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Abstract

Boron nitrideis a purely synthetic material that has been known for over 150 years but
only recently has sparked interest as a semiconductor material due to its potential in ultraviol et
lasing and neutron detection. Thin-layer hexagonal boron nitride (hBN) is probably most
attractive as a complementary material to graphene during its intense research endeavors. But
for hBN to be successful in the realm of semiconductor technology, methods for growing large
single crystals are critical, and its properties need to be accurately determined.

In this study, hBN crystals were grown from metal solvents. The effects of soak
temperature, soak time, source materials and their proportions on hBN crystal size and properties
were investigated. The largest crystals of hBN measured five millimeters across and about 30
micrometers thick by precipitation from BN powder dissolved in a nickel-chromium solvent at
1700°C. High temperatures promoted outward growth of the crystal along the a-axis, whereas
low temperatures promoted growth along the c-axis. Crystal growth at high temperatures also
caused bulk hBN to adopt atriangular habit rather than a hexagonal one. A previously
unreported method of synthesizing hBN was proven successful by substituting BN powder with
elemental boron and a nitrogen ambient.

XRD and Raman spectroscopy confirmed hBN from solution growth to be highly
crystalline, with an 8.0 cm™ FWHM of the Raman peak being the narrowest reported.
Photoluminescence spectra exhibited peaks mid-gap and near the band edge, suggesting
impurities and defects in the hBN samples. However, high-purity reactants and post-growth
annealing showed promise for synthesizing semiconductor-grade hBN.

Severa etchants were explored for defect-selective etching of hBN. A molten eutectic
mixture of KOH/NaOH was the most effective defect-sel ective etchant of hBN at temperatures
of 430-450°C for about one minute. The two prevalent hexagonal etch pit morphologies
observed were deep, pointed-bottom pits and shallow, flat-bottom pits. TEM and SAED
confirmed basal plane twists and dislocationsin hBN crystals, but due to the highly anisotropic

nature of hBN, their existence may be inevitable no matter the growth technique.
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Chapter 1 - Introduction

Boron nitride (BN) is a synthetic compound discovered by Balmain(1) in 1842 when he
reacted boric oxide with potassium cyanide. However, industrial uses for BN were not realized
for another 100 years.(2) The microcrystalline powder form of BN has many uses as a lubricant
or coating when chemical inertness at high temperaturesisrequired. BN powder is aso used
extensively as afiller material and a precursor for other boron compounds. The hot-pressed form
of boron nitride (HPBN) is especially useful as arefractory material. Propertieslikeits high
thermal conductivity, high thermal shock resistance, and machining ease make HPBN invaluable

in furnaces, reactors, and other high-temperature applications.(3)

Figure 1-1 Three main crystal structure modifications of boron nitride: hBN (left), cBN
(middle), and wBN (right).

Crystalline boron nitride can assume many forms, and to be clear, these forms are label ed
with an appropriate prefix. Figure 1-1 illustrates the common structures of crystalline boron
nitride that exhibit long-range order: hexagonal (hBN), cubic (cBN), and wurtzitic (WBN).
(From this point forward, BN as written will refer to all boron nitride phasesin general.) hBN is
asoft, low density modification of BN and is composed of layers of flat six-atom sp-hybridized
hexagonal rings (three atoms boron and three atoms nitrogen alternating) with the rings stacked
perfectly atop each other in aternating fashion AA’AA’ (boron atop nitrogen atop boron...).
cBN isone of the hard, high density modifications of BN and adopts the zinc blende structure
with stacking sequence ABCABC. Every atom is bonded to four others of the opposite element
(boron to four nitrogens and nitrogen to four borons), giving an sp> hybridization structure.

WBN isthe other hard, high density BN modification in which the unit cell is hexagonal but
possesses sp° hybridization bonding among the constituent atoms. Although the wurtzite



structure is common among other group I11-nitride compounds, WBN is arare and metastable
structure for boron nitride. The BN phase diagram from Bundy and Wentorf(4), subsequently
revised by Corrigan and Bundy(5), shows cBN to be the thermodynamically stable phase up to
about 1500°C.

The layered structure of hBN makes it prone to aternate stacking arrangements. Figure
1-2 depicts afew such modifications. Rhombohedral BN (rBN) is similar to hBN and can have
equally long-range order, but the layered planes of hBN are translated parallel to each other
while maintaining boron-nitrogen-boron... stacking sequence among layers (ABCABC). The
meaning of long-range order in hBN and rBN isthat all layers are parallel and appropriately
oriented with respect to the c-axis. In contrast, turbostratic BN (tBN) has short-range order
where many layers are tilted, rotated and translated with respect to each other and borders on
polycrystallinity. A commonly encountered form of hBN is pyrolytic BN (pBN) typically
prepared by chemical vapor deposition; it adopts the layered hBN structure but is by no means

single crystal since it has many grains and reduced long-range order.

hBN rBN tBN

Figure 1-2 Crystal structures of hBN, rBN and tBN.

BN shares many structural similarities with those of carbon alotropes— hBN to graphite,
cBN to diamond, BN nanotubes to carbon nanotubes, monolayer hBN to graphene, etc. Table
1-1 lists some selected properties of hBN, cBN, graphite and diamond. The BN phases are also
isoelectronic with their carbon phase counterparts. However, some properties (such as the
electrical properties of hBN and graphite/graphene) are drastically different. Because of their
many similarities and yet stark differences, hBN and graphite/graphene are said to be
complementary. For instance, whereas graphene is an excellent electrical conductor with azero

band gap, hBN is quite insulating with aband gap closeto 6 €V.(6, 7) Infact to date, the highest
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reported electron mobility in graphene when supported on a substrate was with monolayer
hBN.(8) The structures of graphene and hBN match so well that little distortion of the graphene
sheet occurs, and the large band gap of hBN decreases the interaction of electrons with the
substrate, resulting in areduction of electron scattering within the graphene layer and, hence,

increased electron mobility.

Table 1-1 Selected properties of boron nitride and carbon analogs.(2, 6, 9-12)

Property hBN graphite cBN diamond
Crystal structure Hexagonal Hexagonal Cubic Cubic
Lattice constant a=2.504 a=246l1 P o

) _ 3615 3.567
(A) c=6.661 c=6.708
Density 2.34 2.2 3.45 3.515
(g/em?)
Mohs hardness 1.5 1-2 9.5 10
gi\n? gap 5.971 (direct) 0 (semimetal) 6.4 (indirect) 5.4 (indirect)
e a: <1015 a:9.8x 10° -
conductivity o < 10716 +41x107 ~1 0 =10
[(Qem)! ] T e
JhsemeL a: 63 £ 250 )
conductivity 15 . 20 ~400-700 ~2000
(W/m/K) S '
Linear thermal

S a:-2.9x10° a:-1.2x10° . e 10
expansion ¢ 40.5% 106 ¢ 25.9x 105 1.2-19x10 0.8x 10

(K1)

Since its constituent atoms reside in Groups |11 and V of the periodic table, crystalline
boron nitride is appropriately caled alll-V compound semiconductor and hence related to other
[11-V compounds such as AIN and GaAs. 111-V compounds in general have garnered much
interest in the semiconductor and material science fields for their often superior electrical,
thermal and structural properties compared to the ubiquitous silicon semiconductor. For
instance, while silicon 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. Some I11-V compounds like AIN and cBN have much higher thermal
conductivities than silicon which reduces constraints like overheating and the need for complex
cooling systemsin high-power devices.

Hexagonal boron nitride has thus far been a poor material for electronic devices mainly
because of difficulty in obtaining high-quality crystalline samples. The most prevalent
(poly)crystalline form of boron nitride is pBN primarily synthesized by chemical vapor
deposition. Several important properties of hBN listed in Table 1-1 were collected from pBN,
but important electrical properties like charge carrier mobility and electrical conductivity are
significantly dependent on crystal quality. Thus, their ultimate values remain unknown.
Therefore, to address the need for quality specimens necessary for electrical device fabrication,

thiswork focuses on the synthesis of bulk, single crystal hBN.

Potential Applicationsfor hBN

hBN holds promise in many areas of electronics as described by Y amaguchi(13). It can
be a protective coating to prevent chemical attack by other materials; a boron diffusion source
for silicon; or a gate insulator for field-effect transistors. With the advent of graphene field-
effect transistors, hBN has shown to be an excellent gate dielectric and substrate that provides a
smooth and flat surface necessary for maximum carrier mobility in graphene sheets.(8, 14)

While visible light-emitting diodes (LEDs) and laser diodes are well-established,
materials for ultraviolet (UV) emission have only recently come of age. The Il1-V compound
galium nitride (GaN) is a prominent material in violet laser diodes, and their most widespread
useisto read discsin Blu-ray players. But many UV applications exist in medicine,
security/counterfeiting, and antimicrobial/sterilization methods all of which could benefit from
UV LEDs.(15) UV emission from hBN has been reported(6, 16) with wavelengths between 215
nm and 227 nm depending on crystal quality. Since most UV devices till rely on conventional
UV lamps, hBN has potential to become a dominant, low power solid-state UV emitter.(17)

Another potential application of boron nitride isin neutron detection. Asimported goods
cross the border into the U.S., many are inspected for radioactive materials to prevent domestic
attacks with smuggled nuclear material. Gas-filled neutron detectors are the most prevalent
systems today. The medium most often used in gas-filled detectors is *He, arare isotope of

helium (~0.0001% on earth) that strongly interacts with thermal neutrons because of its large



neutron capture cross-section of about 5330 barns.(18) However, *He detectors are declining in
popularity because of increasing prices. In the past, *He was relatively cheap owing to its
formation from decaying tritium in nuclear weapon stockpiles. As these stockpiles decrease due
to nuclear disarmament agreements, the supply of *He has dwindled and only covered about a
third of demand in 2009.(19) An inherent disadvantage of gas-filled neutron detectors in genera
istheir low efficiency.(20) Bulky, pressurized tubes are necessary to generate detectable
electrical signals when a neutron interaction occurs, making the device delicate and expensive.
Therefore, new approaches to neutron detection are currently active areas of research.

Solid-state neutron detectors offer higher efficiencies with a more sturdy and compact
design, provided an appropriate material for neutron detection isincorporated into the
device.(20) Boron nitride is such amaterial because the °B isotope has a neutron capture cross
section of about 3840 barns.(18) A neutron interacts with 1°B by the reaction in Equation 1-1

Y8+ — > Li+%+E (1-1)
where 94% of the time the ’Li particleisin an excited state and E = 2310 keV, whereas 6% of
the time the "Li particleis formed in its ground state and E = 2790 keV.(18) Since boroninits
natural abundance is about 20% '°B and 80% 'B, neutron detection is possible without further
isotopic enrichment. However, 1°B-enriched BN would reduce the material thickness required
for completely capturing neutrons, making charge collection (and, hence, signal detection) in a
material with low carrier mobilities easier.(20) 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).(20) 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.(20) The latter property isimportant
since high applied voltages are typically necessary to operate the device with maximum charge-
collection capability.

While conventional solid-state neutron detectors made of silicon and a neutron-capturing
material have been around for decades(21), they are plagued by low efficiencies. Thefirst were
layered structures asin Figure 1-3a. An incident neutron entering the neutron-capturing layer
(e.g. boron or boron compound) strikes a *°B atom and gjects ‘Li and an alphaparticle. The
alpha particle must then traverse 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. Effortsto
overcome inefficiency of the layered devices have led to pillared devices asin Figure 1-3b 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.(22) The efficiency of these
devicesis still below 10%.(22)

T A\

\ s Si-—

n-BN
~

p-BN

n-Si

(a) (b) (c)
Figure 1-3 Schematics of neutron detector devices employing (a) a boron conversion layer
atop a silicon pn junction diode; (b) alternating narrow pillars of boron and silicon layers,
(c) single crystal hBN as both the neutron-capturing and semiconductor layer. Thedots
represent *°B-neutron reaction sites, and the arrows represent dispersion of the daughter
products postreaction, i.e. ‘Li and “o.

The maximum theoretical efficiency is achieved if the neutron-capturing and charge-
collection layers are integrated into asingle layer (Figure 1-3c). Thisimpliesthe need for a
material that is a boron-containing semiconductor, and many such materials have been tested
including boron carbide(23), boron phosphide(24) and pBN(20, 25). While the efficiencies of
the pBN devices tested by both Doty(20) and McGregor et al.(25) were quite low, thisis most
likely attributable to the polycrystalline nature of pBN. Bulk, single-crystal hBN should exhibit
improved charge transport properties versus pBN and is thus the focus of this study. Growing
suitable hBN crystalsis discussed next.



Crystal Growth Methods

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(26), trichloroborane(27)
and diborane(28) with ammonia. The quality of hBN films made by CVD is dependent on
temperature, pressure and molar flow rates of the precursors. Typicaly, 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 asingle precursory compound containing both boron and nitrogen such as
borazine(29), ammonia-borane(30) or borane-amine organocomplexes(31) 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 isless than desirable as the hBN layers exhibit stacking
disorder.(32) Therefore, since single crystal (and especialy bulk crystal) hBN is not possible
with CVD, solution/precipitation methods have been investigated in the last few years. Many
solvents have been tested for bulk cBN crystallization at high-pressure, high-temperature
(HPHT) conditions including Fe-Al, Co, Co-Al and Ni-Al(33) aswell as akali and alkaline-earth
metals(34). Taniguchi and Watanabe(35) used a barium boron nitride (BagB2N,) solvent 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(36) performed another HPHT 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 pm (cBN)
to 25 ym (hBN) across. While the crystals were small, the nickel solvent proved more stable and
easier to work with.

cBN synthesis requires high pressure as evidenced from the aforementioned studies. But
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. One of the first attempts to grow

7



hBN single crystals was by Ishii and Sato(37) with boron dissolved in asilicon flux in anitrogen
atmosphere. After cooling from atemperature 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 aso contained nitrogen vacancies. Yang et al.(38)
synthesized hBN by dissolving 0.5-ym c¢BN crystals in a layer of molten Ni under a H, and N>
atmosphere at 30 torr and about 1300°C. The hBN crystals they produced were only 2 ym
across, most likely because nitrogen solubility in molten nickel issmall (<0.01 wt% at 1550°C
and 1 atm).(39, 40) Kubotaet al.(41) dissolved BN powder in anickel solvent that contained 40
wt% molybdenum to increase nitrogen solubility an order of magnitude over pure nickel;(40) the
result was single hBN crystals that were 300 um across and 10 ym 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, (40, 42) Kubota et a.(43) mixed 53 wt% chromium with the
nickel solvent under the same aforementioned conditions and obtained hBN crystals 500 ym
across and 60 pm thick.

This present work further explores the synthesis of bulk, single crystal hBN using
primarily a nickel-chromium solvent as well as pure nickel and copper solvents. No Ni-Cr-B-N
guaternary phase information exists, but many binary phase diagrams(44-46) and aternary Ni-
Cr-B phase diagram(47) are reported in literature. To take advantage of a wide temperature
range and to incorporate as much nitrogen dissolution as possible, the eutectic point at 53 wt%
chromium, 47 wt% nickel and 1345°C was the chosen Ni-Cr solvent composition for hBN
precipitation from BN powder.

Bulk crystal growth from a boron powder source is appealing because boron powder
enriched in *°B is commercially available while 1°B-enriched BN powder isnot. Since thermal
neutrons only interact with boron-10, isotopic enrichment of bulk hBN crystals proves
advantageous. So far, hBN bulk crystal growth has relied on cBN(38) or BN powder(41, 43)
source materials which contain boron in its natural abundance— about 80% *'B and 20% *°B.
Therefore, synthesis of hBN from boron powder was tested with Ni-Cr, pure nickel, and pure
copper solvents. The relative amounts of boron and metal powders used in each experiment

were chosen from the eutectic point compositions of the solvent systems shown in Table 1-2.



Table 1-2 Eutectic information of Ni-Cr, Ni-Cr-B, Ni-B and Cu-B systems(44-47).

Composition (at. %)

Temperature
Components

Boron Nickel Chromium Copper (C)

Ni-Cr 44 56 1345
18.3 65.6 16.1 1050

Ni-Cr-B

35.6 49.7 14.7 1096

Ni-B 45 55 1018
Cu-B 13 87 1013




Chapter 2 - Experiments and Analytical Tools

This chapter describes the apparatus and procedures for two crystal growth methods
followed by descriptions of analytical tools to characterize hBN crystals.

Crystal Growth

hBN single crystals were grown by two solution methods: 1.) dissolution of boron nitride
powder and subsequent precipitation of hBN employing a nickel-chromium solvent; 11.)
synthesis of hBN by dissolving boron in a metal solvent saturated with nitrogen, then slowly
cooling to precipitate hBN.

|. BN powder recrystallized in nickel-chromium solvent

Boron nitride dissol ution/precipitation experiments were carried out in three types of
furnaces. A vertical resistively-heated graphite tube furnace (Figure 2-1) was used for most
experiments. As purity became an issue, a similar furnace with tungsten resistive heating
elements (Figure 2-2) was employed to reduce the potential for carbon contamination. Both
furnaces, manufactured by Centorr Vacuum Industries, are water-cooled with maximum
temperatures above 2000°C. They come 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. A third furnace manufactured by CM Furnaces was also used.
This horizontal aluminatube furnace (Figure 2-3) with molybdenum disilicide heating elements
and a maximum operating temperature of 1550°C was air-cooled and equipped with a
programmabl e thermostat and mechanical vacuum pump. The temperature in the CM furnace
was measured with Type R thermocouples. All three furnaces were rated for high-vacuum
operation with a maximum operating pressure of 850 torr.

The source materials employed and their residual impurity concentrations are
summarized in Table 2-1. Boron nitride powder, grade HCJ48 from the Advanced Ceramics
Corp. with a specified purity of 0.220 wt% oxygen and 0.028 wt% carbon, was the BN source
material. Two nickel powders were used, one supplied by Acros Organics at 99.9% purity, the
other supplied by Alfa Aesar at 99.999% purity with carbon guaranteed < 100 ppm. Chromium
pellets were supplied by Cerac/Materion Advanced Materials at 99.998% purity. Boron powder
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manufactured by Materion at 99% purity was used in the hBN direct synthesis experiments.

Nitrogen, argon and ammonia gases were supplied by Linweld/Matheson Trigas at 99.99%

purity or greater.

Table 2-1 Sour ce materials and their lot-certified impurity concentrations

Material Major impurities and concentrations
BN powder Advanced
_ O: 0.220% C: 0.028%
(Grade HCJ48) Ceramics Corp.
Nickel powder, Alfa Aesar Si: 3ppm Fe: 3 ppm Ca 1ppm
99.998% Mg: 1 ppm C: 10 ppm
Nickel powder, .
AcrosOrganics  C: 880 ppm O: 1000 ppm
99%
Chromium Materion O: 0.0190% Fe: 0.0006% Zn: <0.0005%
powder, 99.998% Si: <0.0004% Pb: <0.0004%
Boron powder, Materion Si: 0.1% Mg: 0.09% Al: 0.08%
99% Fe: 0.08% Mn: 0.02%
Nitrogen gas, Linweld/
: . . COq: <1 ppm CO: <1 ppm O,: <1 ppm

ultra-high purity = Matheson Trigas

H->0: <1 ppm THC: <0.5 ppm
Argon gas, ultra-  Linweld/

: : _ N2: <4 ppm CO,: <1 ppm CO: <1 ppm

high purity Matheson Trigas

Oy: <1 ppm H->0: <1 ppm
Ammonia gas, Linweld/

CO,: <10ppm  Os: <10 ppm THC: <10 ppm

99.99%

Matheson Trigas

THC = total hydrocarbons

Two crucible materials were chosen to hold the reactants in the furnaces: hot-pressed

boron nitride (HPBN) and pyrolytic BN (pBN). The benefit of using BN crucibles was minimal

system contamination since crucible and source material are one-and-the-same, but the nickel -

chromium solvent would dissolve portions of thewalls. 12”-long, 1”-diameter HPBN rods

available from Momentive Performance Materials were cut into 1 %”-tall, 34’-inner diameter
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crucibles which were durable and withstood repeated experiments. While pBN crucibles were
less durable due to their extremely thin walls (~1 mm thick), they contained less impurities and
were thus appealing in high-purity experiments.

Samples heated in the graphite and tungsten furnaces were contained in a hot-pressed
boron nitride (HPBN) crucible inside aretort of appropriate material (graphite for graphite
furnace, tungsten for tungsten furnace). BN powder was added to the cruciblefirst, followed by
nickel powder and chromium pellets. Before heating, the loaded furnace was cycled through
three evacuation/N, purge steps, with the last evacuation at pressures between 10 and 10°° torr,
to remove as much oxygen, water and other volatile contaminants as possible from both the
furnace chamber and the sample. Samples heated in the horizontal alumina tube furnace were
contained in a pyrolytic boron nitride (pBN) boat |oaded from bottom to top with BN powder, Ni
powder and chromium pellets. Before heating, three cycles of evacuations and N, purges were
performed, with the last evacuation being < 100 mTorr.

Optimum crystal growth conditions were sought by adjusting the temperature at which
the sample was held for BN powder dissolution (i.e. soak temperature), the time held at the soak
temperature (soak time), and the cooling rate from the soak temperature to solvent solidification.
Soak temperatures ranged from 1450°C to 1725°C with soak times of 6-72 hours and cooling
rates of 2-8°C/hr. Experiments were performed under a nitrogen ambient slightly over
atmospheric pressure (830 to 850 torr) to prevent air from leaking into the system. hBN crystals
were then separated from the metal solvent by one of two methods: if the crystals were loosely
attached to the Ni-Cr, then they could be removed easily with forceps; if the crystals were
strongly attached to the Ni-Cr, then the whole sample was immersed in hot aqua regiato dissolve

away enough of the metal to separate the crystals.
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Figure 2-1 Photo (left) and schematic of internals (right) of the graphiteresistive element

furnace used for the majority of hBN crystal growth experimentswith important features
labeled. Vacuum and temperatur e control systemsnot pictured.
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Figure 2-2 Photo of theinterior of the tungsten resistive element furnace with important

featureslabeled. Vacuum and temperature control systems not pictured.
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Figure 2-3 Photo of CM horizontal box tube furnace with important featureslabeled.
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Figure 2-4 Schematic of CM furnace system with gas manifold and pressure control.

II. Direct synthesis from boron powder and nitrogen compound in metal solvent
hBN synthesis from boron powder was performed in the (horizontal tube) CM furnace

shown in Figure 2-3 and Figure 2-4. The solvents tested were pure nickel, nickel-chromium, and
pure copper. Boron powder was mixed with the metal powder, loaded into a pBN boat and
placed in the aluminatube of the furnace. Before heating, three cycles of evacuations and argon
purges were performed, with all three evacuations being < 100 mTorr. The chamber was then
backfilled with the chosen nitrogen source (nitrogen gas or anmonia) to a pressure slightly
above atmospheric (780 to 800 torr) and heated at 1200-1550°C for 3-12 hours then cooled at 4-
8°C/hr until solvent solidification. Continuous gas flow was provided by a gas manifold with
mass flow controllers and the pressure regulated by a butterfly valve with pressure controller.

Following the experiment, synthesized crystals were removed from the solvent using forceps.

Methods of hBN Characterization
Several methods were utilized to verify hBN identity and crystal quality. Analytical tools
included scanning electron microscopy coupled with energy-dispersive x-ray spectroscopy, X-ray
diffraction, Raman microscopy, photoluminescence spectroscopy, transmission electron

16



microscopy and differential scanning calorimetry. For aqualitative analysis of defectsin the

crystal structure, defect-selective etching was performed.

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy
(EDS)

Scanning electron microscopy (SEM) isaform of high-resolution microscopy that
generates an image of a sample by directing a beam of electrons towards a sample and analyzing
the emitted electrons from the sample.(48) SEM has superior resolution than optical microscopy
and more information can be extracted from emitted electrons (elemental composition, fine
topography, etc.) than reflected light. Electrons scattered by the sample are primarily one of two
types: secondary electrons or backscattered electrons. Secondary electrons are useful for fine
topographical imaging of the sample surface while backscattered electrons scatter in proportion
to an atom’s atomic number, thus providing contrast among light and heavy atomsin the sample
image. A schema of important SEM featuresis presented in Figure 2-5.

By consequence of a high-energy electron beam directed on the sample, electrons from
the inner shells of atoms can be gected.(48) When an electron from outer (high energy) shells
replaces the electron gjected from the inner (low energy) shell, the energy that the outer-shell
electron must lose going to the inner shell is emitted as a characteristic X-ray. The X-ray energy
is unique to the element and thus can be measured by energy-dispersive X-ray spectrometry
(EDS) to determine the type and abundance of elementsin the sample.

The SEM system employed in this study was a FEI Nova NanoSEM 430 with Oxford X-
Max Large Area Analytical EDS silicon drift detector (SDD) (80mm?). Typical accelerating
voltages range from 1-30 kV, and the highest resolution achievable is 0.8 nm at 30 kV. Standard
detectors include the Everhart-Thornley detector (ETD) and Through Lens detector (TLD), but
the high-vacuum environment required by these detectors is not always suitable for imaging
hBN. Since hBN is electrically insulating, electric charges due to continuous el ectron
bombardment accumul ate on the surface, thus distorting the image captured by these detectors.
An dlternative is to coat the sample surface with ametal by sputtering, but this could potentially
distort the surface topography. Therefore, the low voltage high contrast detector (vCD) and low
vacuum detector (LV D) became invaluable because the hBN sample could be analyzed at low

vacuum with asmall amount of water vapor to dissipate charging effects.
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Figure 2-5 Schema of typical SEM operation.

X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a nondestructive technique to investigate the structure of
solids.(49) Thetechniqueis predicated on wave interactions with matter. When incident on a
crystal lattice at some angle 6, x-rays reflect off individual atoms from different atomic planes,
constructive interference occurs when the extra distance they travel between planesis an integer-
multiple of the wavelength, resulting in a high x-ray intensity that appears as a peak in the XRD
spectrum. The angle, 8, when this constructive interference occurs along with the x-ray
wavelength A and spacing d between the planes of atoms are related by Bragg’s law, nA = 2dsing;
see Figure 2-6. nisthe order of the diffraction, but it is typically grouped with d in reported d-
spacings (i.e. for hBN, d(001) = 0.666 nm, d(002) = %> d(001) = 0.333 nm, etc.). Therefore, by
adjusting the angle between the sample and an x-ray source of known wavelength, the angles that
produce peaks in the XRD spectrum correspond to ordered planes of material with atomic
spacing d calculated by Bragg’s law.
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XRD spectrain this study were collected using a Rigaku MiniFlex 11 powder x-ray
diffractometer with a Cu Ka x-ray source (A = 0.154056 nm). Raw spectral data were then
analyzed by PDXL x-ray diffraction software to identify diffraction peaks and match to ICDD
PDF card data.

<C
P i, T
-~/ e

° ° ® *—o— @
Figure 2-6 Depiction of x-ray interaction with crystalline planes of atoms. Parametersthat

appear in Bragg’s law are indicated.

Transmission Electron Microscopy (TEM) and Selected Area Electron Diffraction
(SAED)

Transmission electron microscopy (TEM) issimilar to SEM with the exception being that
the sample image is generated from electrons that are scattered passing through the sample
instead of reflecting off of the sample.(48) Consequently, samples analyzed by TEM must be
thinner than those analyzed by SEM to permit electron transmission. A schemaof TEM is
shown in Figure 2-7. While SEM generates images of the sample surface, TEM can illuminate
structural features within the sample such as defects. Thismakes TEM incredibly useful for
structural characterizations of defects such as edge and screw dislocations since they can be
directly imaged. Along with sample imaging, the system is capable of selected area el ectron
diffraction (SAED).(49) The principles of SAED are the same as those of XRD, except electrons
are scattered instead of x-rays. Thisalows for a much smaller sampling area and greater atomic
detail in the pattern. The resulting pattern of spotsis the selected area diffraction pattern (SADP)
and represents the crystal structure in terms of the reciprocal lattice.

TEM imagesin this study were taken using a JEOL JEM 2100 Transmission Electron
Microscope courtesy of Dr. Karthik Chinnathambi at Boise State University. Typical
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accelerating voltages ranged from 80-200 kV. Magnification up to 1,500,000x is possible with a
resolution of 0.14 nm. Samples of bulk hBN were prepared for analysis by mechanically peeling
thin layers of material from bulk hBN crystals.

Detector

(image and diffraction pattern)

Figure 2-7 Schema of TEM operation.

Raman Microscopy

Raman microscopy isaform of vibrational spectroscopy that yields information on the
types of chemical bonds present in the sample. Light incident on a solid sample is mostly
reflected without a change in frequency, vo, but a small amount of light is scattered at a different
frequency, vo £ v.(50) The change in frequency v is due to Raman scattering and is characteristic
of vibrational modesin the solid. This Raman shift in frequency is only seen when the incident
light induces a change in polarizability of the solid. Thus, not all vibrational modes are Raman
active. Since every type of molecule has unique chemical bonding environments, Raman spectra
are unique to every compound and can be used to identify the sample and the structure of the
material. For example, Raman spectroscopy can be used to distinguish hBN from cBN.
However, materials with molecular similarities are difficult to distinguish such as hBN and rBN.
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The width of the Raman peak, typically measured by the full-width half-maximum
(FWHM), isameasure of the crystal quality and uniformity. Defectsin the solid cause nearby
bonds to be stretched or compressed, leading to a range of Raman shift frequencies. A narrow
peak (i.e., small FWHM) indicates a well-ordered crystal with minimal defects.

Raman spectra were obtained using a LabRAM ARAMIS Raman spectrometer at the
University of Kansas Bioengineering Research Center with aHeNe laser (633 nm, laser power of
17 mW). Table 2-2 summarizes some Raman data collected on hBN of various crystalline
qualities. A Raman shift of 1366 cm™ is widely reported as the fundamental Eog vibrational

mode and is the only observable Raman-active mode in hBN.

Table 2-2 Raman data on hBN from selected sour ces.

Peak Position, cm’™ FWHM, cm™ Sample Reference
1365 9.1 Single crysta (42)
20 Single crysta (51)
1366 Powder (52
31 CVD/Epitaxy (53)
Single crysta (38)
1367 9 Single crysta (43)
1370 15 Powder (54)

Photoluminescence Spectroscopy (PL)

Photol uminescence spectroscopy (PL) is a nondestructive optical technique by which
energy states within amaterial can be measured. For intrinsic semiconductors, the energy of an
emitted photon is characteristic of the energy necessary for an electron to jump from the valence
band to the conduction band. Electrons are forbidden to acquire energy that would put them in
between the valence and conduction bands (i.e. within the band gap). However, allowed energy
states within the band gap can be introduced by impurities or defects within the semiconductor.
Thus, PL spectra are qualitatively useful for determining purity and structural quality of a

semiconductor material .
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In this study, PL spectra were obtained at a temperature of 300K by adeep UV laser
spectroscopy system consisting of a Ti/sapphire laser with an excitation energy ~6.2 €V courtesy
of Dr. Hongxing Jiang and Dr. Jingyu Lin of the Texas Tech University Nanophotonics Center.
Table 2-3 presents some luminescence data taken on hBN from several authors. The band gap of
hBN remains in dispute, but recent reports seem to be converging closeto 6 V. Subsidiary
bands in the PL spectra often occur and are usually explained as bound-exciton luminescence
from stacking faults or lattice plane shearing(7), Frenkel excitons(55), and donor-acceptor pair
recombinations(56). Watanabe and Taniguchi(55) have an extensive report on the bands that
appear in room temperature and cryogenic PL spectra of hBN in which they introduce the Jahn-
Teller effect to harmonize experimental results with theoretical calculations. Cryogenic PL is
advantageous because the peaks are sharper and certain impurity-related transitions are
suppressed.

Table 2-3 Luminescence data on hBN from selected sour ces.

Luminescence Temp. Band o
Subsidiary spectral peaks (eV) Sample Ref

type (K)  gap(eV)

PL N/A 5.82 4.52, 4.44 (Frenkel excitons) Powder  (57)

PL 300 5.28 4.71 (defect level) Film (56)
5.48, 5.5, 5.57, 5.64 (bound-exciton) ~ Single

PL 10 6.4* )
5.32 (donor-acceptor recombination) crystal
5.4-5.7 (stacking faults) Single

PL 8 N/A (55)
5.8-5.928 (stacking faults) crystal
5.8-5.96 (impurity or dislocation) Single

CL 83 5971 ~4.0 (vacancies, carbon or oxygen (6)

crystal

impurities)

PL = Photoluminescence CL = Cathodoluminescence

* measured from photoconductivity analysis coupled with photoluminescence

Differential Scanning Calorimetry (DSC)
Differential Scanning Calorimetry (DSC) is atechnique to measure material phase
properties, such as the temperature at which a substance melts and the heat capacity of a
substance. A DSC system consists of two cells, asample cell and areference cell as shownin
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Figure 2-8. Care must be taken to choose a reference sample that does not undergo a phase
change at the conditions investigated (commonly a ceramic material like aluminais chosen).
Both cells are heated by separate heating el ements with their temperatures and required heat
fluxes measured separately. The analysis begins by ramping the heat to both cellsin a controlled
manner so as to keep their temperatures equal. Asthe melting point of the sampleis reached, the
heat flux to the sample dramatically increases compared to the heat flux to the reference cell in
an attempt to keep the temperature the same in both cells. The resulting spike in the DSC profile
corresponds to the sample melting temperature. When the direction is reversed (cooling instead
of heating the sample), asimilar event occurs where the heat flux to the sample is dramatically
decreased compared to the heat flux to the reference cell. Thisinverse spikein the DSC profile
corresponds to the sample freezing temperature. Ideally, these melting and freezing peaks
should occur at the same temperature, but often in multicomponent and multiphase systems, the
peaks have a dlight offset in temperature due to kinetic effects.

DSC datafrom residual metal solutions in this study were collected from a Perkin-Elmer
Pyris| Differential Scanning Calorimeter (DSC) courtesy of the Ames Laboratory at lowa State
University. The standard cell and sample crucible were both high-fired alumina.

Ref Sample

‘Ibfif&w&ﬁﬁﬁ‘?ﬁﬁf Y \

N AT AT AT AT ATATATAT
o\ h\t_ !
—l};:\-i NN
Tref Tsam

Ref heat supply Sample heat supply

Figure 2-8 Schematic of typical differential scanning calorimeter.

Defect-Selective Etching
Defect-selective etching (DSE) is acommon method to assess the general quality of a
single crystal or epitaxial layer. The crystal is more reactive where impurities or defects are
located. Thus, with proper etchant and etch conditions (temperature and time), these defects can

be revealed by the presence of etch pits. The number of etch pits per square centimeter of crystal
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plane areais known as the etch pit density (EPD) and is a useful measure of crystal quality. In
addition, the shape and size of the etch pits can be correlated with the type of defect by
calibration with other techniques such as TEM or x-ray topography.

Molten akali (frequently potassium hydroxide) is one of few materials that will react
with hBN, and the aggressiveness of the reaction depends mainly on temperature and time.
However, the etch must be selectivein that it preferentially attacks defects and not all crystal
surfaces equally. Therefore, experiments were undertaken to determine the proper etchant
composition, temperature and time to uncover defectsin hBN.

There are few, if any, etching studies of hBN in the literature. Filonenko and
Mishina(58) etched cBN in KOH at 380°C in increments of one-half, one, two, and four hours.
A study by Harris et al.(59) attempted to preferentialy etch away hBN while depositing CVD
cBN. They found an etchant of 1% CH, in H, to be effective and a so discovered that hBN
etches much faster than cBN. Patel and Bahl(60) studied etching in graphite, a similar two-
dimensional material to hBN, and determined molten sodium peroxide at 380°C for 10 minutes
uncovered screw dislocations.

In this study, a eutectic mixture of KOH and NaOH (~50 mol% each) with a melting
temperature of 170°C was used as an etchant. KOH/NaOH is a common etchant for DSE on
many semiconductor materials(58, 61-64) because the melting point of pure KOH (406°C) can
be too high for the range of optimum etching temperatures. The etchant was placed in a vitreous
carbon crucible and brought to temperature by aresistively-heated canister furnace with external
power supply. The crucible was placed on a ceramic block inside the furnace, and a Type K
thermocouple measured the temperature of the block immediately beside the crucible.
Temperatures of 300-550°C (£10°C) and times of 0.5 to 1.5 minutes (10 sec) were explored.
The results, including etch pit sizes, shapes, and densities, were characterized by optica and

€lectron microscopy.
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Chapter 3 - Resultsand Discussion

This chapter begins with the results of hBN crystal growth from a Ni-Cr-BN system
along with some characterizations that support the composition and quality of the hBN crystals.
Next, the results of a new method that directly synthesizes hBN crystals from boron powder and
anitrogen source are reported. Finally, an assessment of the structural quality of the bulk hBN
crystals determined by chemical etching and TEM studies is provided.

hBN synthesis from BN powder recrystallized in nickel-chromium solvent
hBN has been reportedly grown to sizes of 500 ym using a nickel-chromium solvent and
BN powder.(43) Following the procedure described in that study, additional experiments were
carried out to increase the size sufficiently enough for useful characterization and
implementation of the hBN crystals as neutron detector devices. After synthesis, several
analytical methods were employed to characterize the bulk hBN crystals, including XRD,

SEM/EDS, Raman spectroscopy, and photol uminescence.

Growth conditions and observations
Several experiments were performed to test the effects of soak temperature on hBN

crystal size. Theresults of the most meaningful experiments are shown in Figure 3-1. A general
trend in the data shows that increasing temperature yields wider crystals. On qualitative grounds,
this makes sense as higher temperatures favor fewer nucleation sites as well as higher rates of
diffusion of material to the crystallization site. Generally, these two processes begin to compete
with one another at a high enough temperature, at which crystal size begins to decrease with
increasing temperature.(65) Figure 3-1 does not display this type of behavior, insinuating that
the optimum temperature may never have been reached. But due to increased metal
volatilization and temperature limits of the reactor, soak temperatures above 1700°C were not
attempted.
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Figure 3-1 hBN crystal width (100 pm) at various soak temperatures (+10°C). The dashed
line highlights the data trend and has no theoretical basis.

Figure 3-2 shows images of hBN crystals synthesized with progressively higher soak
temperatures. Three observations are worth noting from thisfigure: Asthe soak temperature
increases, 1.) the width of crystalsincreases; 2.) the thickness of crystals decreases; and 3.) the
shape of the crystals undergoes a fundamental change. The soak temperature affects the growth
of the crystal in directions both parallel (a-direction) and perpendicular (c-direction) to the
hexagonal planes of hBN as well as the growth rates of specific hexagona planes. For instance,
at alow soak temperature of 1475°C, growth isfavored in the c-direction with uniform growth in
the a-direction. Increasing the soak temperature increases growth in the a-direction seemingly at
the expense of growth in the c-direction. Not only does lateral growth increase, but three of the
six hexagonal sides grow faster than the others, changing the overall shape of the crystal from
hexagonal to triangular. This phenomenon isillustrated in Figure 3-3. The reason for the large
differences in “growth velocities” among the lateral planes is presently unknown but perhaps
could be due to a stabilizing effect when crystal edges preferentially terminate with boron or
nitrogen atoms as noted by Kim et a.(30) with thin-layered hBN.
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Figure 3-2 Width (i) and thickness (ii) of hBN crystals grown under soak temperatur es of
a) 1475°C b) 1500°C c) 1550°C and d) 1700°C.
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Boron, all bonds satisfied

Boron, one dangling bond

Nitrogen, all bonds satisfied

Nitrogen, one dangling bond

Low temperature High temperature

a b

Figure 3-3 @) lllustration of relative growth rate and velocities of hBN crystals observed
under low and high soak temperatures. Low temperatures promote growth in the c-
direction and uniform growth in the a-direction. At high temperatures, growth isfavored
in threefaces of the a-direction. b) Speculative chemical environment of triangular hBN
crystal adapted from Kim et al.(30) Edges containing atoms with dangling bonds may
prefer oneatom (nitrogen in thisfigure) over the other.

The surface tension of liquid Ni-Cr solvent caused the hBN crystals to grow in arounded
shape as seen in Figure 3-4. This curvature likely induces strain in the crystals and could limit
the size of their outward growth. A strange Ni-Cr “pan-handle” formed during many
experiments, as seen on the left side of Figure 3-4. Perhaps as the experiment went into the
cooling phase, the Ni-Cr sample froze from the surface inward, contracting at the surface enough
to dispel molten metal through aweak spot and solidified as the pan-handle feature.
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Figure 3-4 Typical post-experiment samplewith hBN crystals covering the solidified Ni-Cr

solvent.

Asno Ni-Cr-B-N quaternary phase diagram is available, exact melting and solidification
temperatures were unknown prior to thiswork. The Ni-Cr eutectic point of 1345°C and 53 wt%
Cr made this system an appealing choice for a sol vent because the ratios of the boron-dissolving
nickel and nitrogen-dissolving chromium were comparable, giving us the best chance of
dissolving both boron and nitrogen in amounts great enough for subsequent hBN precipitation.
When heating the Ni-Cr-B-N system, the melting temperature was not a concern because it was
sure to be below the Ni-Cr eutectic temperature of 1345°C since additional components tend to
depresstheinitial melting temperature. However, the freezing temperature was important to
know as it provides the lower temperature limit for crystal growth (the temperature at which we
can expect crystal growth to be complete). Therefore, some samples of eutectic nickel-
chromium that were previously used in hBN precipitation experiments were tested with
differentia scanning calorimetry (DSC) to determine the freezing point. Figure 3-5isaDSC
plot for such a sample and displays afreezing range between 1175°C and 1215°C. Therefore,
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the freezing point of the system, and thus the cut-off temperature for crystal growth, has been

lowered nearly 150°C from the initial Ni-Cr binary eutectic temperature.
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Figure 3-5 DSC freezing-segment data for three samples of nickel-chromium solvent: a
pure sample not used in hBN crystallization; a sample after a successful experiment

yielding hBN; and a samplethat did not yield significant hBN
During the course of experiments, conditions with proven crystal growth results (i.e.

1500°C for 24 hours cooled at 4°C/hr) did not always yield large crystals. In some of these
experiments, very little boron nitride powder dissolved in the Ni-Cr. The DSC plot in Figure 3-5
alludes to this since “pure” Ni-Cr and the Ni-Cr-B-N sample from an unsuccessful experiment

had a similar freezing range that was about 50°C higher than the Ni-Cr-B-N sample from a
successful experiment. Note that the “pure” Ni-Cr sample melted at a temperature lower than the

eutectic temperature of 1345°C. The sample likely had small amounts of boron and nitrogen

impurities asit was melted in aHPBN crucible.
Efforts to explain the lack of BN powder dissolution (and low reproducibility among

experiments in general) could not be answered definitively. One possible explanation is poor
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mixing among the molten Ni-Cr and the BN powder leading to a small surface/contact area for
BN powder dissolution. Therelatively high surface tension of nickel causes the Ni-Cr to bead
instead of spreading out evenly to cover the BN powder and maximize contact area. A simple
solution was to add more nickel and chromium to the crucible to promote an even distribution of
Ni-Cr. But this caused the Ni-Cr to attack the walls of the HPBN crucible, thus embedding the
Ni-Cr into the crucible with no hope of recovery without destroying the expensive crucible.

Poor process reproducibility may also be due to oxygen contamination from the HPBN
crucible which contains traces of boric oxide as a binding agent. Alumina crucibles were tested
as substitutes for HPBN crucibles for afew experiments, but no BN powder dissolved. The
aluminum and/or oxygen from the alumina may have interfered with the experiment, however
the concentrations of elements were below the EDS detection limits.

Only afew experiments were carried out to test the effects of soak time and cooling rate
as these parameters impacted the length of the experiment considerably more than testing the
soak temperature. Instances of power failure in the middle of an experiment, where the sample
was essentially quench cooled from the soak temperature to ambient, yielded no discernible
crystals. From this, it was concluded that the cooling rates have to be slow to precipitate quality
crystals. Cooling at 4°C/hr was an appropriate rate. The soak temperature had a more
pronounced effect on crystal size than the soak time. This seems reasonable if most crystal
growth occurs during the cooling stage of the sample. Soak time only becomes a concernif itis
not long enough for the solvent to saturate with boron and nitrogen. But since saturation is
dependent on temperature, appropriate soak times are coupled with soak temperature, making
comparisons across temperatures impractical. For instance, Figure 3-6 shows crystal sizesfor
different soak times with afairly constant soak temperature ranging from 1500-1550°C; the
optimum soak time appears to be around 24 hours for producing wide crystals at this soak
temperature. However, the largest hBN crystals were synthesized by a soaking at 1700°C for

only six hours.
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Figure 3-6 Crystal width versus soak time with soak temperature kept relatively constant
at 1500-1550°C.

Characterizations of hBN

The hBN crystal quality and composition were characterized by multiple methods. The
structure of the hBN synthesized from BN powder in Ni-Cr solvent was easily determined by
XRD and Figure 3-7 shows XRD spectrafor hBN crystals precipitated at 1550°C and 1700°C.
The stacking planes along the c-axis [(002), (004), and (006)] dominate the spectra as expected.
A few satellite peaks appear [(121), (131), etc.] possibly due to the polycrystalline material
surrounding the single crystal being analyzed. Note the FWHM of the (002) peak for these two
soak temperatures. the FWHM from the (002) plane decreases from 0.6° to 0.31° asthe
temperature increases from 1500°C to 1700°C. Thusthe hBN precipitated at higher soak
temperatures tends to be more ordered than those at lower soak temperatures.

Figure 3-8 shows an SEM image of small hBN crystals. EDS confirmed that this and
other hBN samples contained boron and nitrogen in 1:1 atomic ratios. In some samples, a small
amount of oxygen (<3%) was a so detected possibly due to adsorbed water vapor or a thin native
oxidelayer. EDS of hBN under TEM aso confirmed 1:1 stoichiometry and detected no
impurities.

A Raman spectrum from an hBN crystal precipitated at 1450°C (Figure 3-9) exhibits a
single peak at 1366 cm™ in good agreement with many sources(38, 51-53). The FWHM of 8.0
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cm™ is one of the narrowest reported in literature to date, signifying excellent crystal structure

quality.
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Figure 3-7 XRD spectra of hBN crystals precipitated from soak temperatures of 1550°C
(top) and 1700°C (bottom). The FWHM for the 002 peak at 1550°C is 0.60° and at 1700°C
0.31°. Known crystallographic planes of hBN are labeled abovetheir corresponding peaks

in the spectra.
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Figure 3-8 SEM image of hBN crystals crystallized with soak temperature of 1475°C. The
spotson and around the crystalsareresidual BN powder. EDS confirmsthe hBN crystals
have a 1:1 boron/nitrogen stoichiometry.
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Figure 3-9 Raman spectrum of hBN crystals synthesized at 1450°C. Peak positioned at
1366 cm™ with a full width at half maximum (FWHM) of 8.0 cm™.

The original BN powder was also characterized to better understand its impurity
concentrations. An elemental analysis by LECO Corporation showed the original, untreated
boron nitride powder had an average carbon and oxygen concentration of 0.0076% and 0.1035%,
respectively. To achieve higher purities, some BN powder was baked at high temperatures
(>1900°C) for two hours under nitrogen to drive away carbon and oxygen. Subsequent
elemental analysis on these samples showed a 75% reduction in carbon impurities and 42%
reduction in oxygen impurities when the high temperature bake was performed in the tungsten
furnace. These samples did not change color, but BN powder similarly baked in the graphite
furnace turned yellow, alluding to carbon contamination.(66) This sample wastoo small in
guantity to perform an accurate elemental analysis, but photoluminescence provided some
insight as described below. Therefore, baking the BN powder at 1900°C in the tungsten furnace
was effective in reducing impuritiesin the Ni-Cr-BN system.

Photoluminescence (PL) studies were taken from boron nitride powder to assess its
impurities qualitatively. In Figure 3-10, the PL spectrum for untreated BN powder displays a
strong, broad peak around 5.4 to 5.8 eV and smaller peaksinthe 3.5t0 4.1 eV range. Recent PL
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studies on hBN have been performed by others(6, 7, 55-57) and point to a direct band gap of
~6.0 eV for single crystal hBN. Therefore, the peaks at ~5.5 eV are probably defect-induced and
those at lower energies brought about by impurities. PL spectrafor BN powder baked at high
temperatures to drive away impurities are a'so shown in Figure 3-10. Notice that the lower
energy peaks became stronger when baked in the carbon environment of the graphite furnace.
As mentioned before, this yellow colored BN powder likely became contaminated with carbon,
thus the lower energy peaks can be attributed to carbon impurities. When the BN powder was
baked in a cleaner environment (ie. the tungsten furnace), the lower energy peaks disappear. As
for the multiple strong peaks at higher energies, they are likely due to structural defects.(6, 7, 55)
The highest energy peak at 5.73 €V suggests that thisisthe band gap of BN powder.

5.61eV
5.48eV —_ ol

Intensity, A.U.

<—— Tungsten furnace bake
M—/-/\/\ &—— Notreatment
/\L <—— Graphite furnace bake

2.5 3 3.5 4 4.5 5 55 6 6.5

Figure 3-10 Photoluminescence spectra (T = 300K) of boron nitride powder before (“no
treatment”) and after high temperature bake (“graphite furnace bake” and “tungsten
furnace bake”) to drive off carbon and oxygen impurities.

Crystals of hBN were also studied by photoluminescence, and the results are shown in
Figure 3-11 and Figure 3-12. Not surprisingly, hBN crystals precipitated from carbon-
contaminated BN powder exhibited PL peaks characteristic of carbon impurities. However, PL
of hBN crystals precipitated from untreated BN powder displayed no characteristic impurity
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peaks even though that of the BN powder did (see Figure 3-10). Figure 3-11 suggests that when
little carbon is present, it may not segregate to the metal solution. Only in a high-carbon
concentration environment (i.e. the graphite furnace) were peaks between 3.5 and 4.0 €V present

in the crystals.
5.48 eV
5.56 eV
_ 5.74 eV
=
. 5.31eV
£
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Figure 3-11 Photoluminescence spectra (T = 300K) of hBN crystals precipitated from BN
powder that was baked in graphite furnace at 1950°C for 2 hours (“‘graphite furnace
powder bake”) and BN powder that was not baked (“no treatment”).

The PL spectrain Figure 3-12 are from two samples. an hBN crystal grown at 1500°C for
24 hours that was subsequently annealed at 2000°C for two hours, and a crystal grown at 1700°C
for six hours. Both crystals were grown from medium-purity nickel and chromium, so peaksin
the 3.90to 4.1 eV range are likely due to impurities. The peaks at 4.45, 5.33, 5.46 and 5.62 eV
are common in PL spectraof hBN grown from high-purity reactants, and thus are probably due
to structural defectsin the crystal. The annealed crystal in Figure 3-12 has a stronger PL peak in
the 5.5t0 5.62 eV range than the other crystal, suggesting that annealing improved crystal quality
to some extent, but did not repair all defect sites.
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Figure 3-12 Photoluminescence spectra (T = 300K) of hBN crystal annealed in tungsten
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furnace at 2000°C for 2 hours (top) and hBN crystal precipitated from BN powder
dissolved in Ni-Cr at 1700°C for 6 hoursin graphite furnace (bottom).

Direct hBN synthesis from boron powder and nitrogen compound in metal
solvent
After successfully growing >5 millimeter-wide hBN crystals by the precipitation method
with BN powder precursor, interest shifted to directly synthesizing hBN from elemental boron
and nitrogen. Results of the hBN synthesis experiments with boron powder dissolved in pure
nickel, nickel-chromium, and pure copper solvents are presented next along with some key

observations and characterizations of samples.
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Growth conditions and observations

In contrast to hBN crystal growth from BN powder, synthesizing hBN from an elemental
boron source and a nitrogen source (ammonia or nitrogen) has not previously been reported.
This method is appealing because it enables crystal growth of isotopically enriched hBN single
crystals with boron-10, the isotope of interest for neutron detection. Following the success of the
Ni-Cr solvent with BN powder, it was natural to extend its use to a direct synthesis method. For
comparison, pure nickel and pure copper solvents were aso tested.

Theresults of al direct synthesis experiments where soak temperatures, times, cooling
rates and nitrogen source were adjusted are summarized in Table 3-1. One would expect the
conditions that produced the largest crystals in the Ni-Cr-BN system would aso produce large
crystalsin the Ni-Cr-B system, and this appears to be the case: higher temperatures produce
larger crystals. A nickel-chromium-boron eutectic mixture of 65.6 at% nickel, 16.1 at%
chromium and 18.3 at% boron under nitrogen atmosphere produced the largest hBN crystal, with
a width of 900 um and athickness close to 150 um. The photosin Figure 3-13a-c display a soak
temperature progression of hBN synthesis, with the largest crystals synthesized from high-purity
nickel and chromium highlighted in Figure 3-13c. Nucleation appeared prominent at 1400°C
(Figure 3-13b) as many small crystallites formed but were not able to expand due to crowding.
The soak at 1525°C improved crystal size, and higher temperatures would likely grow even
larger crystals. However, due to the temperature limitation of the aluminatube in the CM
furnace, temperatures higher than 1525°C were not possible.

Ammoniawas tested as a nitrogen precursor to increase nitrogen concentration in the
metal solvent dueto its low dissociation temperature compared to N,. No advantages of
ammonia were evident from the experiments. The high temperatures likely caused ammoniato
immediately dissociate and recombine as N, and H, thereby diluting the nitrogen concentration
in the system. In light of this and ammonia’s safety hazards, it was replaced with N».

Pure nickel and copper solvents were al so tested because of their attractive reactivity with
acids that make isolating the hBN crystals from these metals easier than from Ni-Cr. However,
these did not yield hBN due to their low nitrogen solubilities.(39, 40) The copper system did
yield small dark crystals which are presumably boron.
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Table 3-1 Conditions and resultsfrom direct hBN synthesis experiments

Nitrogen Soak Temperature  Soak time Cooling rate
Solvent Source (°C) (hr) (°C/hr) Crystal width
1100-1200 12 8 none
Ni-Cr NH3 1300 12 8 <20 ym
1400 12 4 <500 uym
N, 1525 6 4 900 um
| NH, 1100-1300 12 8 none
Ni 1400 12 8 <20 pm
N, 1150-1400 12 4-8 none
NH; 1400 12 8 none
cu N, 1500 12 6 No hBN

Note: The boron source for all experiments was boron powder
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Figure 3-13 Photos of direct hBN synthesisfrom boron powder in nickel-chromium solvent
a.) 1300°C under NH3 b.) 1400°C under NH3 and c¢.) 1525°C under N,. Thecircled areas
arethelargest hBN crystals synthesized by thismethod.

Characterizations of hBN
The XRD pattern from hBN directly synthesized from boron powder in nickel-chromium

solvent is shown in Figure 3-14. The two spectra represent hBN synthesized at soak
temperatures of 1200°C (bottom) and 1400°C (top) under ammonia. These crystals formed a
thin crust over the nickel-chromium solvent from which they could not be easily separated.
Thus, many of the peaks in the spectra can be attributed to the metal boride phases. Clearly,
higher soak temperatures increase the likelihood of hBN forming as indicated by the height of
the (002) peak at 26.8° and the (004) peak at 55.1°.
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Figure 3-14 XRD spectra of hBN directly synthesized from boron powder in Ni-Cr and
ammonia at 1200°C (bottom) and 1400°C (top). hBN sampleswere not removed from the
solidified Ni-Cr solvent, thus many of the peaksin the spectra can be assigned to solvent
phases.

The small width and thickness of the hBN crystals suggests the solvent was starved for
nitrogen. Since ammonia was introduced in these experiments after the system reached its soak
temperature, subsequent experiments were performed under a nitrogen atmosphere for the entire
duration of the experiment. The large crystals depicted in Figure 3-13c were grown with
nitrogen continuously flowing through the system throughout the ramp and soak periods of the
experiment, thus proving that nitrogen dissolution in the solvent is key to large crystals. An
XRD spectrum of these large hBN crystalsis shown in Figure 3-15. These crystals were isolated
from the metal solvent, and because of the small sample size, the peak intensitiesin Figure 3-15
are diminished compared to the XRD spectrain Figure 3-7. Nonetheless, the (002) peak is
prominent in the spectrum and is agood indicator that the crystals are in fact high-quality hBN.
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Figure 3-15 XRD spectrum of hBN synthesized from boron powder and nitrogen in Ni-Cr
at 1525°C. Thebroad peak from 20-40° isdueto the glass sample holder. Known
crystallographic planes of hBN arelabeled abovether corresponding peaksin the
spectrum.

A photoluminescence spectrum of the hBN crystalsin Figure 3-13c is shown in Figure
3-16 aswell as a spectrum of hBN grown from BN powder for comparison. The spectrum was
dominated by apeak at 5.73 €V, the highest of any hBN crystals produced in this study and close
to 5.77 eV (215 nm) reported by others(6, 41, 43). This could indicate less strain and better long
range order in the directly synthesized crystal. Both hBN crystals were precipitated from high-
purity nickel and chromium metal, so the broad peak at 4.42 €V could stem from structural
defects.
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Figure 3-16 Photoluminescence spectra (T = 300K) of hBN synthesized from boron powder

and nitrogen at 1525°C (top) and hBN precipitated from BN powder dissolved in Ni-Cr at
1525°C (bottom).

Analysis of Structural Defects

All crystalline solids have imperfections that range from point defects (atomic
substitutions or vacancies) to volume defects (voids or precipitates). Electrical devicesrequire
highly ordered material with low defects, so defect-selective etching was employed and TEM
images taken to qualitatively assess the crystal quality of some hBN crystals. Only afew etching
studies on hexagonal and cubic phases of BN have been reported(58, 59), along with TEM



studies of epitaxial or monolayers of hBN(67, 68). No comprehensive studies on defect selective
etching or TEM imaging of bulk single crystal hBN have been reported in the literature.

Defect-selective etching of hBN

Severa etchants were tested in the present study. Sodium nitrate at temperatures between
300°C and 400°C did not etch hBN crystals. Molten KOH between 400°C and 500°C etched
hBN easily, but too much so. A eutectic of potassium hydroxide/sodium hydroxide proved to be
most effective at temperatures around 450°C. All etch pits formed on the (0001) crystal plane.

A molten eutectic mixture of potassium hydroxide and sodium hydroxide is an effective
etchant for many crystalline material s(58, 61-64), but the proper amount of etching is strongly
dependent on the temperature of the etchant and the amount of time hBN is subject to the molten
alkali(69). Etching temperature was investigated first, holding etching time constant. Figure
3-17 and Figure 3-18 are SEM images of hBN crystals etched at 400°C, 450°C and 500°C for
one minute. Etch pitsthat overlap as those in the bottom image of Figure 3-17 do are not
desirable because this complicates the calculation of the etch pit density (EPD). Therefore,
500°C istoo high atemperature when etching for one minute. Looking at the top image in the
same figure, no etch pits were discernible at 400°C, suggesting this temperature istoo low to be
effective. The etched hBN in Figure 3-18 at 450°C is better for calculating EPD, athough
perhaps not optimal since some etch pits overlap. Nonetheless, an average EPD of ~5 x 10° cm™
was calculated for these hBN crystals, which is comparable to typical semiconductor-grade
GaAs (~10° cm™).(70) Figure 3-19 illustrates the effect of time on the etching pattern. For a
short time of 0.5 minute, the etch pits are separate and distinct, but their complete morphol ogy
has not developed (hexagonal sides and pointed bottom). However, etch pits formed after
etching for 1.5 minutes overlap, and the etchant aggressively attacks grain boundaries and other
planar defects. From these observations, the proper etching conditions for hBN defect selective
etching in eutectic KOH/NaOH appear to be 430-450°C for 0.5-1 minute.

All etch pits from this etching study were hexagonal, as we would expect for a hexagonal
crystal system. Figure 3-20 provides a magnified view of some hexagonal etch pits. Two
distinct types of hexagonal pits formed: deep, point-bottom pits (labeled A) and shallow, flat-
bottom pits (labeled B). While not easy to ascertain, the pointed-bottom pits appear to be
slightly asymmetric, suggesting a mixed-type (screw and edge) dislocation.(69) The defect
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associated with the flat-bottom pits are unknown; possibilities are discussed below. The
aforementioned etch pit characteristics of hBN are also seen in chemically etched single-crystal
graphite(60, 71) and SIC(63), so in the absence of major etching studies on hBN, comparisons
with these materials similar in structure to hBN are appropriate.

Weyher et a.(63) reported two types of hexagonal etch pits and an oblong shell-like pit in
Si-C after etching in KOH/NaOH + MgO. They attributed the deep hexagonal pits to screw
dislocations, the smaller hexagonal pits to edge dislocations, and the shallow, oblong shell-like
pitsto basal plane dislocations. Only the two types of hexagonal pits Weyher et al. described are
visible in Figure 3-20. Etch lines are also seen in Figure 3-20 (labeled C), whichin SIC
indicated the presence of stacking faults.(63) These lamellaein SIC are typically bordered by the
oblong etch pits of basal plane dislocations, but thisis not observed in Figure 3-20. In fact, the
lines appear to terminate at the shallow hexagonal pits more often than not. Also noteworthy is
the etch linesin SIC are very straight, whereas those in Figure 3-20 are not. By these
observations, the flat-bottom pits are probably not associated with basal plane dislocations.

The feature denoted by D in Figure 3-20 is interesting because the deep and shallow
hexagonal etch pits appear to overlap. This phenomenon is seen in chemically etched single
crystal graphite aswell and attributed to ajog in the dislocation, where the dislocation abruptly
moves in adirection perpendicular to the c-axis before continuing along its usual path parallel to
the c-axis(71). Therefore, the flat-bottom pits could be due to shallow screw dislocations that
have completely etched under these conditions.

46



1C.0 V| vCD [ 6.8 mm | £.( 37.3 um| 1

Figure 3-17 SEM images of hBN etched in KOH/NaOH at 400°C (top) and 500°C (bottom)

for one minute.
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Figure 3-18 SEM image of hBN etched at 450°C for one minutein KOH/NaOH under low
magnification (top) and high magnification (bottom).
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Figure 3-19 SEM image of hBN etched in KOH/NaOH at 430°C for 0.5 minutes (top) and

1.5 minutes (bottom).
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Figure 3-20 L ow magnification (top) and high magnification (bottom) SEM images of etch
pitsin hBN after KOH/NaOH etch at 430°C for 1.5 minutes. Thefeatureslabeled A-D are
discussed in the text.
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TEM imaging of hBN

The TEM images in Figure 3-21 and Figure 3-22 reveal some interesting featuresin the
hBN crystals. In Figure 3-21i., the basal plane layers of hBN (denoted A) are clearly seen. A
band of misoriented hBN also appears (denoted B) from unknown origins. The contrast in
Figure 3-21ii. shows a junction of many basal plane orientations. Figure 3-23 illustrates one of
these possi ble misorientations with respect to the preferred orientation of hBN, with others being
dight variations. The featureslabeled C in Figure 3-21 are presumed to be dislocation loops as
they are nearly identical to those seen in graphite.(72) In Figure 3-21iv., a TEM image of an
hBN crystal synthesized at high soak temperatures is shown. On qualitative grounds, the number
of defects (specifically, dislocation loops and basal plane dislocations) is lower for this sample
than for samples synthesized at lower temperatures. But the presence of Moire fringes suggests
that the higher temperature did not correct the tendency of basal planes to rotate with respect to
each other.

Figure 3-22i. and ii. display some interesting patterns; the continuous lines across the
image (denoted A) are Moire fringes from slight rotational differences among hBN layers
(confirmed by multiple diffraction spotsin the SAED patternsin iii. and iv.), and the darker lines
(denoted B) are basal plane dislocations. The basal plane dislocations are suspected to be the
lines of intersection between two different basal orientations, such as the two orientations
depicted in Figure 3-23a and Figure 3-23c. Studiesin structurally-similar graphite show that
basal plane dislocations can be brought about by stacking faults.(73) The multiple diffraction
spots in Figure 3-22iv. suggest that at least some of the basal planes of hBN orient their layer-to-
layer atoms slightly off-center as opposed to stacking the atoms center-to-center (Figure 3-23Db).
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Figure 3-21 TEM images of hBN crystals. i.) Flake of hBN synthesized at 1500°C with
basal planesvisible (A) and a band of misoriented material (B); ii.) hBN synthesized at
1500°C with four distinct regions of basal plane orientations (1-4) and dislocation loops
(©); iii.) Close-up of vacancy loop featurein ii.); iv.) hBN synthesized at 1700°C.
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Figure 3-22i.) TEM image of hBN synthesized at 1475°C with Moirefringes (A) and basal
plane dislocations (B) present; ii.) magnified view of i.); iii.) SADP of hBN synthesized at
1475°C with multiple diffraction spots (C); iv.) SADP of hBN synthesized at 1700°C.
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Figure 3-23 Orientationsof hBN layers. a.) Thermodynamically-preferred orientation with all boron atom centersatop
nitrogen atom centersand viceversa. b.) Orientation in a. but with small rotation in one layer so that atom centersarenot in
ling; c.) Orientation similar to a. but with 60° rotation and ¥2-unit translation of bottom layer to maintain stacking order of

boron atop nitrogen and vice versa. Not all atoms are paired with atomsin adjacent layers.



Chapter 4 - Conclusions and Recommendations

hBN crystals were grown from metal solventsto explore their potential in neutron
detection. The effects of soak temperature, soak time, source materials and their proportions on
hBN crystal size and properties were investigated. The largest crystals of hBN from solution
growth were five millimeters across and about 30 micrometers thick by precipitation from BN
powder dissolved in a nickel-chromium solvent at 1700°C. High temperatures promoted
outward growth of the crystal aong the a-axis, whereas |low temperatures promoted growth along
the crystal c-axis. Bulk hBN crystals adopted a triangular habit rather than a hexagonal one
when growth temperatures surpassed ~1500°C.

A previously unreported method of synthesizing hBN was proven successful by
substituting BN powder with elemental boron and a nitrogen ambient. At temperatures over
1500°C, hBN crystals about one millimeter wide were produced. The success of this growth
method opens the door for isotopically-enriched h-°BN important for applicationsin neutron
detection.

XRD and Raman spectroscopy confirmed highly crystalline hBN from solution growth.
The 8.0 cm™ FWHM of the Raman peak is the narrowest reported to date. Photoluminescence
identified impurities and defects in the hBN samples, but high-purity reactants and post-growth
annealing showed promise for synthesizing semiconductor-grade hBN. The highest energy,
highest intensity PL peak observed in this study came from hBN synthesized from elemental
boron, indicating that this new hBN crystal growth method could be quite promising.

Among sodium nitrate, potassium hydroxide, and a eutectic mixture of KOH/NaOH, the
latter was the most effective defect-selective etchant at temperatures of 430-450°C in contact
with hBN for about one minute. Two hexagonal etch pit morphologies observed were deep,
pointed-bottom pits and shallow, flat-bottom pits. More experimentation is necessary to
correlate etch pits with their associated defects, such as etching cleaved crystals and identifying
the specific defects associated with specific types of etch pits by, for example, TEM. Basal
plane twists and dislocations were evident in TEM images and SAED patterns of hBN crystals,
but whether this affects hBN’s usefulness as an electronic device remains to be seen.

To fully realize the potential hBN has as a neutron detector, a method by which metal

contact pads can be placed on hBN is necessary to evaluate its electrical properties. Focused ion
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beam metal wire bonding may be the most promising technique for small crystals. Although
hBN with natural isotopic abundance is believed to be adequate for neutron detection, h'°BN
could be grown to increase neutron detection efficiency. While five millimeter wide hBN
crystals are the largest reported so far, even larger crystals (>1 cm?) would benefit device

fabrication and neutron detection efficiency in low emission settings.
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