of hBN
powders, are thinned down to monolayers by carefully burning layer by layer with the electron
beam [32, 33]. This has proved an excellent way to study hBN monolayers, but is tedious and
unscalable as a means of producing hBNNSs.

Unzipping Boron Nitride Nanotubes

Nanotubes have been successfully unzipped to produce hBNNSs [174]. This process was
inspired by the unzipping of carbon nanotubes. Argon etching was used to unwrap multiwalled
hBN nanotubes [175]. Nanotubes were first deposited on a Si substrate and coated with a thin
film of PMMA. This film was pulled off the substrate, taking hBN nanotubes with it. The
bottom of the film was subject to Ar plasma etching for 100 seconds. One side of the hBN
nanotube was protected by the polymer while the other side was cut in half by the plasma. The
PMMA was removed by soaking the nanosheet in acetone ((CH3)2.CO). The resulting nanosheets
were heated for 6 hours at 600 °C in order to remove any residue or C contaminates. To further
apply this technology progress must be made in the ability to control size, edge structure, layer
number, and yields of hBN nanosheets. This method successfully created monlayer hBN,
however the width of the sheets are typically only 15 nm, also the plasma cutting causes many
defects.

Chemical Exfoliation

The prior methods suffer from low yields, production rates that are not technologically scalable
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in their current form, poor crystallinity, the inability to produce a monolayer, damage and defect
introduction, or extremely small lateral sizes. One possible solution is the exfoliation of layered
compounds in liquids to give large quantities of dispersed nanosheets. This should allow for
methods to obtain sizable quantities of 2D materials that can be processed by using existing
industrial techniques. There are a number of methods to do this that involve oxidation, ion
intercalation/exchange, or surface passivation by solvents. All result in liquid dispersions
containing large quantities of nanosheets. This brings considerable advantages: liquid
exfoliation allows the formation of thin films and composites, is potentially scalable, and may
facilitate processing by using standard technologies such as reel-to-reel manufacturing.

Preparation of mono and few layered nanosheets from polycrystalline hBN by chemical
solution was first accomplished in 2008 [176]. The hBN was placed in 5 mL of 1,2-
dicloroethane solution of poly(m-phenyl-enevinylene-co-2,5-dictoxy-p-phenylenvinylene) in a
1.2mg/10mL ratio and sonicated for one hour to disperse and break up the hBN powder into few
layered hBN. Since then, many solvents have been tested in order to increase nanosheet
formation. One of these is N,N-dimethylformamide (DMF), a highly polar solvent, to interact
with hBN surfaces. This yielded only milligram levels of pure nanosheets with thicknesses
between 2 and 10 nm. Other organic solvents such as chloroform and 1,2-dichlorethane have
been used which ensures simple and quick removal of the solvent [177].

Molten hydroxides have also been used to chemically exfoliate hBN. Sodium hydroxide,
potassium hydroxide, and hBN powders were ground and then transferred to a
polytetrafluorethylene lined stainless steel autoclave and heated at 180 °C for two hours. The
exfoliation process is assumed to follow the following steps: 1.) cations adsorbing at the edges

of the hBN surface resulting in self curling of the sheets, 2.) anions and cations enter the
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interlayer space causing continuous curling of the BN layer, and 3.) direct peeling away from the
bulk material caused by the surface reaction with hydroxides producing layers between 2-4 nm
thick. This method has the advantage of being low cost, simple, and easily transferable to
common solvents such as water and ethanol [178]. However, this method is ill-adapted toward
the exfoliation of single crystal hBN.

The following methods reported for the chemical exfoliation of hBN where selected for
further study as a way of exfoliating single crystals based on their ease of use, high yields, clean
processing, and success in producing monolayers.

A low cost, facile method for chemical exfoliation of hBN was reported by Du et al.
[163]. This method was adapted from Hummers’ method of oxidation and exfoliation of
graphite to graphene [179]. The exfoliation of hBN to few to single layer BNNSs was
undertaken by combining hBN powder with H>SO4 and KMnO4 while heating and the
subsequent addition of H2O,. The proposed mechanism of exfoliation proceeds as: 1.) hydrogen
ions from H2SO4 intercalate into the layers of the hBN powder, enlarging the spacing between
layers. 2.) KMnOj4 reacts with H2SO4, forming MnOz nanoparticles, now able to intercalate
because of the enlarged layer spacing. These nanoparticles help to push apart and exfoliate the
layers. 3.) Finally, MnO. particles are removed by the addition of H.O2. The oxygen generated
from the reaction may also contribute to the exfoliation by creating an outward pushing force.
The resulting hBNNSs were small and transparent when compared to the original bulk hBN
powder but the lateral dimensions remained in micro size as well as highly bending and
scrolling. The thinnest observed BNNS was measured at approximately 1.44 nm by atomic force
microscopy, corresponding to two layers of hBN. Advantageous aspects of this process are it’s

facile nature, where high pressures, vacuum, or high temperatures are not necessary, as well as
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wet chemical processing provides for easy scale up of the method.

Bhimanapati et al. [164] have implemented a similar method towards the chemical
exfoliation of hBN. Where Du et al. [163] employed H2SO4 as the acid in a modified Hummers’
method, Bhimanapati utilized a 9 to 1 acid mixture of sulfuric and phosphoric acids. By
employing an acid mixture of phosphoric and sulfuric acid instead of solely sulfuric acid, the
reaction does not result in a large exotherm and produces no toxic gas [180]. Also, the addition
of phosphoric acid increased the yield of hBNNSs over the previous method. Additionally, the
acid mixture increases the hydrophobicity of hBN, creating improved stability and transparency
in deionized water [180]. However, how the mechanism of exfoliation takes place is not
postulated by the author. Further stated advantages of this method are lateral dimensions are
maintained from the original hBN powder prior to exfoliation, as well as exfoliation efficiency
up to 25% resulting in BNNSs between 1-4 layers thick. Reported drawbacks for this method
are: bending and folding of hBN layers, as well as functionalization of the hBN with sulfur,
requiring heat treatment for removal of the functional molecules.

Methanesulfonic acid (MSA) has been used as solvent for the liquid-phase exfoliation of
hBN by Wang et al. [165]. Hexagonal boron nitride was dispersed in MSA for 8 hours under
low power sonication, followed by centrifugation, and the resulting supernatant was removed. It
is hypothesized that the repulsion between layers necessary to exfoliate the powder is due to the
protonation of the hBN nanosheet edges and surfaces by the organic acid. The product was
orange in color, which may be the result of charge transfer between the acid molecules and
nanosheets [181]. As a result, the final concentration of hBNNS in MSA can be as high as 0.3
mg/ml after mild sonication. The hBNNSs collected from the hBNNS/MSA solution can be

readily redispersed in a number of organic solvents. Once again, the lateral sizes of the
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hBNNSs were reduced as compared to the original powder sizes. The authors report that the
lateral size of the h(BNNSs are typically less than 500 nm. Layers were also mechanically
damaged by folding edges.

Liquid-phase exfoliation methods often employ chemical reagents that are harmful to the
environment. Therefore, Li et al. [166] proposed a facile, eco-friendly exfoliation method, on
the basis of the natural phenomena of freezing and thawing of soil. In the seasonal cycle, when
spring comes after winter, the topsoil tends to become spongy because of the alternate freezing
and thawing cycles. Water exhibits a minimum volume at 4 °C and will freeze below 0 °C
during which the water molecules exhibit a honeycomb structure maximizing the volume of
water thereby increasing the volume of soil. However, when the ice melts, the soil does not
return to its original condition. By modeling this process, the exfoliation of hBN powder was
demonstrated by utilizing the force of water expanding and contracting between layers of hBN.
This was accomplished by cyclically freezing and thawing of hBN powder 4-12 times resulting
in a yield of 0.120% of hBNNSs, The lateral sizes of hBNNSs average approximately 2 pm,
where the thickness was determined to be 7 layers with a rough, bumpy morphology.

Lewis bases can be utilized to obtain water soluble hBN nanosheets. Lin et al. [167]
have functionalized hBN powder with octadecylamine (ODA, CH3(CH2)17NH>), a long chain
amine, forming complexes with the electron deficient B atoms of hBN. The reaction mixture is
heated for 4-6 days under a N2 atmosphere. After complexation, a solvent is added to the
reaction mixture followed by sonication and centrifugation to separate the supernatant dispersion
from the residue [182]. The authors claim that exfoliation efficiencies of this method are 10-
20%. They report aggregation of the nanosheets as well as the eventual decomplexation of the

amine. As such, the identification of free standing monolayers was difficult. Typical lateral
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dimension was less than 100 nm, where the exfoliated sheets ranged from a few tens of nm to as
large as over 1 um. Due to the excellent thermal stability and oxidation resistivity of hBN the
functional groups were removed by heating the exfoliated sheets to 1000 °C in an inert
atmosphere. The suspected mechanism of exfoliation involves complexation of the amine
molecules and the hBN surface with partial intercalation; subsequent sonication in THF
produced the force necessary to exfoliate the layers.

As a monolayer material, hBN exhibits many additional optical and electric properties
that deviate from the bulk, which makes it attractive as a substrate in nanoelectronic device.
Many methods have been discovered to produce few to monolayered hBN, however, many of
these are actually pBN monolayers in the case of CVD growth, or come from hBN
polycrystalline powders with small domains as with many of the chemical exfoliation methods
listed above. Mechanical exfoliation is currently the best option for exfoliating a bulk crystal.
Unfortunately, due to the chemical and structural nature of hBN (i.e lip-lip interactions,
mechanically weak compared to graphene, etc.) mechanical exfoliation is physically limited and
unable to produce monolayered hBN. Thus, a technique to exfoliate large domain, quality single
crystals is desired in order to reach hBN nanosheet’s full potential in electronic and optical

nanodevices.
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Chapter 3 - Experiments and Analytical Tools

This chapter describes the apparatuses and procedures of each experiment followed by
descriptions of the analytical tools used to characterize the results.
Apparatuses

Boron nitride dissolution/precipitation experiments were conducted in a vertical
resistively- heated tungsten furnace (Figure 3-1). This furnace was employed to reduce the
potential for carbon contamination. The furnace, manufactured by Centorr Vacuum Industries, is
water-cooled with maximum temperatures above 2000°C. It is equipped with both mechanical
and diffusion vacuum pumps and a pyrometer temperature sensor. A programmable thermostat

allowed for smooth control of set points and ramps.

Tungsten heat
shields

Tungsten
retort with
HPBN crucible
and sample
inside

Thermocouple

Tungsten heating
elements

Water-cooled
stainless steel box

Figure 3-1 Photo of the interior of the tungsten resistive element furnace with important
features labeled.

For the chemical exfoliation of hBN by functionalization of ODA, hBN powder and
ODA was refluxed under N2 atmosphere. The solution was heated with reflux due to the

extended period of time the solution was heated (4-6 days) so as to keep from losing ODA from
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evaporation. Reflux of the solution required a special apparatus that consisted of a round bottom

flask on a heater/stirrer, with N2 gas flowing into the flask and out through a water-jacketed

condenser. Figure 3-2 illustrates this apparatus.
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Figure 3-2 lllustration of chemical exfoliation apparatus.
Experiments

Hexagonal Boron Nitride Crystal Growth Method
In previous experiments, Hoffman et al. [22] showed that the largest hBN crystals are
produced when the flux is prepared first, before attempting crystal growth. Hot pressed hBN
crucibles (Momentive, HBC grade) were cleaned by sanding and polishing. Nickel and Cr
powders were weighed out and mixed together in each crucible. The crucibles were placed into
a large tungsten retort and loaded into the tungsten crystal furnace. The furnace chamber was

pumped down to a pressure less than 1E-6 torr and back filled with nitrogen no less than four
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times. The furnace was heated over six hours to approximately 1420 °C as read by an optical
pyrometer. The temperature was held constant for 24 hours at a pressure of approximately 800
torr. Over 6 hours, the furnace was gradually cooled to room temperature, and the crucibles
were removed and weighed. Next the flux was prepared for crystal growth. The resulting metal
lumps were sanded and polished and any small residual metal balls were discarded. The
crucibles were also sanded and polished before replacing the metal lumps and weighed once
again. The purging process, as described above, was repeated. The stepped temperature process
of each sample is described by Table 3-1 with the pressure at approximately 800 torr. Each
experiment consisted of four steps. A step is defined by a ramp rate (hr), the time to reach a soak
temperature (°C), and a soak time (hr) denoting the duration the furnace was held at the soak
temperature. Each sample underwent the same first step, consisting of a ramp rate of 6 hr. to a
soak temperature of 1410 °C and a soak time of 24 hr. Step two varied for each sample (Table 3-
1). The ramp rate was varied from 1-7 hr. down to a soak temperature of between 1320 °C and
1394 °C for a soak time of 24 hr. Step three is consisted of a ramp rate of 0.5-1 hr. to a soak
temperature between 1010 °C and 1050 °C and between 0-4 hr. In step four, each sample was
ramped over 4 hr. to 20 °C and quenched.

Extraction of Hexagonal Boron Nitride Crystals from the Molten Metal Flux
The goal of these experiments was to remove the metal flux from the crystals by separating the
crystals from the liquid flux. A specialized crucible was created from a 1.5 inch diameter HPBN
rod from Momentive (Figure 3-3). The crucible consisted of two pieces with one piece (1)
nested inside of a larger piece (2). Crucible 1 was affixed to an elevator assembly that can move
vertically in and out of the furnace hot zone, secured to the elevator with a length of

molybdenum wire. A premelted metal flux was placed in crucible 1, which would fit inside
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crucible 2, and both were placed in a tungsten retort. The tungsten resistive heating furnace was
heated to maximum temperatures between 1500 and 1600 °C. The metal flux was slowly cooled
to just above its eutectic point, approximately 1350 °C, at which point the elevator was activated
and cruciblel was raised out of the heating zone and the melt, still in liquid phase, was drained
away from the crystals into crucible.

Table 3-1 Furnace parameters for stepped temperature crystal growth.

Sample

Step Action 1 2 3 4 5
Ramp Rate (hr.) 6 6 6 6 6
1 Soak Temperature (°C) 1410 1410 1410 1410 1410
Soak Time (hr.) 24 24 24 24 24

Ramp Rate (hr.) 1 7 4 3.5 5.25
2 Soak Temperature (°C) 1320 1375 1394 1375 1375
Soak Time (hr.) 24 24 24 24 24
Ramp Rate (hr.) 0.5 1 1 1 1
3 Soak Temperature (°C) 1010 1040 1050 1050 1050
Soak Time (hr.) 4 0 0 0 0
Ramp Rate (hr.) 4 4 4 4 4
4 Soak Temperature (°C) 20 20 20 20 20
Soak Time (hr.) 0 0 0 0 0
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The furnace was cooled to room temperature and cruciblel was removed from the elevator

assembly.
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Figure 3-3 Design of “nested” HPBN crucibles for crystal extraction. a) crucible 1 (top
crucible). b) crucible 2 (bottom crucible). ¢) combined crucibles.

Boron Isotope Enrichment
The typical process used to grow hBN crystals utilizes hot pressed boron nitride as a crucible.
During crystal growth, a portion of the hBN crucible dissolves into the metal flux since the
HPBN is the B source, with a natural abundance, producing hBN crystals which contain both 1°B
and B isotopes. To eliminate this isotope dilution, different materials were tested as crucibles
for enriched growth. Materials tested were yttria, yttria-stabilized zirconia, and alumina. The
reactivity of these material with the metal flux were tested by filling the crucibles with premelted
mixtures of nickel, chromium, and boron. This was heated in a horizontal tube furnace to 1500
°C at 200 °C/hr and maintained for 12 hours followed by cooling to room temperature at 200
°C/hr. The solid metal flux was removed from the crucible, and Raman spectroscopy was
performed on each crucible and compared to its pristine spectra.

hBN crystals with 1°B enrichment were grown from a metal flux of 48% Ni, 48% Cr, and

4% B by weight respectively. The reaction vessel was an alumina crucible from Almath
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Crucibles. The reaction was performed in a Centorr model M60 resistance heating, 2”’x3” hot
zone furnace under nitrogen atmosphere.

Before heating, three cycles of evacuations and nitrogen purges were performed, with all
three evacuations being < 1 pTorr. The furnace was operated slightly above atmospheric
pressure (780 to 800 torr). Each sample was heated for over six hours and held at a maximum
temperature of 1580°C for 24 hours. This temperature is higher than was typically used with
HPBN crucibles was as the B source. The reaction mixture was subsequently cooled to 1340°C
at a rate of 4°C/hr at which point the furnace was cooled to room temperature over 6 hrs.
Crystals from each sample were transferred from the metal flux using thermal release tape.
These were heated on a hot plate at 200 °C for approximately 15-20 minutes with subsequent
sonication in acetone. The tape was then rinsed with acetone and removed while the crystals
were filtered from the acetone. Crystals were brushed off the filter paper into an alumina
crucible using a paint brush and the crystals were heated in air for 30 minutes at 500 °C to
remove any remaining adhesive or solvent. Raman spectroscopy was conducted on each sample.

Exfoliation of Hexagonal Boron Nitride

Several different methods, from the literature were tested on hBN powder in order to find
an appropriate method for the exfoliation of a single crystal.

Adapted Hummers’ Method

In a typical experiment, 1 g of BN powder, and 25 mL of concentrated sulfuric acid
(H2S04) were mixed and stirred. Then, 0.5 g of potassium permanganate (KMnO,) was added
slowly to the solution with stirring and the reaction vessel was immersed in an ice bath. After
this, the suspended solution was stirred continuously for 12 h. Subsequently, 10 mL of hydrogen

peroxide (H202) (30%, w/w) was added into the suspension. Finally, the resulting suspension
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was centrifuged at 3450 rpm for 10 min in order to remove unexfoliated hBN. The supernatant
was filtered and washed with deionized water (DI water) to remove metal ions until the pH value
of the filtrate was 7. The final products were dried in a vacuum oven at 100 °C for 24 h.

Adapted Hummers’ Method Acid Mixture

To synthesize mono- and few-layer hBN, 1 g of hBN powder was mixed with 6 g of
KMnOgs in a1 L glass beaker. An acid mixture of 135 mL was prepared separately by mixing
phosphoric acid (HsPOs) and H2SO4 in the 1: 8 ratio and was added to the hBN powder. The
resultant reaction is slightly exothermic, leading to a temperature rise in the solution to 40 °C.
The solution was then heated on a hot plate to 75 °C under constant mixing for 12 hours.
Subsequently, 6 mL of H,O> and 120 mL DI water were added to this mixture to halt the
oxidation. The resultant suspension was cooled to room temperature and centrifuged at 3450
rpm for 45 minutes, and the supernatant was pipetted out from the solution. Subsequently, 45
mL DI water was added to this solution and centrifuged again at 3450 rpm. The non-exfoliated
material was removed during the centrifugation and the supernatant solution was then subjected
to a series of washing and centrifugation stages with DI water, ethanol and HCI. These washings
were performed until a pH >3 was reached, which ensures the complete removal of the metal
ions. The supernatant solution was then drop-cast on Si wafers and dried to obtain the exfoliated
and functionalized hBN sheets.

Exfoliation by Methanesulfonic Acid (MSA)

The hBN powder (0.2 g) was dispersed in 100 ml of MSA in a sealed bottle at an initial
concentration of 2 mg/mL. The mixture was then subjected to sonication for 8 hr, followed by
centrifugation at 3450 rpm for 90 min resulting in an orange supernatant. The sediments, after

centrifugation, were washed with water several times, and collected by filtration.
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Intercalation of Water Molecules
One gram of hBN powder was added to a plastic container and the residual volume of the

container was filled with distilled water. The dispersion was shaken well, to ensure the effective
blending of hBN powder with the added water. The sample was then refrigerated at 4 °C for 24
h. Following that, the sample was immediately transferred to a freezer with a temperature less
than —20 °C. The system was maintained at this temperature for 24 h and then restored to 4 °C
naturally. This process was repeated four times. Subsequently, the as-obtained samples were
sonicated for 10 min. The suspension of exfoliated hBN nanosheets was finally obtained after
equilibration for 24 h to allowing the unexfoliated hBN powder to fall out of solution.

Functionalization by ODA
In a typical experiment using octadecylamine (ODA) to functionalize and exfoliate hBN, the
hBN powder (1 g) and ODA (10 g) were mixed in a round-bottom flask and heated to ~160-180
°C for 4-6 days under a steady nitrogen flow. After cooling the reaction mixture to room
temperature, THF (~100 mL) was added. The slurry was briefly sonicated and centrifuged
(3450 rpm, 10 min), and the supernatant was collected. The extraction cycle was repeated 5 to 8
times on the residue from the centrifugation, and the supernatants were combined as the THF

dispersion of the final product ODA-functionalized hBN (or ODA-BN).
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Table 3-2 List the materials used in each experiment, their source, and purity.

Experiment Materials Source Purity Misc.
Hexagonal Boron Nitride  HPBN Crucible Momentive HBC Grade -
Crystal Growth Method i b der Alfa Aesar 99.7% 50+100 Mesh
Cr Powder Alfa Aesar 99% -100 Mesh
N2(9) Matheson UHP -
TRIGAS
Exfoliation of Hexagonal BN Powder Momentive Nx1 -
Boron Nitride KMnOs Fisher 99.2% i
Scientific
H2S04 Macron 95% -
Chemicals
H3POg4 Fisher 85% -
Scientific
H>0> Fisher 30% -
Scientific
MSA ACros 99% -
Organics
ODA ACros 90% -
Organics
THF ACros 99.5% -
Oganics
Extraction of Hexagonal ~ HPBN Crucible Momentive HBC Grade -
Boron Nitride From Ni Powder Alfa Aesar 99.7% 50+100 Mesh
Metal Flux
Cr Powder Alfa Aesar 99% -100 Mesh
N2(9) Matheson UHP -
TRIGAS
Mo Wire ESPI Metals 3N8 -
Boron Isotope Alumina Almath 99.8%
Enrichment Crucibles
Ni Powder 99.7%
Alfa Aesar
Cr Powder 99%
Alfa Aesar
N2(9) Matheson UHP
TRIGAS
B 3M Ceradyne  99.14% 99.22 At%
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Analytical Tools
Scanning Electron Microscopy (SEM) and Energy —Dispersive X-ray Spectroscopy
(EDS)

Scanning electron microscopy (SEM) generates high-resolution images by directing an
electron beam towards a sample and resolving an image by detecting electrons emitted from the
sample [183]. SEM has a bevy of quantitative and qualitative analytical tools, as well as a higher
resolution than is possible with an optical microscope. Two primary types of electrons are
detected from a sample: secondary and backscattered electrons. Secondary electrons are utilized
for fine topographical imaging at the sample’s surface. Backscattered electrons can be used to
distinguish regions with different compositions; these electrons scatter in proportion to an atom’s
atomic number providing contrast in light and heavy atoms. Figure 3-4 presents the important
features of SEM. The electron beam, accelerating at up to 30 kV, is directed at a sample causing
electrons in the inner shell of the sample atoms to be detected. As a result, electrons from the
outer (high energy) shells replaces the electron ejected from the inner shell (low energy). A
characteristic X-ray is emitted when this happens. Each element has a unique energy associated
with it and this can be measured by energy-dispersive X-ray spectrometry (EDS) to determine
the abundance and type of elements in the sample. This research was conducted with a FEI
Nova NanoSEM 430 with Oxford X-Max Large Area Analytical EDS silicon drifter detector
(SDD) (80 mm?). This instrument is capable of accelerating voltages between 1-30 kV with a
resolution of 0.8 nm at 30 kV. Detectors included with this instrument are: Everhart-Thornley
detector (ETD), through the lens detector (TLD), low voltage high contrast detector (vCD), and
low vacuum detector (LVVD). ETD and TLD detectors are standard detectors in SEM systems,

however, when samples do not conduct electrons well, vCD and LVD detectors may be
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necessary. Because of its large bandgap, hBN tends to build up charge due to continuous
electron bombardment. In this case, a small amount of water vapor can be used to dissipate the

charge and the LVD detector must be used.
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Figure 3-4 Schematic of SEM

X-ray Diffraction (XRD)

X-ray diffraction (XRD) is the preliminary nondestructive technique in the investigation
of crystal structures [184]. XRD was used to determine the phase of BN present in samples.
This technique involves directing x-rays onto a sample and detecting diffracted x-rays exiting the
sample. X-rays reflect off individual atoms from different atomic planes and some incident
angle 6. When x-rays travel an integer multiple of the wavelength between planes, constructive
interference results in a high x-ray intensity that appears as a peak in the XRD spectrum. The
angle, 0, at which this interference occurs along with the x-ray wavelength, A, and spacing, d,
between the planes of atoms are related by Bragg’s law, nA=2dsinf. Here, n is the order of the

diffraction but is typically included in reported d-spacings. By changing the angle between the
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sample and the x-ray source for which the wavelength is known, the angles of the peaks in the
spectrum correspond to ordered planes of the material with atomic spacing, d, calculated by
Bragg’s law. XRD spectra for this research came from a Rigaku MiniFlex II powder x-ray
diffractometer with a Cu Ko x-ray source (A=0.154056 nm). Raw data obtained was analyzed by
PDXL x-ray diffraction software to identify diffraction peaks and match to ICDD PDF card data.

Raman Microscopy

Raman microscopy elucidates chemical information of a sample from its lattice
vibrations. A sample is hit with incident single wavelength light from a laser, and the light given
off by the sample is detected. Light incident on a solid is mostly reflected without a change in
frequency, vo, however a small amount of light will be scattered at a slightly different frequency,
VoxV [185]. This change in frequency is known as Raman scattering. Vibrational modes in a
solid give off a characteristic Raman scattering. The shift in frequency resulting from Raman
scattering is only detected when the incident light induces a change in the polarizability of the
solid. Any vibrational mode, not associated with this change in polarizability will not be
detected and is hence Raman inactive. Raman spectra are unique to each compound and as such
can be used to distinguish the structure of a material. Hexagonal boron nitride can thus be
distinguishable from cBN by its Raman spectra by peak position. Furthermore, the quality of a
crystal sample is indicated by the full-width half-maximum (FWHM) of a Raman peak. FWHM
of pBN is approximately 20 cm™ where single crystal hBN is less than 10 cm™ . Defects in a
crystal cause bonds to be either compressed or stretched which leads a widening of a peak
meaning the sharper a Raman peak, the more pristine the crystal sample. A Raman shift of 1366
cm™ is widely reported as the fundamental Eq vibrational mode of a hBN and is the only

observable Raman-active mode in hBN.
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Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FT-IR) obtains an infrared spectrum of
absorption or emission of a solid, liquid or gas. FT-IR was used in this research to determine
chemical composition of chemically exfoliated hBN. An FT-IR spectrometer simultaneously
collects high spectral resolution data over a wide spectral range.

Fourier transform spectroscopy is a faster, more sensitive method to collect IR spectra.
Rather than using a monochromatic beam of light, light containing many frequencies is incident
on the sample and measures how much of that beam is absorbed. Next, the beam is modified to
contain a different combination of frequencies, giving a second data point. This process is
repeated many times. Afterwards, a computer takes all these data and works backwards to infer
the absorption at each wavelength. The beam described above is generated by starting with a
broadband light source, one containing the full spectrum of wavelengths to be measured. The
light shines into an inferometer, a certain configuration of mirrors, one of which is moved by a
motor. As this mirror moves, each wavelength of light in the beam is periodically blocked,
transmitted, blocked, transmitted, by the interferometer, due to wave interference. Different
wavelengths are modulated at different rates, so that at each moment, the beam coming out of the
interferometer has a different spectrum. The processing required turns out to be a common
algorithm called the Fourier transformation. The raw data is sometimes called an
"interferogram"”.

The interferogram has to be measured from a zero path difference to a maximum length
that depends on the resolution required. The interferogram is converted to a spectrum by Fourier
transformation. This requires the interferogram to be stored in digital form as a series of values

at equal intervals of the path difference between the two beams. To measure the path difference
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a laser beam is sent through the interferometer, generating a sinusoidal signal where the
separation between successive maxima is equal to the wavelength. The result of Fourier
transformation is a spectrum of the signal at a series of discrete wavelengths. The range of
wavelengths that can be used in the calculation is limited by the separation of the data points in
the interferogram [185].

A Thermo Nicolet Nexus 670 FT-IR was employed in this study with an EverGlo source

operating in the mid IR region (5000-400 cm™).
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Chapter 4 - Results and Discussion

Hexagonal Boron Nitride Crystal Growth Method
A stepped cooling process was studied with the goal of optimizing hBN single crystal

growth in the lateral, a, and perpendicular plane, c, directions. The set of five experiments
produced triangular crystals which differed in the quality, quantity, and geometry of crystals.
Besides hBN crystals, all samples exhibited pink crystals, which were chromium oxide, as
determined by EDS. All samples exhibited pyramid-like crystal growth (Figure 4-1). The top
side of the cooled metal flux had mostly amorphous hBN with some flat hBN crystals of varying
size on top. Most of the pyramid-like hBN crystal were formed on the sides of the metal flux. It
is hypothesized that in solution growth of hBN single crystals, the lateral size of the crystals is a
strong function of the soak temperature. The higher the dwell temperature, the larger the crystal
width [22], however there is a trade off in the thickness of the crystals. The crystal thickness is
believed to be strongly dependent on the cooling rate [22]. However, it is hypothesized that by
slowly cooling the solution from a high temperature (>1400 °C) and cooling slowly (4-90 °C/hr)
over a small time period of time, followed by dwelling at that temperature for an extended period
of time, would allow for large growth in both the a and c directions of the crystal structure.
Table 3-1 summarizes the growth conditions for each sample in the four step process. The
largest average crystal width was 174.0 um produced by sample 3. The conditions from which
these crystals were grown was a step two soak rate of 4 hr to 1394 °C and a step 3 soak rate of 1
hr to 1050 °C. A minor trend occurred where the crystal width increased with increasing soak
temperature in step two. The largest average crystal thickness was 17.4 um, produced by sample
3. The trend in crystal thickness did not follow the trend in lateral thickness. The thickest

average crystals were grown with a median step two soak temperature. A trend did appear in
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crystal thickness where the slowest cooling rate produced the largest average crystal thickness.
These trends, coupled with the fact that the thickest and widest crystals on average came from
sample three suggests that a stepped temperature growth may allow the crystals to be grown with
large lateral dimensions while maintaining crystal thickness. However, while the average crystal
thickness and width were maximized by the stepped temperature process, crystals grown in this
series of experiments were not larger overall than those reported by others who employed the Ni-
Cr solution method. Hoffman et al. [22] have reported crystals of 1-5 mm in the a direction and
thicknesses of approximately 500 um. The stepped temperature process employed here yielded
crystals on the order of 100-500 pum across with typical thicknesses of approximately 10-30 pm,
as measured by SEM. However, the strange geometries present in crystals grown from this
method are intriguing. Apparently, the high temperature growth produced large lateral sized
crystals, but the nonlinear cooling of the stepped temperature growth procedure induced crystal
orientations with the a direction growing mostly vertical at angles merging into each other

producing the pyramid-like geometries observed in Figure 4-1.

Figure 4-1 Sample 1 from stepped temperature growth experiments. Crystals grown
vertically, merging into each other to create pyramid like morphologies.
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Extraction of Hexagonal Boron Nitride from the Molten Metal Flux

The solution growth of hBN in the Ni-Cr solvent system occurs with the supersaturation
of dissolved hBN. The low density, solid hBN floats to the top of the liquid solvent system,
where it nucleates and continues to grow. It was the intent of this experiment to allow crystals to
form and grow on top of the liquid solvent. After an appropriate growth period, the solvent is
removed, thus leaving the crystals free and undamaged. This process has proved promising for
the extraction of crystals from the metal solvent, which eliminates the problem of mechanical
breakage by the cooling metal or by extraction with thermal release tape. Figure 4-2(a) shows
the result of a typical process of crystal growth and extraction. A premelted metal flux of hBN-
Ni-Cr was heated to between 1500 and 1600 °C and soaked for 24 hr. This was followed by
slow cooling at 4 °C/hr to a temperature of 1350 °C and dwelling at this temperature for 12-24 hr
at which time the crystal pulling mechanism of the furnace was activated pulling up crucible 1,
draining the molten metal flux into crucible 2. At this point, the furnace was cooled to room

temperature over 6 hr.

Figure 4-2 (a) Crucibles 1 (Top) and 2 (Bottom) after typical crystal extraction. (b)
Magnification of crystal “halo”. (c) View of “halo” crystals and metal still attached to the
bottom of crucible 1.

65



Clearly, the metal flux was transported to the bottom crucible 2 by raising the top
crucible 1. Above crucible 2, the top crucible, crucible 1 can be seen. At the bottom of 1, a
“halo” of hBN crystals formed, with a small amount of metal solution inside of the crystal “halo”

Figure 4-2(b) is a macro photograph of the hBN crystal “halo”. It consists of a large
number of crystals with many different orientations and grain sizes. These crystals have unique
geometries, slightly resembling a circuit board (Figure 4-3). In addition to the equilateral
triangles, the crystals have rhombus-shaped patterned pits. Most importantly, the crystals were
not cracked. Therefore, it can be inferred that by removing the crystals from the metal solvent
system before the metal solidified, mechanical stresses that often damages the crystals may be

avoided.

Figure 4-3 Close up of crystal “halo” with many different crystal geometries and
orientations.
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These results are encouraging: the basic process of separating the liquid melt from hBN
crystals in situ diminishes crystal cracking due to the differences in thermal expansion of the
metal flux and hBN and from mechanical stresses by removal with thermal release tape.
However, this process is not without problems. The hBN crystals were connected to the bottom
of crucible 1 in a concave shape (Figure 4-2(c)), whereas the ideal outcome would be a flat sheet
of crystals inside of crucible 1. The presence of the crystals on the bottom of crucible 1 suggests
that the liquid metal is behaving in one of two ways during the process. While the solution is
dwelling in the furnace, metal solvent is leaking in between the two crucibles and forming
crystals on the bottom of crucible 1; or the metal solvent has a high affinity toward the HPBN
and when the top crucible is raised, the metal solvent does not drain, and the crystals form on top
of the metal while it cools as it leaves the heating zone. Due to the absence of cracking in the
crystals that is normally seen when the system is cooled with crystals on the metal, especially on

curved metal surfaces (Figure 4-4), the former option seems most probable.

Figure 4-4 Cracked crystals embedded in metal flux.
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Boron Isotope Enrichment

Hexagonal boron nitride crystals were grown with enriched B concentrations of 1°B. The
observed crystals were optically transparent and water clear. The crystals were grown by
premelting a mixture of Ni, Cr, and B powders at a wt % of 48, 48, and 4 %, respectively, where
the B powder contained 99.14 wt % °B. The premelt was preformed by heating the powder
mixture in an alumina crucible to 1600 °C over 6 hr and soaking for 24 hr in an N2 atmosphere,
followed by cooling over 6 hr to room temperature. The resulting solid flux was polished and
returned to a clean alumina crucible. The furnace was heated to 1600 °C and soaked at this
temperature for 24 hr. and cooled to 1400 °C at a cooling rate of 4 °C/hr, followed by cooling to
room temperature over 6 hr. The geometries of the crystals were similar to those typically seen
from the Ni-Cr solution method, however grain sizes were between tens to hundreds of microns
as seen in Figure 4-5 where typical crystals from the Ni-Cr solution method are the order of

hundreds to thousands of microns.

Figure 4-5 Typical crystals grown from Ni-Cr solution method with enriched °B.
The typical process used to grow hBN crystals utilizes hot pressed boron nitride as a

crucible as well as the hBN source. Since HPBN is only available with a natural distribution of

boron it cannot be used to produce hBN that is isotopically pure. As the crucible dissolves, it
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dilutes the boron in the flux with both 1°B and 1!B. To control the boron isotope content,
different materials were tested as crucibles for enriched growth. Materials tested were yttria,
yttria-stabilized zirconia, and alumina. Crucibles were tested for reactivity with the metal flux
by melting the flux at the same conditions hBN crystals were grown using HPBN crucibles. The
crucibles were filled with premelted metal flux of BN-Ni-Cr. This were heated in N2 atmosphere
to 1500 °C at a rate of 200 °C/hr and held constant for 12 hr followed by cooling at 200 °C/hr to
room temperature. All crucibles experienced a color change of some kind (Figure 4-6) but did
not show any structural damage or wetting by the metal solution. Raman spectra revealed that
alumina and yttria did not affect the boron composition. Due to its ease of use and relatively low

cost, alumina was chosen as the crucible materials.

1111 RiLLy

A

Figure 4-6 Crucibles before and after testing for enriched growth compatibility. (a) and (b),
before and after alumina. (c) and (d), before and after yttria-stabilized zirconia. (e) and (f),
before and after yttria.
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Hexagonal boron nitride crystals were produced with boron concentrations of 1°B
enrichment above 96% respectively according to Raman spectroscopy measurements. An hBN
crystal with natural abundance B will have a Raman signature at approximately 1366 cm™. By
increasing the atomic percent of 1'B above that of naturally occurring boron in hBN a red shift is
seen in the Raman spectra. The red shift is due to an increase of mass in the crystal lattice by the
addition of 1B atoms. On the other hand, the Raman peak will blue shift when the atomic
percent of 1°B is increased above natural abundance in the hBN crystal. 1°B atoms replacing }'B
in the lattice structure induces a larger frequency leading to an increase in Raman shift. The
atomic composition of enriched crystals was measured by SIMS. By correlating the isotope
concentration from SIMS data with the Raman peak position a calibration curve was created

(Figure 4-7).
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Figure 4-7 Calibration curve relating boron enrichment to Raman shift in hBN crystals.
(From Hoffman [117])

From this curve, the percent atomic enrichment of B in hBN crystals can be estimated by the

Raman shift of the sample. This can be seen by Figure 4-8, which shows the Raman spectra of
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hBN crystals grown from natural abundance boron and those grown with 99% °B sources. Here
the blue shift of the enriched hBN crystals can be obviously seen from those of natural
abundance boron. By using the quasi-calibration curve, these hBN crystals are estimated to have

isotopic enrichment of 94% (green) and 96% (blue) °B enrichment.
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Figure 4-8 Raman Spectra of natural abundance boron in hBN crystals compared to blue
shift of 1°B enriched hBN crystals.

These results are a large step forward toward a handheld neutron detector. With such a high

percentage of 1°B, a crystal size capable of the proper neutron capture cross-section and

electronic transport properties may currently be achievable using the Ni-Cr solution method.
Hexagonal Boron Nitride Exfoliation

The following methods for exfoliating hBN into thin layers were tested in this project.
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Adapted Hummers’ Method

The exfoliation mechanism of h(BNNSs from hBN is still unclear, but it is believed that
the adapted Hummers’ method process (Figure 4-9) contains three steps: 1.) H2SO4 is mixed
with BN powder, then hydrogen ions intercalate into layered BN and cause the layer spacing to
enlarge. 2.) KMnOys is added and reacts with H.SO4, which leads to the formation of MnO-
nanoparticles. 3.) BNNSs are then exfoliated from bulk BN by the intercalation of MnO>
nanoparticles into the greater interlayer of bulk BN. Moreover, MnO- nanoparticles play a key
role in keeping the BNNSs from re-stacking (Equation (4-1) [186]).
2H,S0, + 4KMn0, = 2K,S0, + 4Mn0, + 30, T +2H,0 Eq. 4-1

Finally, MnO2 nanoparticles are removed by H20. (Equation (4-2)) and oxygen gas generated in
this reaction may contribute to a force that pushes the layers apart, which accelerates the
expansion of multilayer BNNSs and results in a complete exfoliation of BNNSs [163].

MnO, + 2H* + H,0, = 2H,0 + Mn?* + 0,1 Eq. 4-2

||||||||
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Figure 4-9 Scheme for the exfoliation of hBN powder by modified Hummers’ method.
(From Du [163])
However, when tested, this method was ineffective at producing hBN nanosheets from

hBN powder. Figure 4-10(a) is a good representation of the products obtained from this method.
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Compared to pristine hBN powder (Figure 4-10(b)) the exfoliated hBN powder’s (Figure 4-
10(a)) surface was modified, its edges were blunted and rounded. The powder seems to have
coagulated into a single mass and no nanosheets can be discerned from the bulk. As a result, this

method was abandoned as a potential method for chemically exfoliating single crystals.

Adapted Hummers’ Method Acid Mixture

This method is effectively the same as modified Hummers’ method, varying only in the
mixing of H3PO4 with H>SO4. Bending of hBN sheets is also observed (Figure 4-10(c)),
indicating that these sheets are “peeled” from the bulk hBN material during the exfoliation
process. This method was more promising for exfoliating of hBN powders to single to few-
layered hBN as displayed in Figure 4-10(c). At the bottom left of the SEM image, an hBN layer
is hanging from the edge of a Si wafer. These are only a few micrometers in lateral size and the
number of layers cannot be determined from this figure. The surface has been attacked
vigorously by the acid mixture, and, while the modification of Hummers’ method with its
mixture of acids seems to have been more successful than the original Hummers’ method, the
number of exfoliated hBN layers produced were few and far between. Additionally, with the
overall goal of exfoliating hBN single crystals for use in nano-optics and nano-electronics,
maintaining a pristine surface is of the upmost importance. Another negative aspect of this
method was its high volume of strong acid compared to the overall yield of exfoliated sheets; and
produced a large amount of waste that is environmentally unfriendly. With all of these

shortcomings, this method was also abandoned.

Exfoliation by Methanesulfonic Acid (MSA)
In this method, a protic sulfonic acid, methanesulfonic acid (MSA), was employed as the

solvent for liquid-phase chemical exfoliation of hBN. The sonication of MSA with hBN
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powders produced a faint orange colored solution, a consequence of the charge transfer between
hBNNS and MSA molecules, as in the cases of carbon nanotubes or graphene [187-190]. In a
previous study, Xie et al. [190] also found the interactions between amino groups and BN
nanotubes (BNNT) results in a color change of the dispersion of BNNT.

Figure 4-10(d) illustrates the main features of this exfoliation method. Seen on the left
side of the image, are many small platelets that have coagulated into a mass of hBN sheets, as
was the case with the adapted Hummers’ method. This is most likely due to the protonation of

the hBN sheets by the MSA causing a static charge.

exfoliated
hBN sheets

Figure 4-10 High magnification scanning electron microscope images of (a) exfoliation by
adapted Hummers’ method, (b) pristine hBN, (c) exfoliation by acid adapted Hummers’
method, and (d) exfoliation by MSA protonation
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These sheets are all less than 1 um in lateral size suggesting that the process is destructive,
causing hBN layers to break apart during sonication. Seen in the center of Figure 4-10(d) is a
large particle of hBN powder has not been exfoliated. This highlights one of the ineptitudes of
many of the current processes for chemical exfoliation, which is a dearth of hBN nanosheets
yielded. Just below this large hBN particle, what is believed to be the only exfoliated sheet of
hBN in this image can be seen. A magnified view of this sheet is given in Figure 4-11. At5
KEV landing energy, this sheet is very transparent and little can be seen of its surface to
determine its usefulness as part of a nano-optics instrument or in nano-electronics. While the
simplicity of the method is attractive, like the variations of Hummers methods presented, it also
requires a strong acid that requires special care to deal with as well as environmentally
unfriendly waste. With its low yield and dependence on strong acid this method was also

discarded.

ETD|5.00 kV KSU

“det A% ‘ WD |spot| mag HFW LandingE) — 1 ym ——

3.5mm| 2.0 [30 000 x|4.97 ym| 5.00 keV

Figure 4-11 High magnification SEM image of exfoliated hBN by MSA method.
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Intercalation of Water Molecules

This method was an exciting concept because unlike previous methods for chemical
exfoliation it does not require harsh chemicals. Additionally, there is no functionalization of the
layers, which eliminates impurities that could be an issue with other chemical methods.
Impurities must be avoided if a functioning nano-optical or nano-electronic device is desired.
Another benefit of using water as an intercalating molecule is the small impact on the
environment and cost associated with waste in this process.

The morphology of bulk hBN shown in Figure 4-10(b) indicates a regular shape with a
smooth surface, and clean edges. However, after undergoing the freezing treatment, bulk hBN
becomes out of shape, with the surface becoming rough and bumpy. Figure 4-12(a) shows the
result of the water freezing method. Once again, hBN sheets have been broken into small
particles and coagulated together. This is most likely due to the surface charges pulling the
particles together. There is no evidence of few-to-monolayer hBN sheets present. Once again, a
new method was sought out.

Functionalization by Octedyclamine (ODA)

Octadeclyamine was employed in the functionalization and exfoliation of hBN. This
amine molecule has previously been studied for the functionalization of carbon nanotubes [191-
196]. The resulting products of the reflux after sonicating in THF were colorless and transparent
but with “milky” appearances. When dilute in hBN, the milkiness became less significant, and
the dispersions appeared just as a clear solution without the presence of hBN. A small amount of
white precipitates appeared over time. The identification of free-standing monolayered species

was challenging since they made up a smaller population of overall hBN particles. There were
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amorphous materials covering most of the surface of the functionalized hBN samples (Figure 4-

12(b)).

Figure 4-12 High magnification scanning electron microscope images of (a) exfoliation by
water freezing method, and (b) exfoliation by ODA functionalization.

These materials might be attributed to the organic functionalities attached to the hBN
surface. This functionalization is consistent with the proposed mechanism that there are Lewis
acid-base complexations occurring between the electron-rich amine groups of ODA molecules
and the electron-deficient boron atoms on the hBNNS surface. It is proposed that the amine-
boron complexations allowed the attachment of the amine molecules to the hBN surface and
possibly partial intercalation between the hBN layers, both of which facilitated the subsequent
exfoliation of the nanosheet from the bulk hBN powder. The average lateral sizes of the
functionalized hBN nanosheets were generally smaller than the original hBN sample, suggesting
that the functionalization/exfoliation process induces destructive exfoliation. The wide selection
of Lewis bases make this approach more versatile then those studied above. Figure 4-12(b)
shows a sheet of exfoliated hBN by this process; this sheet displays many ripples and folds like

those shown in previous literature. While it is almost certainly not a monolayer, its lateral size is
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much larger than other methods considered here. FT-IR cannot confirm the exfoliation of hBN
layers. However, it can confirm that the amine functional group is present in the samples. The
FT-IR spectra of pristine hBN powder is shown in Figure 4-13(a) with characteristic peaks at
1372 cm™ and 816 cm™. Spectroscopic signatures of hBNNSs display FT-IR characteristic
peaks quite similar to those of bulk hBN crystals. The Az and E1w modes are IR active, and the
B1g modes are optically inactive. The typical FT-IR absorption peak for hBN nanosheets is
observed at 811 cm™ and a broad absorption band in the range of 1350-1520 cm™ which are
ascribed to the B - N - B bending vibration mode parallel to the c-axis and B - N stretching
vibration mode perpendicular to the c-axis modes of hBN, respectively [136]. Figure 4-13(b)
displays the FT-IR spectra of the exfoliated hBN sheets. The characteristic peak of hBN at 1372
cm is clearly evident. The 816 cm™ peak is less distinguishable and most likely washed out by
the strong peaks of ODA. The broad peak centered at 3450 cm™ can be attributed to N-H
stretching of the amine, while the two peaks at 2910 cm™ and 2850 cm™ can be characterized as
C-Hs and C-H2 bending respectively. Consequently, the presence of ODA has been confirmed.
This confirms only the presence of ODA in the samples; by using XRD analysis of the samples
confirmation that the amine has intercalated between the layers may be attained. Figure 4-14 is
the XRD pattern of pristine hBN along with that of unexfoliated hBN that was recovered from
the process. Pictured in Figure 4-15 is an unexfoliated hBN particle. A layer has begun to be
exfoliated and has folded over onto itself, seen in the bottom left of the image. While it has not
exfoliated, if the amine molecules were intercalated between layers, a shift of the hBN (002)
XRD peak at approximately 20 = 26.7 © would indicate an increase in the distance between hBN
layers. Figure 4-14 does not display a shift in the (002) peak for ODA functionalized hBN,

therefore it cannot be concluded that intercalation of the ammine has taken place.
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Figure 4-13 FT-IR spectra of (a) pristine hBN powder and (b) ODA functionalized hBN
powder.
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The extra peaks of the ODA functionalized hBN can be attributed to ODA as seen from the XRD

spectra of pure ODA (Figure 4-16).
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Figure 4-14 X-ray diffraction pattern comparison of ODA functionalized hBN powder
(red) and pristine hBN powder (blue) (002) peaks.
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Figure 4-15 ODA functionalized hBN that did not fully exfoliate.
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Figure 4-16 X-ray diffraction pattern pure ODA powder.
Although, XRD did not reveal intercalation of the ammine molecules further evidence of

exfoliated hBN can be found from the Raman spectra of the sample. Multilayered hBN has a red
shift while single layered nanosheets have a blue shift of approximately 4 cm™, attributed to
hardening of the E2g phonon mode, due to slightly shorter B-N bond in the isolated monolayers.
The Raman active Exg mode is due to in-plane atomic displacements characterized by B and N
atoms moving against each other within a plane [136, 150]. Figure 4-17 is the Raman spectra of
an hBN bulk crystal at 1367 cm™ along with the Raman spectra of exfoliated hBN. Here can be
seen a red shift as attributed to few-layered hBN at 1348 cm™. This indicates that the hBN
powder has been exfoliated by the chemical functionalization with ODA. Functional groups may
be removed by heating in an N2 atmosphere leaving clean hBN nanosheets. Consequently, this
method was found to be the most promising toward chemically exfoliating hBN single crystals

into mono or few-layers.
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Figure 4-17 Raman shift of exfoliated hBN powder (blue) from bulk hBN Raman signature
(orange).
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Chapter 5 - Conclusion and Future Work

The solution growth process of producing bulk hBN crystals by Edgar et al. [22] employs
a constant cooling rate from the saturation point to the freezing point leading to many different
sized crystals. A stepped cooling process was researched in order to grow more uniform crystals
with growth occurring in both the a and ¢ directions. The set of experiments produced at least
small triangular crystals which differed in the quality, quantity, and geometry of crystals. All
samples exhibited pyramid-like crystal growth. The top side of the metal flux after crystal
growth had mostly amorphous hBN with some flat hBN crystals of varying size on top. The
pyramid-like structures primarily formed on the sides of the metal flux. The goal of producing
both thick and large grain boundary single crystals was unsuccessful.

Future work in stepped temperature work requires the discovery of how crystal habit can
be affected by the stepped cooling process. Specifically, step 2 of the process presented should
be further studied with a slower cooling rate from between 1 and 4 °C/hr. Further understanding
of how the crystal habit came to be may be informative toward the growth mechanism of hBN.
Better understanding the growth mechanism will be a step toward Si type control of single
crystal growth.

The solution growth method of Hoffman et al. [22] is effective in producing large,
pristine crystals, but inevitably produces cracked crystals. A process for growing large crystals
and extracting them from the solution so as to prevent cracking has been demonstrated. A set of
nested crucibles were designed in which hBN crystals were grown and extracted from the metal
flux in situ; the inner crucible was raised and the melt, still in liquid phase, were drained away

from the crystals into the outer crucible. This process has proven promising in the extraction of
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crystals from the metal solvent and it eliminates the problem of mechanical breakage by the
cooling metal or by extraction with thermal release tape.

Future work in this area requires tuning process variables so as to allow for larger crystal
growth as well as and refining the crucible design for better control of the melt (i.e. draining
properly). Currently, a derivative of this process for extraction of crystals from the metal
solution is planned by this group. This will involve a tilting horizontal tube furnace and a
specialized crucible for growing crystals, tilting the furnace to separate the crystals and the liquid
metal at opposite ends of the crucible. If successful, device fabrication will be much easier due
to dealing with larger, more pristine crystals.

Isotopically enriched hBN from 1°B and !B can give special properties to hBN crystals
where 1°B enriched hBN may be utilized as a thermal neutron detector. The typical process used
to grow hBN crystals utilizes hot pressed boron nitride as a crucible. To control the enriched
boron content different materials were tested as crucibles for enriched growth. Materials tested
were yttria, yttria-stabilized zirconia, and alumina. Raman spectra revealed that alumina and
yttria did not affect the boron composition. hBN crystals have been produced with B® and B!
enrichment above 94% according to Raman spectroscopy measurements. By increasing the
amount of 1B isotope in hBN single crystals, the efficiency of hBN as a neutron detector is
increased.

Future work in this area requires larger crystals. The crystal grain boundaries may be
increased by raising the soak temperature of the furnace [22]. The bulk growth of enriched hBN
crystals can also benefit from optimization of the composition of the flux from which it is grown,
specifically determination of the appropriate ratio of isotopically enriched B powder in the flux

to N2 dissolved. Also, a method to facilitate mixing in the flux might be beneficial. Once
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appropriately sized crystals are produced, work can progress toward crystal processing and
device fabrication.

Testing of exfoliation methods for hBN powder was undertaken towards finding an
appropriate method with which to exfoliate large single crystal hBN for use as nano-optics and
nano-electronics. The methods tested were: an oxidation reaction based on Hummers’ method
for exfoliating graphene, a modification of Hummers’ method which eliminates large exotherms
and toxic gases, the functionalization and solvation of hBN layers by an organic acid, a water
freezing and thawing method to intercalate water molecules between hBN layers, and the
functionalization and subsequent intercalation of hBN by a long chain amine, ODA. The most
successful of these methods was functionalization with ODA. Other methods displayed
exfoliation of hBN layers, however when functionalized and exfoliated by ODA, hBN powder
was exfoliated to fewer layers and maintained larger lateral dimensions. Exfoliation was
determined through several qualitative techniques. Infrared spectroscopy of exfoliated hBN
showed that the functional group was present in the exfoliated hBN. Raman spectroscopy
showed a red-shift of the Exq band indicating hBN had been exfoliated to only a few layers. A
common theme seen in all the methods tested was the distortion and destruction of hBN layers as
a result of the exfoliation as compared to the pristine hBN powders before exfoliation. Another
common issue with each method was the conglomeration of exfoliated hBN, making it difficult
to manipulate and locate monolayers.

Future work is required to adapt this process to functionalize and exfoliate large, highly
ordered hBN crystals into a 2-D material. The key to this will be to understand how the crystal is
functionalized, as well as the forces available through this method as compared to those forces

necessary to separate hBN layers. In-situ XRD, Raman, and FT-IR measurements could supply
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the answers. To determine the forces available for exfoliation, one could study the solvent
interactions between solvents and amine functional groups as well as sonication forces. These
methods may not be appropriate for nBNNSs in nano-electrictronic and nano-optic applications
due to physical abuse and defects created by the exfoliation process; modifications of the
methods tested to eliminate these issues or an alternative method is needed. Additionally,
avoiding conglomeration of the hBNNSs must be solved. A single crystal, monolayer would be

an amazing first step in the creation of nan-optics and nano-electronics.
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