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Abstract

Hexagonal bron nitride(hBN) is a wide bandgap HV semiconductor that has seen new
interest due to the development of otheMILED devices and the advent of graphene and other
2-D materials. For device applications, high quality, low defect densitgnals are needed.
Several applications for hBN crystaese beingnvestigated, including as a neutron detector and
interferencdess infrareeabsorbing materialsotopically enrichedrystals were utilized for
enhanced propagation of phonon modessé&tapplications exploit the unique physical,

electronic and nanophotonics applications for bulk hBN crystals.

In this study, bulk hBN crystals were grown thwe flux method using a molten NGr solvent
at high temperatures (15W) and atmospheric presssrd he effects of growth parameters,
source materials, and gas environment on the crystals size, morphology and purity were
established and controlled, and the reliability of the process was greatly improved-cBiatié
domains exceeding Imm inwidtha@ 200em in thickness were prod
handle substrates for analysis. Grain size dependence with respect to dwell temperature, cooling
rate and cooling temperature were analyzed and modeled using response surface morphology.
Most significantly, crystal grain width was predicted to increase linearly with dwell temperature,

with singlecrystal domains exceeding 2mm in at 1700

Isotopically enriched®B and*'B hBN crystal were produced using a6ii-B flux method,
and their properties inveigated.!°B concentration was evaluated using SIMS and correlated to
the shift inthe Raman peak of theo;Emode. Crystals with enrichment of 9998 and >99%'B
were achieved, with corresponding Raman shift peaks at 1392, 356.6 cih,
respectively. Peak FWHM also decreased as isotopic enrichment approached 100%, with widths

as low as 3.5 crhachieved, compared to 8.0 ¢rfor natural abundance samples.

Defect selective etching was performed using a molten NKOH etchant at 42%8-525C
to quantify the quality of the crystals. Three etch pit shapes were identified and etch pit width
was investigated as a function of temperature. Etch pit density and etch pit activation energy was
estimated at %10’ cm? and 60 kJ/mol, respectively. Sarand mixeetype dislocations were

identified using diffractiorcontrast TEM imaging.
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Abstract

Hexagonal boron nitride (hBN) is a wide bandgapvidemiconductor that has seen new
interest due to the development of otheMILED devices and the advent of graphene and other
2-D materials. For device applications, high quality, low defect density materials are needed.
Several applications for hBN crystaese beingnvestigated, including as a neutron detector and
interferencdess infrareeabsorbing materialsotopically eriched crystals were utilized for
enhanced propagation of phonon modes. These applications exploit the unique physical,

electronic and nanophotonics applications for bulk hBN crystals.

In this study, bulk hBN crystals were grown thwe flux method using anolten NiCr solvent
at high temperatures (15W) and atmospheric pressures. The effects of growth parameters,
source materials, and gas environment on the crystals size, morphology and purity were
established and controlled, and the reliability of threcpss was greatly improved. Singig/stal
domains exceeding 1mm in width and 200&egm in
handle substrates for analysis. Grain size dependence with respect to dwell temperature, cooling
rate and cooling temperatunere analyzed and modeled using response surface morphology.
Most significantly, crystal grain width was predicted to increase linearly with dwell temperature,

with singlecrystal domains exceeding 2mm in at 1700

Isotopically enriched®B and*'B hBN aystal were produced using a-8i-B flux method,
and their properties investigatéB concentration was evaluated using SIMS and correlated to
the shift inthe Raman peak of theo;Emode. Crystals with enrichment of 9998 and >99%'B
were achieved, ith corresponding Raman shift peaks at 1392.3 and 1356.6 cr,
respectively. Peak FWHM also decreased as isotopic enrichment approached 100%, with widths

as low as 3.5 crhachieved, compared to 8.0 ¢rfor natural abundance samples.

Defect selectig etching was performed using a molten NaK®BH etchant at 42%8-525C
to quantify the quality of the crystals. Three etch pit shapes were identified and etch pit width
was investigated as a function of temperature. Etch pit density and etch pit acewatign was
estimated at %10’ cm? and 60 kJ/mol, respectively. Screw and mixgoke dislocations were

identified using diffractiorcontrast TEM imaging.
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Chapter1-Mot i vati on

Hexagonal boron nitride (hBN) is a wide bandgapvidemiconductor that has seen new
interest de to the development of othgrouplll nitride devices and the advent of graphene and
other 2D materialslt shares some similarities with other group Il nitrides (AIN and GaN), such
as its wide bandgap (5.8 eV). However, its structure is unique: @rhasisotropic, van der
Waals (2D) structure which mimics the behavior of graphite. Its wide bandgap, anisotropic
structure and elemental composition have made it attractive for new applications, such as deep

UV LEDs, substrates for-B materials, nanomtonic devices and solistate neutron detectors.

These new applications for hBN take advantage of its electronic and optical properties, as
opposed to older applications which utilize its chemical stability and mechanical properties (i.e.:
a high temperatre graphite replacement) and for which fine grain powders and hot pressed
ceramics are suitable. To maximize performance, these new applications require high purity,
defectfree bulk hBN single crystals. The major challenge for evaluating these hBNaajoplec
has been in producing large single crystal domains, due to the extreme conditions required to

grow hBN from liquid or vapor BN and/or boron sources.

Its physical properties make conventional melt or sublimat@mrdensation growth
techniques diftult to implement for hBN. Solution growth techniques are much more practical,
but are less developed relative to other conventional growth methods used to produce other bulk
crystals (such as the Czochralski process for silicon). However, they cangtoghiguality

crystals under readily achieved growth conditions.

This dissertation investigates the growth of bulk hBN crystals using t#@¥ Nlix

method, a solution growth method originally demonstrated by Kidiaf1]. Key advantages



of this method include its ability to growth large hBN crystals at atmospheric pressures
(compared to similar techniques which require high pressure and higkri@ure operation).

The NiCr flux growth process was improved through experimentation and the implementation
of statistical optimization. Conclusions are reached as to the best conditions of temperature and
time profiles for maximizing the crystal siZzeurthermore, the process was advanced so hBN
crystals could be grown using elemental boron as a primary source material, which enabled the
growth of isotopicallyenriched hBN crystals. Analysis of the synthesized hBN crystals is
presented, illustrating éhsize, and quality of bulk hBN crystals produced by this method.

Several studies using these bulk hBN crystals to demonstrate neutron detector and nanophotonic
device performance are also considered. This work validates that-@weflNk process is a

viable technique for producing the devg@de hBN bulk crystals necessary to pursue these new
optoelectronic applications and explore its new uses of nanophotonics and semiconductor

physics.



Chapter2-Backgr ound

Hexagonal boron nitride (hBN) is a synthetic compaisainiconductor materiaivhich
has received attention due to the success of other greniritles and wide bandgap
semiconductors, such as GaN, AIN and $i®as a long history of usenda variety of
applicationsthe development of other group-hltride LEDSs, the discovery of graphene and the
need for new neutron detector materials have opened up new purposes for hRissEniation
presents the research preformed to understand and optitagr@wth of hBN by the NiCr flux
method to enable production of high quality, large bulk hBN crystals. These new applications
require single crystal hBN to maximize charge carrier mobilities and minority carrier lifetimes

and minimize nosradiative recombination of eleotns and holes for their successful execution.

To understand the methoparsued in this workthe basic properties of hBN are
described, including its chemical and physical properties, as well as its crystal structure and
related allotropes. The most commmethods of hBN formation, chemical vapor deposition
(CVD) and bulk growth via flux, will be identified and contrasted. Future applications of hBN as
a solidstate neutron detector, a substrate and dielectric for graphene, and a deagpleitra

(UV) light source will also be described.

2.1 Basic Properties of BN

Boron nitride is commonly used in industry dtgesoftness, high chemical stabilignd
resistance to oxidatigr2-5]. This high chemical stability is due to the strongdBbond, which is
isoelectronic to the carbecarbon bond but less likely to oxidize or react chemically with other
compoundsThis similarity with the carbowarbon bondesults inanalogousrystd structure

and mechanical properties between polymorphs of BN and carbon compBNndsms three



main crystalline phases with longnge order: hexagonal (hBN), cubic (cBN) and wurtzitic

(wBN) boron nitride.

hBN is analogous to graphite and consists of stacked plane4ioftsipiized boron and
nitrogen with strong ikplane bonding and weak van der Waals plmaglane bonding. This
difference in bond strength produces anisotropic mechanical properties, giving hBN a very low
interlayer shear stress and making it a soft natér.6 on the Mohs scal€lhis anisotropy also
allows isolation of an hBN monolayer, similar to graphdénhge to this 2D nature, wide bandgap
and similar gplane lattice constants (1.6% mismatch) hBN is suitable as a substrate for graphene
[6].

cBN and wBN do not have planar structulestead, each B atom is bonded strongly to
four N atomsin sp’® hybridization(and viceversa for N atomsBN and wBN are cotlaries to
the carbon allotropes diamond and lonsdaleite (hexagonal diamond), respectively, and do not
share the strongly anisotropic nature of hB§th of these forms of BN are notéar their
superior hardness and density; the hardness of cBN surpadgdyy that of diamonddowever,
growth of these phases has been limited to the high pressures (>1 GPa) required for their
synthesisT]. This difficulty in formationof cBN currently disqualifiest from semiconductor
applicationspased on thBN phase diagrardeveloped by Solozhenlat al[8] with assistance

from prevous work by Bundy, Wentorf and Corriga10].

2.2 Growth Methods for hBN

There are two primary methods for the growth of structurally ordered hBN: chemical
vapor deposition (CVD) of hBN films and bulk growth of hBN crysthlistorically, CVD has
been the predominant method for synthesis due to its ability to produce bothdridgagd

epitaxial hBN and leserdered pyrolytic boron nitride (pBN) film2/,11-12]. The recent focus



of hBN CVD techniques is the selection of growth conditions and substrates for the formation of
a fewlayer or monolayer hBN, typically for use as a substrate for hBN/graphene heterostructure

deviceq13].

Several metal substrates have been investigated for hBN monolayers and hBN/graphene
heterostructure synthesis, including nicKiet-[L5], chromium [L6], cobalt fL7], and copper18].
These growth methods can produce hBN monolayers with wrirddesurfaceandlow surface
roughness, which are nearly transparent under optical microscopy and, on Ni and Cu (111)
surfaces, produce hBN crystals with a triangular habie formation of this triangular
morphology, as opposed to a more hexagonal form, is theorizeddwelto preferential edge

termination in N atoms to lower the interface energy in the crys#l [

While CVD growth of hBN is viable for some applications, itdemo produce stacking
disorders in crystal planes, causing degradation in crystal grain size and thi@hess |
Therefore, bulk growth methods are needed whegetacrystal grains and higher crystalline
guality are requiredBulk hBN crystals cannot be grown by traditional melt growth techniques
due to the high melting temperature (>3000°C) and low vapor pressure @fIBMgtead,
crystals must be formed using a figrowth technique, in which hBN is dissolved in a solvent at
high temperaturegndthen slowly cooled to cause precipitati@2]. Many different fluxes have
been investigated fahe growth of both hBN and cBNrystals but the highest degree of success
has been demonstrated using silicon, sodlihiym and LiBr, barium copper, nickel, nickel

molybdenum and nickethromium solutions1,23-31].

Among these fluxes, thdi-Cr systemhas shown the most promise in producing hBN
crystals of sufficient size for device fabrication and lbaroperated at atmospheric pressures,

reducing the expense of equipment needgtbf31]. Ni and Cr weraused as an alloy by Kubota



et al[1] due to their high solubility for boron and nitrogen, respectivé®/J6]. Clear hBN
crystals withhexagonahabit were reported to have formew the top surface of the #0r flux
[1].

hBN crystal growth at Kansas State was previously investigated by Ben Clubine, a
Masterodos student \goaduatediVigy 2012)dkeenvestiDated theegdograof
hBN crystals using a NCr flux using a pair of resistivelgeded vertical graphite and tungsten
furnaces, growing crystals at atmospheric pressures and high temperaturg&{Q6Q) under
N2[37-38]. Clubine was able to identify operating parameter space for hBN crystal formation, as
well as demonstrate the ability to conttioé size and thickness as a function of growth
temperature. Crystal grains as large as 5mm were formed using growth temperatures up to
170CC. Crystalthicknessvaried inverselyvith growth temperaturéit lower temperatures, the
crystals exhibited a thickemore hexagonal shape, with growth rates roughly equal ia dnel
cdirections. At higher temperatures, the crystalda more triangular habit and preferred to
grow wider and thinner. This difference in shape may be due to preferential terminakien of t
crystal edge with either N or B atoms, maximizing exposure of one set of dangling bonds and

increasing crystal stabilitylp,39].

2.3hBN Applications

Conventional pplications forboron nitride, typically in powder or hgressed form,
range from use délers in plastic and cosmeticspatings, higitemperatre lubricantand
refractoly materialsdue to itsmechanical softneskigh chemical stability, resistance to
oxidation and its ability to be sintered into a-Jpoessed form that can be easily machirief]]

In many ways, these usessultedfrom the applications that required the performance of



graphite, but in chemical environments attemperatures/heregraphite was unsuitable. This

use &d to hBNcommonly being referredtoéswh i t e .gr aphi t eo

Modern applications for hBN look to leverage its unigtrectural aneptoelectroic
properties. These applications include neutron detectibnpiaiterial, deep UV optical devices
and nanophotons; as will be discussdtelow. However, the main similarity of these
applicationss the requirement fasingledomain high purity defectree hBN crystals, due to its

enhanced grain size and improved transport properties.

2.3.1hBN Devices for Neutron Deteatio
Among the many potential applications of bulk hBN crystals is neutron detection.

Effective detection of neutrons is vital for national defense and nuclegrnbferation, as
special nuclear materials (includifu and?**Pu) undergo spontaneous fiss releasing
neutrons into the surrounding environmetd][ Currently,®He gas detectors are the most
established neutredetecting technologynfortunately, tle global supply ofHe, a sideproduct
of tritium decay produced from nuclear weapons production, is scarce due to the worldwide
reduction in nuclear weaponl]. Due to this diminishing supply, replacement neutron

detection technologies must be investigated to ensure national defense and nonproliferation.

Boron has a long history as a neutdrtecting material due to the large thermal neutron
capture crossection of thelB isotope (approximately8®0 barns)42]. Upon neutron capture,
198 undergoes one of two nuclear reactions, both of which result in the emissidri adraand
alpha particleThe most commoreactionpathway(occurring 94% of the tinjealsoemitsan
additionalgamma rayrom the’Li nucleus.Figure2.1 illustratesthese two reaction pathways

and their emittedhigh energy particles
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Figure 2.1: A diagram of the products and energies of the two neutron capture reactions fdfB. The gamma
ray is not considered in thetotal energy calculation of the 94% path, as it is likely to escape the detector

volume without depositing its energy.

Boron has been incorporated as a neutron conversion material in several neutron detector
designs, the simplest beiaglanar bororcoakd silicon detectoin this detectogeometry
neutrons are captured in the boron layer, producing an alpha particle amal which travel in
opposite directions. One of these two highly energetic particles may scatter into the silicon layer,
causingonization and charge carrier generation and allowing for the indirect measurement on
the incident neutrorf3]. Due to this structure, a sufficiently thick laydrbmron isnecessaryo
maximize neutron capture and form charged patrticles; howeneeasinghe boron layer
thickness leads to sedfbsorption of the charged particles within the boron layer. These
phenomena and device structure result in an optimekriess of the boron layer, and makes the

device efficiency for this detector geometry low (4%3-44]. This typeof heterogeneous



neutron detector can be improved by using tliie@ensional structuresuchas pillarstructured
198-backfilled geometrigsbut the maximum efficiency can only be increased to approximately
50%][45]. Additionally, the® heterogeneowdevices require complex pillatching techniques,

as well as methods to effectively backfill structures detection matériair(:°8 compounds).

The benefit of hBN as a neutron detector is the combination of the neutron conversion
and charge collectiom the same volum@-igure2.2). Because of this, hBN detectors may
achieve high detector efficiencies, theoreticaliyproachind 00%with crystal thickness up to
Imm, as simul ated by Y adfbAddii&nally, hnBNhassevdvbh st er 0 s
properties which make it suitable as a saligte neutron detector, includielements with low
atomic numbers resulting in high gamma ray discrimination, and a high dielectric strength
capable of supporting a high bias voltage which improves charge collet¢fio®pme success
has been demonstrated with fabrication of devices from pyrolytic BN, both by McGtegjor
[48] and Liet. al[49]. The study by McGregaat al[48] reporteda neutron response,
independent athe gamma signalpbservedver the background noisdowever, the full
neutron interaction spectm expected fol°B was notresolvedjikely dueto low device
efficiency from poor charge collection caused by the small grain size and high dislocation
densities in pBNThe study by Liet al[49] reported anncrease in device currenhder the
presence of thermal neutrons; however, they did not provide a count spectrum or compare this to
a gammeonly condition, making it difficult to conclusively conclude that the device was
reacting to neutronsBulk hBN ctystals areanticipatedo haveimproved charge carrier
properties and reduced density of trapping stagslting fromtheir highly ordered structure and

larger grain size.



Incident
neutron

Figure 2.2: Simple schematicof a planar hBN neutron detector. Incident neutrons penetrate the thin metal
contact layer, are captured in the crystal bulk and cause the generation of a large amount of electrbale

pairs, which are collected by an applied voltage.

2.3.2hBNfor 2-D Heterostuctures
hBN has been proposed as a substrate for atomit@éh\2-D materials, particularly

graphene, due to its planar structure, wide bandgap and its ability to form a flat, insulating and
inert surface13]. Graphene has recently attracted much attention and lsasdyl onts unique
mechanical and electrical properties, such as its high mechanical strength and stiffness and very
high electrichand thermal conductivityd0-54]. However, its planar natucausests electrical
transporfpropertiedo besubstratedependentthe highest roortemperature electron mobility
for graphene supported by any material was on hBN single crystals (140,000 &1). The
electron mobility of graphene from the same sourcegulan SiQwas nearly 2.5 times lower
[55]. The high value of room temperature electron mobility for graphene on hBN is near to that
of suspended grapheralowing for high mobility graphene devices with less architectural

limitations [13,55-59).
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hBN substratefor graphene and other2 materialshave been prepared using CVD
grown thin films or exfoliating layers from bulk crystals3[55-60]. hBN layersexfoliated from
bulk crystals havéhe highestelectron mobility in graphene on hBN, superior to that of EVD
grown hBN layers due to larger grain size and lower surface rouglwssver, CVDgrown
hBN may becme a route to producing large area hBN substrates if optimal growth conditions
can be determined, particularly if graphene layers can be grown directly on top hBN by CVD

[18-19]

Beyond simplysupportinggraphen@n hBN for mobility measurement$eterostructures
composed of stacked layers of hBiMaphene and other2 materials have been investigated to
synthesize novel devicéd/ang et al. 1] demonstrated a simple graphene fieftect transistor
(GFET) composed of an hBNAvayer graphene/hBN structure, with hBN acting as both the
substrate and gate dielectritis device performed with superior electron mobility and carrier
velocities than a conventional GFET on a Ss0bstrate and AD3 gate dieletric and
demonstrated an hBN/graphene higtguency transistoMany more novel designs leveraging
the compatibility of hBN and graphene have been demonstrated in recent literature, including a
high-frequency graphene transistor for RF applicati@# an hBN-supported thin graphene
interconnect replacement for Cu-ohip wiring [63] and a process for developing monolayer
circuits consisting of selectively grown strips of hBN and graphéieds well as several other
devices §5-70]. Due to the large number of new2materials being discovered and
investigated, verticalhgtacked heterostructure devices can be fabricated to create designer

optoelectronic devices for an enormous range of potential applications
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2.3.3hBN Deep UMLEDs

While much of the focus of recent research on hBN has been for itipbtse as a
substrate for graphene, hBN has also received attention for its optical projheéé&esher
group lll-nitride semiconductors, such as AIN and GaN, hBN is notable for itsdigitting
properties §]. hBN issimilar to otheidll -V compoundssuch as AlINin its wide bandgap energy
(5.8 eV),resulting in bangedgelight emissiomear 215 nm in the deep ukvelet (DUV)
spectrum upon excitatiofrI]. Cathodoluminescence spectra for hBN crystals grown by
Watanabeet al[72] show an intense DUV peak at 215 nm, produced by both high pressure (Ba
BN flux) and atmospheric pressure {8 flux) conditions Additionally, hBNsingle crystals
canhave significantly higher luminescence intensity compared to other wide bandga@isa
compared tAIN, hBN has intensitieS00x higheratlow temperature (10K) and 100x higtsgr

room temperaturer].

There are several potentggbplications for high efficiency solid state DUV lasers or
LEDs, including medical or water sterilization systems or as a-tas€eler in the next generation
of optical mediaT4-75]. Conventional light sources in the DUV range are typically mercury,
argon or excimer gadischarge lamps, which are bulky, unstablegrgyintensive,shortlived
and potentially toxic in event of containment failuré-/6]. Development of a compact LED or
laserhBN devicewould allow for a safe, energgfficient DUV light source without the issues

associated with these conventional lamps.

Implementation of hBN LED devicesquiresmprovedhBN crystal qualityand gain
size, in order to maximize bamgtige luminescence intensity, as well as allow for device
fabrication and handlindghew cathodoluminescee andphotoluminescence studieshBN

band propertieare neededs its behavior as either a direct or inditemtidgap semiconductor
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remaingn dispute Y1-77]. Analysis of high purity, defedree hBN crystals will enable these

debates to be resolved.

2.3.4hBN Nanophotonic Devices
hBN is an exciting new2-D nanophotonic metamaterial, along with graphene, MoS
transition metal dichalcogenides and other neldvdaterials 78]. Using single or few layers of
these materiaJotentially incomposite layeretieterstructure (as discussed iBection2.3.2),
these materials allow fatrongly enhanced lighhatter interactionand may enable new types

of optoelectonic sensors and devices.

hBN is also notableot only as a <D dielectric for these materialsut also for its own
specific nanophotonic applicatiorisdisplays hyperbolt optical responselue to its highly
anisotropic structure/B]. This means thahereal permittivity abouits orthogonatrystal
planes have opposite signs,tkat it shows both metallic and dielectric optical behavior
simultaneously§0]. Suchbehavioris of interestfor a wide array of potential applications, such
assuperresolution imaging (ultramicroscopy) and quantum nanophotonics in thtRmahge
[79-80] Additionally, hBNis also notable for itsupportof phononpolaritons which are
collective modes originating frothe coupling of photonith optical phonons in polar crystals
[80]. The propagationf surface phonoipolaritonwavesin few-layer hBNwas demonstrated by
Dai et al[82]. This study provethatphonm-polaiton wavelength and confinemewias
dependent on the number of hBN lageallowing for tunable device§he combination of these
two propertiesallows for the propagation of hyperbolic phorawiaritons in hBNwhich allow
for many neatfield optical applications, such as sdiffractional focusing and very large

effective refractive indice@ip to 86)[83-84).
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Chapter3-Ex peri ment al Met hodol

This chaptediscusseshe theory of the NCr flux growth process, as well as the major
experimental and analytical techniques ugitizy this study. A detailed description is provided
of the furnace equipment and materihist wasused for the hBN growth. Methods for crystal
extraction and transfer are also discussed. Finally, the most significant microscopy and
spectroscopy technigs used for hBN crystal analysis are discussed, including both their

previous applications in literature and their implementations in this work.

3.1 Ni-Cr Flux Growth Method

Growth of hexagonal boron nitride crystals presents a unique challenge, compared to
other semiconductor materials such as siliooil-V materials(GaAsor GaN), as BN does not
readily form liquid or vapor phase at reasonable temperatures and preshigsibits typical
meltbasedcrystal growth techniques, like the Czochralski psgoar other methods like

sublimationrecondensation growtnd forces more complex methods to be pur§6&&-86).

Unlike many semiconductor materials, boron nitride does not follow common phase
transitions, such as melting into a liquid phase at elevated temperatures. Inat@adittide
incongruenly decomposes to solid or liquid boron ang dF sublimedrom hBN to a vapor state
at high temperatures and low pressudepending on its environmetike carbon, BN
transitions from the hexagonal phase to a cubic phase at high temperatures anesbigle 8-
10]. To work aroundhese problematiphaseransitionproblems, researchers investigated
solutionbasedyrowthtechniquess an alternative to conventional techniques to produce hBN
single crystalssuch as the flux methqd,22-31]. In this method, liquidsolid equilibrium is

achieved by dissolvinBN sourcematerial in a secondary flugr solvent. This flux is heated to
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supersaturate the source mateaal] theris cooled tgprecipitate thelesired crystals on the

cooling flux surface

To form crystals, BN powdas dissolvedn a molten metal or metalloitix. Several
solutionshave been investigated in literatuaenang these, the nickddased solutions have
producedhe best resultfl,29-31]. Taniguchi R9-30] originally selected a nickel solvent for
production of cubic boron nitride (cBN) using a high pressure synthesis method, but eventually
adapted the process for lower presgrmvth ofhBN [31]. The Ni fluxwas replaceavith a Ni-

Cr eutectic mixture to improve nitrogen solubility and was fully adapted to allow for growth of
hBN at atmospheric pressures under nitrodesi]. This atmospheric pressure operation is vital
for the viability of this method, as it greatly reduces the cost and matensnds for the

growth temperatures required for this method

Operating parameters for hBN growth using@\iflux were established based on work
performed by Ben Clubinen hi s Ma st e370For hi§ éxpesments, usimg akpair[of
vertical graphite and tungsten resistivblyated furnace, he found that larg&N crystalflakes
(up to 5 mm in widthrouldbe formed using dwell temperatufesm 1450°C to 1700C, dwell
times of 24to 48hours.These crystals were characterized bay diffraction (XRD) and
Raman spectroscopy émalyzethe quality, phase and straintbe hBNcrystals.Their XRD
patternexhibited strong, narrow peaks for @©2), (004), and (006) planes, corresponding to
stacked basal planes in theélicectiory however,some peaks consistent with Rbasal planes in
hBN, such as th€100)(101) and (102) peaks, weatsopresent in the spectrsuggesting the
presence ointer-crystalline grain boundaries apdlycrystalline hBNwithin the samplef87-

88]. Ramanrspectra of th&BN crystas showedsingle peak at 1366 cicorrespondingo the

Ezg vibration mode of hBN§9], with measured FWHM, 8.0 ct Thiswas one of the narrowest

15



peaks observed for hBN single crystals, compared to values of 9.feported by Watanalet
al [31]. The presence of a single narrow peak confirms that these crystals exhibited low stress
and high purityi(e. no cubic BN) and was indicative of the quality of the crystals grown by this

metal flux growth process.

3.2 Furnace Equipment

The horizontal flux growth methgghursued in thishesisarebased on the worsf
Kubotaet al[1,30-31]. In this process, hBN crystals are precipitated frorCNflux whichis
containedn a hotpressed boron nitride (HPBN) bpahown inFigure3.1. Functionally, this
HPBN boat serveasboththecruciblefor the flux and the BN source materialring the growth

process

Figure 3.1: Optical micrograph of nickel and chromium powderloaded into a hotpressed BN boain

preparation of ingot formation for hBN growth.

Two furnace systemasere utilized for hBNlux growthover the course of my research
The first system was@M Furnace 1600 series singleeatingzone horizontal tube furnace
referred hereto alshet hsey sit@Mn fwiarsn aecqeud pped t o ha
with a hot zone approximatejinchesin lengthandanupper operating limit of 1600 °This

furnace vas used in preliminary studies for flux growth, as well as implementation of the
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response surface methodology (RSM) study of the flux process parameteTéigasecond

furnace adapted for hBN flux gromttas a Mellen Company TI® series four heatingzore

(three hot, one coldhorizontal tube furnace ef er r ed her et o .dtsvast he f Mel
equipped to handle2 . 5 oalu@iBa tubewith a total hot zone of apprx i ma t ,@idyasl 8 O

also capable of operating up to 1600T@is system was used $galeup the flux growth

process t@larger NiCr ingotmass as well as investigate productistyle growthrefinement
techniquesEach of these systemsedU-shapedSuper Kantbl MoSi> heating elements, with

temperature measured by Type B thermocauptesitioned within the hot zones of each furnace.

These two furnace systerase shown below ifigure3.2.

CM Furnace System Mellen Furnace System

Figure 3.2: Micrographs showing (top-left) CM furnace system with sealed alumina tube, (bottorheft) wide-
angle view showingCM furnace power supply and control system, (togight) Mellen furnace system with

sealed alumina tube and (bottorrright) Mellen furnace gas and temperature control system
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These furnacewere operateth a similar fashionbut with a differentsizeof alumina
tubes and differently shaped HPBN bo&seats for theCM furnacesystem were machined from
a 1.1250 di amet er boatdf@ thevéllenrfughacBMe rreo ds,h awheidl & r onm
6 0x62% BN .[gheantohised shapes for these boats are shown bekiguire3.3.
Source metals were weighedt@n a 51 wt% Cr basis, thoroughly mixed and placed into the
center of the bottom BlNoat The top and bottom boat were then stacked@amtked intahe

alumina tube installed in each respective furnace.

1 inches 1 inches

Figure 3.3: Optical micrographs of boats used for hBN crystal growth, machined from hepressed boron
nitride (HPBN) (a) for the CM furnace system and (b) for theMellen furnace system.

After centering théoat in thefurnace hot zog the alumina tubes were sealed using
quick-connect fittings, whicttonnectedhe furnace tube to the rest of the vaclamd gas flow
system Both N2 and(in the Mellen systeforming gag5% H in Ar balance wasfed into the
tube using a mass flow cwaller and pneumatic valvier each gas streaon the upstream side
of the tubeTube pressurevascontrolled by downstream rough and butterfly valves,
alternatively feeding to a vacuum pumgring gas purging cycles to the fume hood exhaust

during high temperature operatidrube pressure waseasured using a pressure transdtaer
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high pressures ¢1000 torr)and thermocouple gauder low pressures)(0011 torr), mounted

at a Fjunction near the upstream end of the alumina tDibeing aystal growth, gositive
pressuravas maintainedo prevent oxygen backflow during crystal growth at high tempesature
Diagrams of the vacuum and gas flow systems for the CMVimtien furnacs are illustrateah

Figure3.4 andFigure3.5.
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Figure 3.4: Generalized £hematic of CM furnace and gasflow/vacuum systemof hBN flux growth.
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Figure 3.5: Generalized £hematic ofMellen furnace and gasflow/vacuum systemof hBN flux growth.
3.3 ExperimentalMaterials

The materials of primary imptance for this study were the nickel and chromium metal
used for the flux, the gas flowed through the furrdw@mberand the HPBN boatsontaining
the molten metalddeally, crystal growth is performedth high purity materials, with particular
focus bward the elimination of oxygen and carbon impurities, which can act as trapping sites
and limit the formation of large crystals. This section enumerates the matéitiz¢sl for

experimentation and their quality, in terms of size, form and specifiéty.pur
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Multiple sources of nickel and chromium wéestedn the experimerst powder and
bulk forms of both metalarereemployed These metals sourcesrepurchasedrom Alfa
Aesar andare listed inTable3.1, listing the materials, morphology (powdetg), purity and

which furnace thgwere used for.

Table 3.1: List of standard nickel and chromium source materials used in CM and Mellen furnace

experiments

Material Particle size/mesh| Purity (metals Basis|] Vendor | Furnace
Nickel powder -50+100 mesh 99.7% Alfa Aesar| CM
Chromium powder -100 mesh 99% Alfa Aesar| CM
Nickel shot 2-25 mm 99.95% Alfa Aesar| Mellen
Chromium pieces 2-12 mm 99.2% Alfa Aesar| Mellen

Bulk metalswereemployedfor theMellen furnaceexperiment, as the larger boat enabled
their use while CM furnaceboats were too small to hold the Ni shot and Cr pieces. These bulk
materials were of slightly higher purity, due to their lower surface @eggenand carbon
impurity concentrationfor the metal powderand resulting NiCr ingotswere assessed using

LECO elemental analysisisted below inTable3.2.
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Table 3.2: LECO analysis of carbon and oxygen impurity concentratiorfor Alfa Aesar Ni and Cr powders

(listed above inTable 3.1) and resulting Ni-Cr ingots

Carbon Oxygen
Analyzed Sample Concentration Concentration Particle Size/Mesh
(ppm) (Ppm)
Alfa Aesar Nickel 120 3200 -50+100 mesh
powder
Alfg Aesar 180 >10 -100 mesh
Chromium powder
Alfa Aesar Powder >100 >30 N/A
Ni-Cr Ingot

In addition to standard NCr flux growth, growth of isotopically enriched hBN was
investigated in this study. To achieve thfg and*'B enriched metal powder was incorporated
with nickel and chromium sources to form a®l-B alloy. Two Ni-Cr-B alloy samples each
with composition of 46.76 wt.% Cr, 41.47 wt.% Ni and 11.78 wt%&/&e prepared by Ames
Laboratories using triple armelting on a watecooled copper hearth plate undaraagon
environment. Source materials for the @l B alloy consisted 099.998% purity electron beam
melted nickel, 99.997% purity chromium, and two sources of enriched 99.999% purity boron
from Ceradyne with isotope concentrations of 99.99 &B/and 92.64 at.%°B, respectively.

The Ni and Cr source materials had low carland oxygen impurity concentrations; <75ppm

and <35 ppm respectively, measured by glow discharge mass spectroscopy. These boron source
materialswvere usedor the high temperature synthesis and crystallization of hBN enrichéd in
and'%B isotopesgrown in alumina boatsAn additional highly enrichet’B powder source

(>99%1%B) was obtained from Ceradyoeystal growth ohighly enrichech'®BN. This powder

was mixed with the standard Ni and Cr source materials kdiede Table3.1 andTable3.2) to

form a NiCr-B flux, also grown in alumina boats.
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Theeffectof oxygenand carbon impurities on the hBN growth proossse evaluated
with alternativenickel and chromium sources from ESPI Metals and Alfa A&satails of these
materialsare listed below iTable3.3. hBN was growth in the Mellen furnace system using
thesehigh purity metad (@along withforming gag to minimize oxygen and carbon impurities and

producehigh purity hBN crystals.

Table 3.3: List of alternative nickel and chromium source materials used in hBN growth experiments

Particle Purity Carbon Oxygen
Material Vendor Smh (metals Concentration Concentration
= basis) (ppm) (ppm)
Nickel ESPI \ o
powder Metals o®dp 3 99.995% 660 970
Chromium ESPI 2-5 mm 99.999% 15 220
powder Metals
Nickel Alfa Aesar| -100 mesh| 99.999% <100 N/A
powder
Chromium | \ic2 Aesar|  2-3 mm 99.995% N/A N/A
pieces

High purity process gases weaso employedor crystalgrowth tominimize the
impurity incorporation The ritrogen and forming gas were supplied by Mathesofgasi
Matheson Ultra High Purity gradexlgdas (99.999% purityadless than 2pproxygen, 2ppm
carbon and 0.5 ppm total hydrocarkmmcentrationForming gasmade up of 5% Hin argon,
was used as an additive gasibto 4ratio with N> in theMellen furnacesystem taeduce
oxygen and carbon impurities present from metal and HPBN sources during furnace operation.
Pure argon gas (99.9999%) was also usedaioepbf N for limited experiments investigating

performance of hBN growth in a low nitrogen environment.

Hot-pressed boron nitridaoatsserved both as the container for the flux and the BN

source materiaHHBC-grade HPBN in both rod and plate form wer¢aiieed from Momentive
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and were machined to form the boats showrRigure3.3. This grade of HPBN was isothermally
pressed and formealithout the use of oxide bindei® minimize carbon and oxygen impurities.
Its impurity concentratioawereless than 1000 ppm carbon and 4000 ppm oxygas reported

by the manufacturer

The duminatubes and boatssed in the experiments were obtained from two providers,
Coorstek and McDanel Advanced Ceramic Technologikslumina tubes and boats were
99.8% dense cast alumina and were capable of withstanding the temperatures and environments
of the hBN flux growth process without degradation. Tubes were replaced approximately every
3-6 months and were subject to slight warping and red discoloration of the interior of the tube, as

well as some embedding of {0ir metalfrom evaporatiorover time.

3.4 Ni-Cr Flux Growth Process

The hBN NiCr flux growth process watividedinto two stages: an initial ingot
formation cycle(used in most latter experiments)d a main experiment cycls themetal
source material@xcluding the préormed enriched NCr-B alloys)were seprate nickel and
chromium aningot formationcycle wasperformed sdahat the metals could melt, mix and wet
the HPBN boat to form a homogenous®iingot saturated in B\Ni and Crmaterials were
weighed and loaded intbe HBN boat on a 51wt% Cr basasd weltmixed TheCM and

Mellen furnaceexperimentsvereapproximatelyl5g and 75g, respectively

Following this, the loadedoatwas cergredinto thehot zoneof the furnace tube and the
system was sealed. The tube was #eacuate@nd backfilled with N> (and forming gasthree
times tosweep out and displaemy residual oxygen and other gas contaminargsent in the
tube On the third backfill, theubepressuravasincreasedo and maintained &50torr, by

closing the rough valve to the pump and controlling the pressure through a butterfly valve which
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vented to the hood exhau$he furnacevas heatetb 1500°C and held fdk2 hours then
guenchedo backambient temperatura 200 °C/hrThis processeaulted in the formation of a
slightly rounded, shiny NCr ingot saturated in BNn addition, during this stesidual
impuritiesmigratedto the outer metal surfacéfter the cyclecompletedthe ingotwas removed
from the system, reveighed and documéed It was then polished to remove these precipitated
impurities as well ahBN nuclei from the surface in preparation for the main experimental

cycle. An example of the resulting polished®liingot is shown below iRigure3.6.

Figure 3.6: Optical micrograph of Ni-Cr ingot after ingot formation cycle and polishing of precipitated
impurities

After completingthe ingotformation cycleand polishing othe NiCr ingot andHPBN
boat, the main cycle experimemasperformed.This procesbegnwith the weighing of boat
and ingot After thesewererecorded, the ingot and bo&ere again centered and sealed int th
hot zoneof the furnace tubend the same triplicate evacuatibackfill cycleenumerated before
wasperformed to remove oxygen impurities from the systeotiowing this, tube pressureas

established and maintained8&i0 torr,andthe furnacevasengaged in a set of four stages:
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heating, dwelhg, cooling and quenchingithin these four stages, there are five process

variables that can be tuned to control crystal growth: (1) dwell temperature, (2) dwell time, (3)

cooling rate, (4) cooling temperaguand (5) quench ratEigure3.7 illustrates these furnace

stages and process variahleshe hBN growth process
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Figure 3.7: Diagram of furnace temperature profile during main cycle experiarhprocess variables thagre

controlled.

The crystal growtlprocess begay rapidy heating thdurnace at 200C/hr to the dwell

temperaturelt was henheld atthe dwell temperatur®r a specifiediwell time.These first two

stages allowdthe NiCr ingot tomeltandre-wet theHPBN boat, saturating the metal with BN

at the dwell temperatui@nd allowing time for mixingNext, the furnacevasslowly cooled at a

fixed coolingrate In this stage, the driving force for hBiystalnucleaton was the reduction of

BN solubility with the cooling NICr solution, causing hBN crystals to precipitate on the top and
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sides of the fluxhBN crystals continued tgrow on the molten NCr as it slowly solidified.

Once the mixture reaedthespecifiedcooling temperature, the furnasasquenched at 160

200 °C/hrto bring thetubeto ambient temperaturginally, theHPBN boat and metal ingatas
removed from théurnacetube Samples were weighed again following the experiment to ensure
that there was no major mass lost during the Ausmall amount of mass aglost (>5%) during
mostmain cycle runs due to evaporation of the Ni and Cr at high tempe(atdg00C, Pyap is

0.91 Pa for Ni2.06x10* Pa for Cr).

3.5 Crystal Transfer Methods
Following the hBN flux growth process, crystalsreformed on the surface of the
cooled NiCr ingot. However, performing analysis of crystals while on the metal swizse
difficult; therefore itwasnecessary to obtain freestanding crystals or transfer crystals onto a
suitable handle substrate. Due to the high chemical stability of tke Blioy, itwas impractical
to etch he metal away from the crystals. Instead, the mechasoftmess and planar structure of
the hBN was used as an advantage to allow for the dry transfer of crystals using thermal release

tape.

Revalpha Thermal Release Tapgth 120°C and 150°C release temperature was
obtained from Nitto Denko. hBN crystals keeransferred by a method adapted from Caldetell
at[90Q] for the dry transfer of epitaxial grapheérst, the release tape was cut down to a suitable
size, typically a 1chsquare. The NCr ingot was cleaned by sonication in acetone and allowed
to dry to remove any dust or particulates from the crystal surface.ddy)dberelease tape was

contacted with the hBN crystals, and light manual pressasappliedfor approximately one

L http://www.nitto.com/us/en/products/group/e_parts/electronic/001/
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minuteto provide a good taperystal interface. The tape wdeeh slowly peeled from the

surface, causing the hBN crystal to cleave about the basal plane and be removed with the tape.
Finally, the crystatape complex was brought into contact with an arbitrary handle substrate

Manual pressure was used to ensureagubstraterystal interface, and then the tapgstat

substrate complex was placed substrate side down onto a hot plate and heated to the tape release
temperature. This caused the tape adhesive to release and the tape backing to peel away,
transferringhe hBN crystals on the handle substrate. lllustration of this transfer pescess|

ashBN crystals transferred onto g&ahandle substrate is showrFigure 3.8(a) and (b),

respectively. Alternatively, frestanding crystal flakes were obtained by following the above
process, but washing crystals free of the release tape adhesive using acetone instead of bringing

the flakes in contact with a handle substrate.

Figure 3.8: Optical micrograph showing (a) mechanical extraction of hBN crystals from the ingot surface
using thermal release tape and (b) hBN crystals transferred onto glass substrate using thermal releaggeta

process
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Handle substrates for crystal transfer were chosen on the basis of the analysis techniques
being utilized includingglass, quartz, sapphire and silic@ine tickness of hBN crystal layers

transferred by this method was measured on th

3.6 Analysis Techniques

ThehBN crystals grown by this studyere characterizea number of analytical
techniques t@valuatetheir physical, chemical and electrical propesti&his section enumates
briefly on the theory and implementation of the mamalyticaltechniques, including optical,
electron and atomic force microscopysay diffraction, Raman and luminescence spectroscopy

anddefectselective etching

3.6.10ptical Microscopy
The most pretical and importananalytical techniquemployedn this studywas optical
microscopy. Using this techniquiaewidth, thickness and qualityf the crystafgrownby the
flux processvasevaluatedasincreasing crystal grain size is important to allowdasier device
fabrication. Additionally, the thickness of grains formed is important, as increasing crystal
thicknessshould increasthe neutrorabsorptiorfor hBN neutron detectors. An ideal crystal

grain for a neutron detector would be over Immvaded 200em t hi ck.

The primary optical microscopeilized for analysis in this work was a Nikon LV100
series scope with magnification range from 50x up to 1000x. This system was equipped with an
image capture system, allowing for the production and anai¥/sigtical micrographs.
Additionally, this system was also equipped with a Nomarski prism for differemiaference
contrast microscopy at higher magnification (5A@00x) to enhance small textural features of

samples. In addition to this microscopestereoscope system with image acquisition was also
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used for the analysis of larger samples at lower magnificaftlua.system supported only
standard optical microscopy setup up to approximately 50x magnific@tpiital micrographs

of these two systas are pictured below iRigure3.9 andFigure3.10.
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Figure 3.9: Labeled imageof Nikon LV100 optical microscopy used forsample analysis and image capture.
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Figure 3.10: Labeled Image of Stereomicroscope system used for sample analysis and image capture.
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Crystalswereimagedwhile still on the NiCr metal surfaceafterremovalfrom the
surface on release tape, as welhfisrtransfer onto a handle substrate or fs&ending. Crystals
still on the metal surface were typically imageth the stereoscope system. Otherwise, the
Nikon system wapreferred dueo its higher magnification and improved image capture

capabilities.

3.6.2Electron Microscopy
In addition to optical microscopy, higlesolution electron microscopy techniques were
employedfor analysis of crystal microstructure features, most prominently scanning electron
microscopy (SEM). In SEMa beam of electrons, typically with energies between 1 and 30 keV,
is focused onto saample 9§1-92]. Electrons emitted from the sample are then collected and
analyzed to form an imagBue to the short electron waeelgth, SEM has superior resolution

compared to optical microscopy.

The resulting electrorfsom the primary beam interacting with the samgole made up of
two types: secondary electrons (SE) and backscattered electrons (BSE). Secondary wiéttrons
enegies below 50 eVaretypically produced through multiple collisions of the primary beam
with the sample, while backscattered electrons have much higher erfebgle=/) due to
primary electrons scattering off the sample after only a few colisidreproduction of these
types of electrons is a function of atomic number (Z) in the sample matediahe ratio of these

electrons can provide contrast in the resulting image.

In addition to imaging information provided by SEs and BSEs, analytimalmaion can
be extracted from the samgtem other sample interaction with the primary beam, such as
characteristic xays. The energies of theseays can banalyzedo determinghe elemental

composition of samples, through techniques such as edesggsive xray spectroscopy
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(EDS). An illustration of the information that can be extracted from SEM is shown below in

Figure3.11
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Figure 3.11: Generalized diagram ofSEM operation. Primary electron beam is focused onto sample,
producing backscattered and secondary electrons;pays, cathodoluminescence and other emissions which

are collected via various detectors.

The SEMsystens utilized for this workwerethe FEI Nova NanoSEM 43@at Kansas
State Universityand a FEI Versa3Dual BeamSEM/FIB at the University of Kansas
Microscopy and Analytical Imaging (MAI) Laboratoryypical accelerating voltagesailable
for thesesystens Operationrangeal from 1-30 kV, with anachievablaninimum beam sizef 0.8
nm at 30 kV Detectors used for imagingcluded the standarcdeverhartThornley detector

(ETD) and Through Lens detector (TLR)s well as the low voltaghigh contrat vCD detector.
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Both systems were also equipped with energy dispersiag gpectroscopy (EDS) detector
systems, allowing for elemental characterization by the SEM system by analysis of characteristic

X-rays.

Because hBNsian electrical insulatocharging ofthe crystals was a major problem
which could distorthe SEM imageTo minimize these charging effects, samples weeted
with a thin metal layer (10nm Au/Pd) before SEM analysis. This metal coating allowed for

imaging of samples without charging artifs.

3.6.3Atomic Force Microscopy
Thesurface roughness atmpographyof the hBN crystals was analyzed by atomic force
microscopy (AFM) with resolution down to the nanometer sc8l@.[This technique uses a
force probe, consisting of a cantilever and tip, paired with a focused laser and photodiode to
evaluate surface height of a sample cause by measuring the upward or downward bending of
cantilever.Thesampleis probel across a specified area, producinga ®pological map of the

its surface.
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Laser Source Photodiode

Tip response is measured
by shift of laser reflection
onto photodiode

Figure 3.12 Schematic illustration of core components of AFM cantilever and tip with holder, focused laser

beam, photodiodedetector. Tip response is actively probed by the reflected laser onto the photodiode.

Due to its 2D nature, hBNcrystalshave exceptionally low surface roughness,
approaching an atomicalmooth surface. This phenomenon has been characterized in work
investigatindhBN as a dielectric for ultrahigh mobility graphed@][and graphene transistors
[61] , with RMS surface roughness v a%laeas.sAFMis | ow
can alseevaluate the-plane lattice parameter in hBN samples by measuring height difference of

a single monolayer step.

AFM analysis performed in this study was done courtesy of Dr. Neelam Khan of Georgia
GwinnettCollegeDepartment of Physics. Bulk hBN crystals were transferred onto suitable
hardle substrates (quartz) for analysis of surface roughness. Samples were measured-in contact

mode using Innova AFMystemand MSCT cantilevers.
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3.6.4X-ray Diffraction
X-ray diffraction (XRD) is an analytical technique which relies on Bragg diffraction of x
raysto characterize crystalline materials. Bragg diffraction occurs due to coherent and incoherent
scattering of xrays (or other particles.e. neutrons or electrongassing through a crystal lattice

at specific angles and wavelength and is described ly ra s | a w:

€ _ Qi Q¢ Equation 1

wheren is an integerads the wavelength of the incident wawdas the lattice spacing artbis
the angle between the incident wave and the lattice p&&heAn illustration of Bragg scattering

is given inFigure3.13,

Figure 3.13 Visual representation of Bragg diffraction. Parallel lines show crystalline planes, while dots

represent atoms. Scattering angle is a function of-dpacing and incidentxr ay wavel ength (&) .

XRD patternshave beenemployedextensively inpowder and pyrolytic BN materials, to
reveal their respective degrees of ordet, B7-88,96]. Due to the hexagonal stacked nature of
the material, the (002), (004) and (006) peaks dominate theapaitier peaks, such as the

(100), (101) and (102), are much less inteResv spectra have been reported for bulk crystals,
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due tothedifficulty of production and small size of these samples. Kubbtd[31] did report
XRD patternfor crystals grown using a NWo flux method, similar to the one pursued in this
study, after crushing the crystals into a fpwvder Thispatternwas dominated by th@02)

peaks and its reflections, although many minor peaks were identifiable.

X-ray diffraction measuremenpsovidedquantitative information about thel3 ordering
and presence of stacking faulp¢ane slippingandpolycrystallinity within samplesThese
measurementsereperformed using a Rigaku Miniflex 1l powderpay diffractometervith Cu
KWX-ray sour ce ( pictured ifFigureé3.445The sgstain was capable of
performingc oupl ed d/ 2d scans with either a fixed
the system was from 5A t o 1510Mnt¢ D/ mnTowi t h a
allow for scans to be complete with low noise in a reasonable time and without oversaturation of
the detector, most scans were performed from@00C at a scanning speed of2t/min
Measurements were performed either on hBN clystansferred onto glass or exfoliated onto

release tape.

Sample
Holder and
. Goniometer
Receiving
Slit
Cu X-ray
Source
. N.al Divergence
Scintillator Slit
X-ray
Detector

Figure 3.14: Labeled image ofthe interior of Rigaku Miniflex || powder x -ray diffractometer
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The ll width at half maximum (FWHM) of the (002) des a relevanfigure of merit
for assessing the quality bBN bulk crystalsas its increase correlates to the presence of
stacking faults, dislocations and otheret#$present in the crystaBf]. However, this
measurement does not provide information on turbostratic dist¢indaotational misalignment
of stacked basglanes in the [001] directioim the samplesTherefore, minopeaks, notablyhe
(100), (101) and (102), are of interest to quantify the degree of this turbostratic disorder in

crystals.

3.6.5Raman Spectroscopy
Raman spectroscopy a form of vibrational spectroscopy thatlizes inelastic scattering

of a monochromatiadght source as its principle mechanism for identifying vibrational modes in
compound497]. The resulting spectra ca+lestbcéveused as
identification on the physical properties of the material due to peak location, intensity and width.
In crystalline materials, Raman spectra can be used to infer details on the presence of structural
defects, identified by peak broadening, and oasstin the crystal lattice, which can shift the
peak position several wavenumbg9d8]. The primary Ramaactive mode in hBN occurs near
13641370 cm', determinedxperimentally by measuremestt pyrolytic BN [89,99]. This
vibrationd mode is the & phonon mode due toplane vibration of the 8N bond, similar to

that observed in graphite.

Raman spectroscopy has been used successfully to analylsyéwBN, as the peak
position shifts between mono and midtyer samples, with he A bul ko peak occur
approximately 1366 crhand the monolayer peak occurring at 1369'¢8#]. Few studies have
been published that anablyRaman effects across bulk single crystal hBN due to their limited

size and production. Kubotd al[31] reported a single Raman peak at 1365 evith a FWHM
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of 9.0cm? for an hBN bulk crystal grown using a-Nlo flux growth processThis measurement
can serve as a benchmark for peak position and FWHM for single crystal bulk hBN standards.
Comparativelythe Ramarmpeak FWHM for pyrolytic BN filmsare on the order of 30 chas

reported by Geick and Perr§qg).

Raman spectroscopy in this study velsen witha custom built systenepurtesy of Dr.
Bret Flanders at the Daepgment of Physics at Kansas Stdtbe systenused a Nd:YAG
frequencydoubled 5321m laser source focused through a microscope and collected through a
Horiba analyzer. This allowed focusing of the |lasethe samie upto 1000x magnification.
TheRaman shiftvas calibratedising a Si standard based on its characteristic peak at 520 cm
[100. Additional measurements wererfe@med by Dr. Josh Caldwell and associates at the U.S.

Naval Research Laboratories.

3.6.6Photoluminescenc8pectroscopy

Photoluminescence (PL) spectroscopg t®ntactless, nedestructiveoptical analytical
techniqueused in semiconductor materigdsprobether electronic structure and photoexcitation
processesl0]]. This method operates by exciting a material wght at energiesabove its
bandgap, then observing the resulting photoemissions from the material as it relaxed to the
ground stateA similar technique, cathodoluminescence (CL) spectroscopy, relies on similar
principles but usekigh-energyfree electrons for excitatiafften within anSEM system [107).
Through tlese methodsspectra can be analyzed for the presence of impurities, dopants,
structural defects and other trappinatss, as well as investigate band strucfliéd-102].
Additional informationmay begainedby performing studies at low temperature or through-ime

resolved spectroscopy techniques.
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Forbulk hBN, PL and CL spectra have been repomeskveral studies by Watanabie
al for crystals grown usinga-BN [71-72] and NiMo [3]] fluxes. These spectevaluateroom
temperaturdandedge luminescence at approximately7 eV (215 nm wavelengthj1].
Through intrinsic fundamental absorption spectra analysis, Watahabdeterminedhe
experimental bandgap of hBN crystals to be 5.971 eV, wiype exciton structure
characteristic of a direddandgap material’fl]. This bandgap measurement and structure has

been disputed, however, with other studies reporting an indirect bandgap at 5.95h eV |

In addition to this main peak near 5.8 eV, luminescence spectra show several additional
peaks. The first grouping of these occurs just below the main luminegueaicéom 5.8eVi
5.4 eV) and correspads to boundexciton statesttributedto stacking dislocationslP3], Frenkel
excitons [L04 and donotacceptor pair recombinatig@05. A second grouping of midand
states at approximatedy5 e\t 4 eVwasoriginally attributed to the presence of carbon and
oxygen impurities within crystalg[l], but recent study of-B hBN defect structure suggests
thesemay alsacorrelate to the presence of nitrogen vacancies andisstiefects within the

crystal latticg/104).

For the purpose of this study, PL spectexewused as a method to evaluate the quality of
grown hBN crystals, both by peak intensity and width of the main luminescenceqseak 8
eV (215 nm) as well as the presence of peak correlating to impurities and d&feots.
temperature (300K) spectneerecollectedcourtesy oDr. Hongxing Jiang and Dr. Jingyu Lin of
the Texas Tech University Nanophotonics Center, usidgegJV laser spectroscopy system

consisting of a Ti/sapphire laser wigikcitationenergyof 6.2 eV.
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3.6.7DefectSelective Etching
Defectselective etching (DSE) is a method to exantivedefect structuranddefect

densityof hBN crystals In this technique, samples are etched at controlled conditions to produce
etch pits propagating from defect sites within the matéPr@vious &hing studies revealed that
typical aqueous solutiebased etching techniques at moderate temperdit8§°C) were
insufficient to etch chemically stable hBMstead, chemical and electrochemical methods using
KOH and other hydroxide salts at high tesrgtures (>350°C) have been identified for
successfully forming etch pit¥he most conventional etching technique is a molten KOH or

KOH/NaOH mixture 107-110.

Using DSE developed by prior studies on other materials (GaN, AIN and SiC), conditions
for etching of bulk hBN crystals were developed using a 50 mol% KOH/NaOHmmult¢ure
[107-117). Crystals were etched using a canisgte furnaceplacing the etchant in a vitreous
carbon crucible centered in the furnaaspictured inFigure3.15. The etchant was heatedao
molten state ahe desired etching temperature, from-425°C. The hBN flake was introduced
to the etchant anetchedfor one minuteThenthe flake wagsemoved and quenched in water to
cool the sample, stop the etching process and remove the majority of the etdharfladce
surface. Following this, the flake wasakedovernight in a 30 vol% acetic acid solution to
remove the residual hydroxide salts. Etch pits were then adddyzeptical microscopy, SEM
and AFM to determine their size, topograpbsientationand areal density as a function of
etching temperatur®etailed analysis of this DSE study on hBN crystals is discussed in Chapter

7.
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Figure 3.15: Labeledimage of canister furnace setup used for defect setéve etching of hBN flakes using
molten KOH-NaOH etchant.
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Chapter4-hB NGr owt h-Chy FNiux Met hod

Theinitial experiments and studyf the growth of bulk hBN crystals this workwerea
continuation of thestudydone by Ben Clubing338]. These first experimentssted whether the
hBN growth method, originally performed using vertical furnaces, could be adapted the
horizontalCM furnace systenitTheyinvestigated the effect of cooling rate on hBN crystal size
and morphologyandwere published in May 2013 in tdeurnal ofCrystal Growthin
combinatioowi t h Mr . Cl ubineds work on similar exper
and temperatur89]. Then,severaldditionalexperimental studies were performed using both

the CM and Mellen furnaces to further improve and refine the crystal growth process.

This chaptediscusseshe results and findings of these experiments, including the
adaptation of hBN growth to the CM furnace, the study of cooling rate on crystal formation, the
implementation of an ingot formation cycle to improve growth consisteheyprocess scalgp
from the CM to the larger Mellen furnace, the study of how growth parameters effect crystal
morphology, the use of forming gas to eliminate oxygen and carbon impurities, the effect of N
partial pressure of hBN formation and the ushigh purity Ni and Cr sources. These studies go
into thmaksagoagéeée hBN cr yst mdjorfopdingswas tvell asehe u me r a

process minutiae which helped to incrementally improve process consistence and crystal quality.

4.1 Methods

Experimants discussed in this section were performed using a combination of the CM and
Mellen furnacego further understand and improve the®tigrowth proces®Different growth
conditions, includingoolingratet he usemeft a iNpget anddiffera@gas on cy «

makeup mixture and high purity materials were investigated among several series of experiments
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to better control the hBN crystal growth process to yield large, defect and impurity free crystal
grains.Thefurnace operation was descrinadChapter 2 Source materials were Ni and Cr

powder for the CM furnace runs and Ni shot and Cr pieces for the Mellen furnace runs, unless
otherwise specifiedAnalysis of these samples was performed using optical microscopy, as well
as SEM, XRD and photominescence spectroscopy. Additional details on the implementation of

these techniques and others are further discussed within each study.

4.2 Results and Discussion
In this section, several proceduresifaprovinghBN crystal growth using the NGr flux
mettod are explored, incl udtimed ttohe nignpl & e ntaatiio
scale up of BN boat and metal ingot size from the smaller CM furnace to the Mellen furnace, the
impactof forming gas and the effect okIgartial pressure on hBN dringot morphology and
the use of high purity (low carbon and oxygen impurities) nickel and chromium sources.
Additionally, differenthBN crystal morphologs were investigateoased ortontrol of process
parameters. These experiments are vital towarduh#étative and quantitative understanding of
the NiCr flux growth process, as well as moving it forward into a more reliable industrial

growth process.

4.2.1Cooling Rate Experiments
A set of hBN crystal growth experimentasgperformed to qualitatively undeesd how
cooling rate affectethe crystal morphology. Thesesedthe CM furnacewith Ni and Cr
powdersmixtures(without aningot formation cyclegta 51wt% Cr compositionn HPBN
boats Experiments operated following the standard fstage heating e, illustrated irFigure
3.7, with dwell time and temperatutteeld constant &4 hr and 1500C, respectivelyThe

cooling rate wawariedfrom 2°C/hr to 10°C/hr¢ooling to1200 °Candcausing the hBN to
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precipitate and crystallize on the surface of the.flthis wadollowed by a quencht 200Chr

after cooling to 1200 °@ cool the system to ambient and allow for analysis

Following these experiments, thBN crystalsformed on the NCr flux surfacevere
analyzed by optical microscopy determine the crystal morphology and gZigure4.1 and
Figure4.2). The quality of the hBN layers was highly dependent on the cooling rate. The
crystalline morphologghiftedfrom a fine grain, greyvhite layer formed at a cooling rate of
10°C/hr to a sheedf clear crystals formed at 2°C/hr. The 4°C/hr cooling rate appeared to mark
the transition cooling rate for the formation of optically clear, large (>500 um) crystal grains. At
this cooling rate, crystals tended to form as islands surrounded by wiatgrdin and powder
like hBN. The highest qualitgrystals wergrownat 2°C/hr They were clear and colorless, with
some cracking within crystalline grains, presumably due to strain resulting from phase change
within the metal flux during cooling, latticeismatch and difference in coefficient of thermal

expansion between the metal and crystals.

T g
—! 8 1 l‘ 1 i | i
‘jJ - lffz- 3 w
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il W
(a) 10 °C/hr cooling rate (b) 4 °C/hr cooling rate (c) 2 °C/hr cooling rate

Figure 4.1: Macroscopic optical micrographs (taken by stereomicroscopy) illustrating differences in hBN
crystal morphology grown at cooling rates of (a) 10°C/hr, (b) 4°C/hr and (c) 2°C/hr. hBMhorphology
transitions from a white-grey film (10°C/hr) to a clear crystal sheet with macroscopically visible grain size
(2°C/hr) with decreasing cooling rate. Reproduced fronHoffman et al [39].
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(a) 10 °C/hr cooling rate (b) 4 °C/hr coolingrate (c) 2 °C/hr cooling rate

Figure 4.2: High magnification optical micrographs (taken by Nikon LV100) conparing hBN crystal grains
grown at cooling rates of (a) 10°C/hr, (b) 4°C/hr and (c) 2°C/hr. hBN quality transitions from whitegrey in
color and very small grain size (10°C/hr) to clear crystals with macroscopically visible grain size (2°C/hr)

with decreasng cooling rate. Reproduced from Hoffmanet al[38].

The hBNflakes grown at 2°C/hr cooling rate were transferred onto a glass handle
substrate via thermal release tape tran3ieeywere optically clear with singldomainsizeon
theordem f 3 00 gFigured8)rThesesflakes were then characterized by XRD, scanning
from2Cto9C( 2d) . This diffraction pat tB¥powdewa s
ground off of theHPBN boatgFigure4.4). The crystal samples were significantly more ordered
than their source material, characterized by the narrowittged002) basal plane peak, from
0.63 for the powder to 0.X8or the crystal. Additionally, the (100) and (101) peaks seen in the
powder samplevereabsent in the crystal sample, confirming thatasof single crystal

orientation.
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Figure 4.3: Optical micrograph of hBN crystals grown at 2C/hr cooling rate transferred by release tape to a

glass handle substrate for XRD and Raman analysis
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Figure 4.4: XRD spectra for (a) Momentive HBC grade BN powder (source material) and (b) hBN crystals
grown at 2°C/hr cooling rate transferred onto glass handle substrate. Substantial (002) peak narrowing and
suppression of satellite peaks, such as the (100) and (101) peaksfirm crystals are wellordered and of high
quality.

The mainRamanpeaktakenon these hBN flakes on glassis at 1366 chhwith a peak
FWHM of 9.0 cm!, in agreement witiClubine B7] and Watanabet al[31] for single crystal

hBN (Figure4.5). Thisconfirmedthat these crystals grown &CZhr were hBN ohigh quality

with low strain.

47



=

< FWHM = 9.0 cm®

= =30 ocm”

=y

g <
c

7]

=]

£

1250 1300 1350 1400 1450

Raman Shift (cm™)

Figure 4.5: Raman specta for hBN crystal grown at 2°C/hr cooling rate. The peak maximum wasobserved
at 1366 cm! with FWHM of 9.0 cn? corresponds to the kg vibration mode for hBN and in agreement high
quality crystals.

4.2.2Effect of Ingot Formation Cycle on Growth Consistency
Early experiments were performbyg starting from separatéi and Crsources with no

premixing. For these experimentsyell temperatures and times of 150825 C and 2436
hours, respectivelyand cooling rates betweerd2C/hr, were investigatednixing nickel and
chromium source materials in the BN boat before loading into the CM furnace. Unfortunately,
these experiments hachigh rate of failure and reto-run variability, often producing discolored
or otherwise low quality neorystalline BN layers. This poor production of hBN was believed to
be caused by impurities present in the source metals, which migrated out oltire finx,
causing discoloration in the form of nickel and chromium oxide and serving as nucleation sites to

produce large amounts of fine grain BN. The different types of experimental failures are shown

in Figure4.6.
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(a) (b)

Figure 4.6: Optical micrographs illustrating (a) migration of oxides to the ingot surface, causing red

discoloration and (b) presence of impurities causg formation of fine grain, polycrystalline BN layers.

In searching for a solution to this problgoneviously formedNi-Cr ingotswere reused
These ingots were first thoroughly polished, removing all BN and oxide discoloration from its
surfaceuntil shiny, and then reloaded into the furnace in a BN boat. hBN crystals were then
grown on the recycled ingot using the process parameters listed above. A polisireid dt

prepared for recycle experiment is showirigure4.7.
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Figure 4.7: Optical micrograph showing polished NiCr ingot readied for recycle experiment

Theserecycledingots producettigh quality hBN crysilsmore reliablythan experiments
performed starting from separate Ni and Cr sources. This was due to two main reasons. First,
reusing NiCr ingots ensured that the molten flux produced would be fully saturated in BN and
already weHmixed. Further, inial flux formation and cooling forced impurities from the Ni and
Cr sources to precipitatan the surfacethese were eliminated by polishing before subsequent

experiments.

This impurity segregation phenomenon was confirmed by dicing an ingot used in a
suacessful recycle experiment and performing elemental analysis on carbon, oxygen and nitrogen
on the metal bulk through the LECO Corporation. Nickel and chromium source materials were
also tested for comparison. From this analybiscarbon and oxygeimpurity concentrationgn

the recycled NCr ingot were less than 35 ppm, compared to 130 ppm and 3300 ppm,
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respectively, for the Ni source and 30 ppm and 200 ppm, respectively for the Cr source.
Additionally, the nitrogen concentration for the recycled irgyatas as high as 0 ppm,
compared to <10 ppm for the Ni source and 20 ppm for the Cr source, showing the saturation of

BN in the recycled ingot. These results are summarized beldatie4.1.

Table 4.1: Summary of LECO elemental analysis of carbon, oxygen and nitrogen in recycled ¥ ingot and

Ni and Cr source materials

Carbon Conc. Oxygen Conc. Nitrogen Conc.
Sample (ppm) (ppm) (ppm)
Recycled NiCr Ingot 35 35 18,000
Ni Source 130 3300 <10
Cr Source 30 200 20

Based on these findisgthe standaréxperimental procedure was modifiedrioludean
ingot formation cycle beforeBN crystal growth experimenfas explained in Chp 2). In this
cycle, Ni and Cr source matesatereloaded into the furnace, ramped to 180Cheldfor 12 hr,
andthen quenched to ambient temperature. Waisa quick method to melt and mix the Ni and
Cr source materials and sateréte ingot in BN, effectively simulating the recycle experiment
conditions while efficiently using time. After this cycle, the ing@isremoved from the furnace,
polished to remove all surface impurities and prepared faryfstal growthcycle. This
experimenal structure(ingot formationrhcrystal growthcycle)was implemented for all future
experimentgwith exception of experiments-tesing NiCr ingots from prior runs)Additionally,
this method showed that Xlr ingots could be easily recycled fmoductionstyle hBN growth

(particularly if the hBN crystals could be effectively separated from the)ingot
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4.2.3Scale Up of CM Furnace Methods to Mellen System
In an effort togrow larger hBN crystaJghe NiCr process was adapted from the smaller
CMfurnae (1.50 OD al umizmoan et uMed )l etno ftuhren amawel t(i2. 50
The differences between these two systems were explained in Chaptewth with larger
amountsf source material producedorehBN crystals per run (and thus per unitéjndue to
thelargercross ect i on al area available in the 2.50 OC
width. Furthermore, the longer and wider BN boats used in the Mellen furnace decreased the

curvature of the flux surface, inducing less stress oh@EMecrystals.

Due to the change in the alumina tube size, a different BN boat configuration was used
for the Mellen furnace experiment s hi fting from the 30 (long) X
boats of the CM sgo(éembtHP KhdiZk)( wredem) hed pl
in Figure3.3. This change in boat shape allowed for a major increase@r Migot size, thus
increasing the top surface aneseable for hBN crystal formation from approximatel§ &n¥ to
18-20 cnt for typical successful samples. The difference in size bettiredngots formed from
these two furnacas illustrated inFigure4.8. Additionally, due to the larger size of the Mellen
furnace, up to three of these samples can be grown simultaneously, increasing the effective total

surface area for crystal growth up to tenfold.
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(@) (b)

Figure 4.8: Optical micrographs of Ni-Cr ingot with hBN crystals formed on the surface produced from the

(a) CM furnace and (b) Mellenfurnace.

Scaling up this process to the Mellen furnanabled the growtbf large areas of high quality
crystals, while freeing the CM system to use as a pilot furnace to explore the effects of process
parameters on the growth process, as will be discussed in Chaftilitionally, some of the

larger hBN crystagrains (as larg as 2 mm in widthyvere grown in the Mellen system, shown

in Figure4.9.
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Figure 4.9: Optical micrograph showing large hexagonal hBN grain formed in Mellen furnace experiment
4.2.4hBN Crystal Morphology
Two mainhBN morphologiesvere formed by the NCr flux processhBN plateletsand
prismatic crystalsThe description of these two morphologies, their subcategories and conditions
of their formation will be enumerated in this section, as well as the potential advantageous and
applications for each typ&chematicsketche®f these morphologies ailustratedin Figure

4.10.

(a) (b) ()

Figure 4.10: A schematic drawingshowing crosssectional view of hBN morphologies: (aplatelets (b)

prismatic-shaped crystalsand (c) tapeed needles
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The hBNplateletmorphology(Figure4.10a) completely coverethe NiCr ingot surface
with a waterclear, translucent crystal layer. This crystal layas made up of domains with
triangular,hexagonalrounded or irregularly shaped habits, with grains growing into each other
in a continuous polycrystalline sheet. For the best sartple crystal sheet completely covered
the entire ingot top surface, pramiug a very large area of viable hBN crystal grajfgure

4.11).

Figure 4.11: An optical micrograph showing Ni-Cr ingots covered byplatelet-like hBN crystals with
triangular and irregular domains in crystal sheet.

Theplateletmorphology formed most often Isjowc o o | i n g °Crhg and lsighgr O 4
dwel | t e mp €@).dnderthese odditiong, @rystal growth is most favorable ia-the
direction, promoting wider but thinner crystal grait8,87-39]. Due to the continuous nature of
the crystal sheet, hBN flakes made up of several connected darnaldsetransferred onto

handle substrates, with flake sizes as large as 5mm. Individual grains from these transferred
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crystal sheetexceede 00 e m i n width, with typical transf

10 em. Examples of these tr amFglredd2These cr yst al
transferred crystal sheets are suitablectmtact deposition andevice fabricatiordue to their
large area. Additionally, these flakes tend to be nearly atomicaljyttat RMS roughnessas

determined by AFMwason the order ©0.042 nmfor a2 x 2 2 stan area.

(b)

Figure 4.12 Optical micrographs showing(a) a transferred hBN flake showing triangular domainswith total

width >3mm and (c)a transferred hBN flake with large triangular grain >500 um in width

TheprismatichBN crystalshadhexagonal otruncatechexagonal (hexagonal with three
shortened sidegyosssectional areal his morphology could be split into two subsstandard
prismaticcrystals(Figure4.10b) and tapered needlike crystals(Figure4.10c). Thestandard
hBN prismswere identifed bytheir consistenbasalplane width throughout their thickness
(looking like a hexagonal prismvhile the neediike crystalshad thewidestdimension on the
top surface and tapered to a smaller size at thenBtdl interfaceBoth thesgrismaticgrains
were often embedded within poweldee BN layers and separated from the®liingot surface

via a finegrain BN buffer layer. Iran ideal samplehese crystals are crafilee and clear,
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covering the entire ingot surface. Optical and SEM imagésestprismaticand needldike

crystals are illustrated iRigure4.13, Figure4.14 andFigure4.15.

Figure 4.13: Optical micrographs of (a) prismatic hexagonal crystals embedded withifine-grain

polycrystalline BN layer, (b) large, hexagonal hBNorisms( >1 000em across basal pl ane)
embedded within white BN amorphous layer, (cjnacro-photograph of prismatic crystals onmetal ingot

surface, and (d) crosssectional image showingprismatic hBN crystals formed on top of an BN buffer layer on

the Ni-Cr surface.
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Figure 4.14: SEM images of hBNprisms: (a) grouping of hexagonal andruncated hexagonal platelets with
welkdef i ned basal pl anes I|d&ge,svellddfimed Hexagoaalprism (1500 wasross hadal)
plane) with an atomically smooth basal plane surfacgc) smaller hexagonalprism showing crystal thickness
(>10s nprelative to the basal plane width, (d) sideview of hBN prism (imaged on crosssectionally diced

metal ingot)withacr y st al t hi c Isitirg she Ni-€rfsurface.0 0 € m
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(b)

Figure 4.15: Optical micrograph of (a) clear, tapered hBN crystals attached to metal surface and (b) free

standing tapered hBN crystalsscraped from the ingot surface

hBN crystalprismsmost ofterformedat higher cooler rates 1@/hr) and lower dwell
temperatures (<150Q), although they also readily formed under identical conditions as the
crystal sheet morphology. Tapered or neditke crystals typicallyfformed when theystem was
initially cooled at a controlled rate-#C), then rapidly quencheahile still at high temperature
(>1300C). This rapid quenching was often the result of unexpected furnace shutdown due to
power loss or thermocouple failure migh, thus its growth conditions were difficult to precisely
document. For both these morphotsy crystals formed as isolated domains with clearly defined

geometric habit, unlike the crystal sheet morphology.

Like theplateletmorphology prismsand tapered crystals were extracted with thermal
release tapeddditionally, thesecrystalsoften werasolatedon the ingot surfagesometimes with
side edges free from the metal surfald@s allowed these crystais be extracted from the metal
surfacemanuallyvia fine-tipped forcepsvith minimal damageThese freestandirftakes could
then be placed @o a suitable handle substrate for analysis. One such hexggismapair

(connected in one corner at®®s pictured below ifrigure4.16. Tapered crystalwere
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challengng to transfer onto substrates, as the tapered edges provided limited surface area for

adherence.

(a) (b)

Figure 4.16: Optical micrographs showing (a)hexagonalprism attached at approximately 90° transferral by

release tape onto handle substrate and (b) thickness m

These different morpholags suggest different potentiapplications. The hBidlatelet
sheetsaarethe most desired morphology, as it produces large areas of high quality hBN crystals
with large domains. These domaaresome of the largest, as they are formed under conditions
which favor growth in the-axis. These flakes are likely best fabZheteostructure devices and
optoelectronic devicedue to their large domain siZerismaticcrystals may have a niche
applicationfor neutron detectiorwheret hei r t hi cker nature (>100¢m)
neutronabsorption Finally, tapered crystakse not expected to heseful for device fabrication
and heterostructure systems. However, foey thethickestdomainsof all crystal
morphologies and provide largeaais crosssection which may be useful for studying a
direction physical properties BN, such as thermal conductivity. These tapered crystals may

also be useful for nanophotonic applications, utilizing the anisotropic optical properties of hBN.
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4.2 5Effect of Tube Gas Environment during Growth

Controlof thegas environmerduring crystal grarth was important tencourage the
formation of large hBN crystals while also suppressing the formation of unwanted oxides, fine
grain BNpowder andther bororrich phasesin early experiments, high purity. gas was
exclusively used, witla procespressureof 850 torrand a continuougas flow (400 SCCM in
CM system, 1 SLM in Mellen system). These conditions produced excellent hBN ¢rystals
however, samples did occasionally produce a pink or reddisk{gémnticularly in the Mellen
system) This film was nothBN; insteadt wasa form of chromium oxide. This oxide was
speculated to form due to impurities present within the nickel and chromium source material, as
well as due to chromium replacement reaction
insidethe centerof thetubeover itslifetime). The oxide film tended to cover a large portion of
the metal surfacgroviding numerous nucleation sites to prodiiice grain BNor covering the
surface of hBN crystal sheets or platelets. Micrograglsamples produced under Now

showing this oxide formation are shownFigure4.17 andFigure4.18,

(b)

Figure 4.17: Optical micrographs of (a) Ni-Cr ingot grown in the Mellen furnace under Nz gas flow only
partially covered with red oxide crystals and (b) triangular crystal grains on ingot which are partially

covered by fine grain BN and redoxide powder.
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(@)

(b)

Figure 4.18 Optical micrographs of (a) Ni-Cr ingot grown in the Mellen furnace under Nz gas flow only,

covered with red oxide crystals and fine grain BN and (b) red oxide crystals which formed on top of hBN

crystal platelets.

XRD wasperformed on the reddigiowder formed on these ingoEdure4.19). The

resulting pattern included peaks for hBN, as well as peaks which were identified as trigonal
phases of GOs (eskolaite) and/or Gdoped AbOs (synthetic ruby)Cr.Oz seemed to be thaost
sensible; however eskolaite has a dark green color inconsistent with the optical characterization

of the powder. The synthetic ruby phase was consistent with the color of the oxide powder, and

thus was assumed to make up the majority of this phaseuttively the aluminumin this

phase
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after multiple experiments. Chromium from the flux may have vaporized and substituted for

aluminum in the tube, forming theynthetic ruby phase and diffusing to the surface of the ingot.
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Figure 4.19: XRD pattern for BN and red oxide powder for sample grown under N2 gas flow only. In
addition to hBN, peaks corresponding to trigmal Cr203 (eskolaite) and/orCr-doped AkOs (synthetic ruby)
phases wee identified.

To eliminatethis oxide film formation and impurities from the source matémisgitu, a
small amount oforming gas (5% Hlin argor) was added to the2NThe H in the gas caused
volatilization of carbon and oxygen impurities from the source mates@lkbey arswept out of
the tube. Thargonbalance was nereactive at high temperatures in the tube, while ensuring
that H was below its lower explosive limidtt all times to maintain safetwith or without N in

the gas makeup

Initial experiments in the Mellen system flowed forming gas in a 2:1 odfiarming gas
to N2, with otherwise identical growth conditions. These conditions produced excellent, oxide
free ingots entirely covered by watdear hBN crystals. One such sample, which produced a

crystal sheet with triangular domains, is illustrate&igure4.20. The® experiments confirm
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that the addition of forming gas was effective to eliminate oxide impurities during growth.

Furthermore, the fingrain hBN growth was largely eliminated.

: o e —
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Figure 4.20: Optical micrographs of (a) NiCr ingot grown in the Mellen furnace under Ne and forming gas
flow (2:1 ratio), with surface free from oxide layer and (b) waterclear hBN crystals with triangular and

irregular shaped domains.

XRD of hBN crystalsgrown with this2:1 forming gas to Nratio confirmedthey were
highly crystalline Figure4.21) andwell-ordered, witha (002) peak FWHM of 0.34 All peaks
correspondingtonehasalp | anes { ( 100) ,°to9® Wele xlearly&ddsolvedimo m 4 0
this pattern, howevetheir peak intensity was less than 1% relative to the (002) peak. Thus,
these crystals were of singbeystal orientation with minimal presence of polycrystalline @N

oxide impurities.
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Figure 4.21: XRD pattern for clear hBN crystals grow under 2:1 Nz to forming gas conditions. Identified
peaks corresponding to the hBN crystal lattice are labeled accordingly. (002) peak FWHM was 0.34°,
indicating highly crystalline hBN.

Additional runs were performestudyingthe effect of gas composition on thBN
crystal morphologyWith anN2zto forming gasratio of1:1, illustrated irFigure4.22, theingot
surface was significantly roughewith vast peaks and valleys preseamdsubstantially we#d
the BN boat. Both heavily fractured hBN crystals, and an unidentified metallic phase, were
present on the ingot surface, as showhigure4.22(b). The XRD pattern for this metallic phase
was identified as a combination of pe&ifom orthorhombidCrsBa4, NisBz and CgNiB12 phases
(Figure4.23). This phase can be generalized adNGrB4 and likely forms due to concentration
of boron in the fluxexceeding thaitrogenconcentratioras a result of the lower2artial
pressurdappoximately 425 torr, as compared to 565 torr for the 2:1oNorming gas rurr

850 torr for N only).
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Figure 4.22: (a) Photograph of Ni-Cr ingot grown in the Mellen furnace under N: and forming gas flow (1:1
N2 to forming gas), with rough metal surface and (b)micrograph of heavily-fractured hBN crystals with

irregular domains intermixed with unidentified boron -rich cubic metallic phase
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Figure 4.23: XRD pattern for metallic phase formed during growth under 1:1 Nz to forming gas. Peaks were

identified as a combination of orthorhombic CrB4, NisBz and CrsNiB12 phases.
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An additional experiment using pure argon gad noN2 or forming g& produced an
ingotwith aneven rougher surface than the previexyperimentwith theCrxNix.1Bs phase
dominating the surface and only a handful of heavily cracked hexagonal hBN crystals present

(Figure4.24).

i B -
i 3 |

(a)

Figure 4.24: Optical micrographs of (a) Ni-Cr ingot grown in the Mellen furnace under Ar gas flow), with
rough metal surfacecharacterizedby cubic metallic phase(b) odd hexagonal hBN grains on ingot surface

observed under dark field and (c)crystals of unidentified boron-rich metallic phase

With argon flow only the metal ingot heavily wetted the BN bozusingthe metal
spreading acrasthe width of the boat, as opposed to typical behavior ungevhi¢re the ingot
hada higher contact angle with the boat. This change in wetting behavior, coupled with the
formationof an additional crystal phaseas believed to be causbythe decreaskN: partial
pressure in the tube during crystal groi@bproximately O torr)Due to this decline, nitrogen
dissolved in the NCr flux from the boat was postulated to havegdssed during growth and
swept out of the tube, leading to thentnued wetting of the BN boat, accumulation of boron in

the flux and formation of the borerch phase.

Based on the results of these experiments, forming gas was permanently implemented as
a part of the gas makeup to the tublee N> to forming gagatio was increased #i1 for future

experiments in the Mellen furnace to eliminate source material impurities while maintaining a
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sufficiently high N partial pressure to promote hBN crystal formatibinis resulted in the

elimination of red oxide film formtion during growth.

4.2.6Growth withAlternative NiCr Source Materials
The nextset of experiment®cused orfurther reducingarbon and oxygemmnpurities by
growing crystals usingilternativemetal sources. Two sets of nickel and chromium sources were
obtained fronESPI Metals and Alfa Aesgenumerated in Section 2.3’ hese materials were
used in standard experiments in the Mellen furnat¢estowhether the purity, size or shape of the

crydals changed

The first experiment was performed using the ESPI Metals source matehals had
lower oxygen impurity concentration compared to the standard metal sources but higher carbon
impurity concentrationsThe impurity concentrations for the Bind Cr sources were 660 ppm
carbon and 970 ppm oxygen for the Ni source and 15 ppm carbon and 220 ppm oxygen for the
Cr sourceThis experiment was initially meant to be an ingot formation style run, with the
system brought to 1500, dwelled for 12 how then rapidly quenched to ambient temperature
at 200C/hr. Surprisingly the resulting ingot formed by this experiment was entirely covered by
a clear sheet of triangular domains, as seéigare4.25. The metal ingot was shiny and
entirely free from any apparent oxides, impurities or fine grain'Bi¢se results were similar to
runs that were cooled at@hr with standard sources; howewvihis run only took two days of
runtime (compared to 5+ days required for similar results with standard solinesg) crystal
flakes were then transferred via thermal release tape onto ekidblpolished sapphire handle

substrates, as shownhigure4.25(c).
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Figure 4.25: Optical micrograph of (a) Ni-Cr ingot from high purity run performed with ESPI Metals

sources,cooling at 200C/hr from 1500C (b) hBN crystal sheet with triangular grainson ingot top surfaceand

(c) hBN flake from ingot transferred onto sapphire handle substrate

Following the success of this initial ESPI Metals ingot formation run, a subsequdent an

more standard run was performed, consisting of an ingot formajaba followed by a main

cycle consisting of a dwell at 15WDfor 12 hr, a 8C/hr cool to 1208C and a quench to ambient.

This run produced very similar watelear triangular grains adllong the ingot surface, with
these domains appearing on average to be slightly larger than the prior run, as dfigwrein
4.26. Flakes from this sample were transferred onto desible polished sapphire, pictured in
Figure4.26(c), annealed at 500 and then analyzed by photoluminescence spectroscopy,

courtesy of Drs. Jiang and Lin of Texas Tech University.

(a) ()

Figure 4.26: Optical micrograph of (a) Ni-Cr ingot from high purity run p erformed with ESPI Metals
sources, cooling at 5C/hr from 1500C, (b) hBN crystal sheet with triangular grains on ingot tagurface and

(c) hBN flake from ingot transferred onto sapphire handle substrateand annealed at 500C
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Photoluminescence analysis bétESPI Metals source hBN flakes reveakght change
in luminescence spectra compared to flakes grown using standandsdurcegFigure4.27).
Bandedgeluminescence peaks at 5.751 eV, as well as at approximately 5.62 eV and 5.50 eV,
were better resolved and more intense for the high purity flake, indicating improved crystal
quality. Intensity for energy bands responsible for defects and impurities d@catend 4.3 eV
and 2.9 eV, were also lower in relative intensity, confirming a slight reduction in their

concentration in the flakes.
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Figure 4.27: PL spectra comparing hBN crystals growth with ¢op) high purity ESPI Metals source and
(bottom) standard Ni-Cr source. Both samples weregrown under identical furnace conditions with No and
forming gas flow. Crystal were transferred onto sapphire substrates and annealed at 500°C before analysis

High purity source shows higher intensity baneedge luminescence peaks relative to peaks pertaining to
defects at 4.3 and 2.9 eV, indicating lower impurity concentrations in hBN crystals

An additional high purity Ni and Cr source was obtained from Alfa Aesar, with the
express purpose of growing hBN crystals using a very low carbon nickel ged@@ ppm).
Using these Alfa Aesar sources, an experiment was performed using the same conditions as the

second ESPI Metals experiment (ingot formation cycle, AG0@&ell forl2 hg 5°C/hr cool to
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1200C). These conditions yielded a shiny-Gli ingot covered in clear, lowefect,truncated

hexagonal hBN platele{&igure4.28).

— e

(a) (b) ()

Figure 4.28 Optical micrograph of (a) Ni-Cr ingot from high purity run performed with Alfa Aesar low
carbon sources, cooling at 5C/hr from 1500C(b) hBN platelet with truncated hexagonalon ingot top surface

and (c) hexagonal hBN plateletfrom ingot transferred onto sapphire handle substrateand annealed at 808C

Based on the qualitative analysis of the hBN crystal clarity and defect density, as well as
the change in photoluminescence spectra, these high pur#tyihowed that the impurity
concentration and quality of grown crystalasimproved. Elimination of these unwanted
impurities is vital for the development of hBN optoelectronic devices, as these impurities act as
trapping states which restrict free carti@nsport. Use of high purity metal sources, in addition
to use of forming gas can help to control these impurities and yield egndde hBN material.
Ideally, these high purity Ni and Cr sources would be able to be recycled for successive runs,

helping to reduce the additional costs associated with their use.

4.3 Relevance offhis Work

From the results of this study, the basic operating region for hBN crystal growth using
Ni-Cr flux was able to be establishégdwer cooling rate¢< 4°C/hr) producedlear,well-
ordered crystalsand thegrowth method demonstrated by Ben Clubine was successfully adapted

to a horizontal tube furnace system The use of HPBN boats as sole BN source material for
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crystal growth was also demonstrated, allowing for growth of ceystdlhout the presence of

fine grain BN powder to serve as nucleation sites.

Following this firstset ofcooling rateexperimentsthe NiCr flux growth proceswas
continually andncrementally improved, increasing consistency of successful growth runs and
the size and quality of hBN crystals. Key among these improvements are the implementation of
the ingot formation cycle before the main cycle and the addition of forming gasviact
suppress oxide formatian situ. These two adjustments were applied to all future runs and have
made a significant impact on growing large hBN crystals for collaborative research and device
fabrication. Identification and control of hBN morphologgyrallow growth to be tuned to
specific applications, such as growing thicker crystals for neutron detection. Finally, growing
crystals from high purity materials is an important step towards obtaining egade crystals
free from impuritiesGrowinghBN crystals free of these impurities and their resulting trapping

stateds required fothe developmenbf hBN-based deep UV optoelectronic devices.
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Chapter5-St at i sti cal Design of Experi

t hNetCr FIl ux Pocwiils

Prior experimentg¢discussed in Chp 3)ariedone parameter at a time to evalugte
effect on the size and quality of resulting hBN grains. Unfotelpadue to théongtime
required for each individual experiment§3lays, this mode of study was inefficient in the use
of time and resource3o circumvent this inefficiency, a new study was perforrasithg
response surface methodologystatistical technique based on the use of regression analysis and
designed experiment® perform a comprehensive stualyall process pameters in the NCr

flux growth process.

The main goal of thistudywas toidentify process conditiorgroducinglarge (< D00
e ngrainwidthand 106 m t h i), dow-dedest density hBN bulk crystalsady fordevice
fabrication enablingtheir studyas neutron detecterdeep UVemitters and otheapplication.

The following individual stepwere takero achieve this goal

1 Define an experimental region to be examijrahsisting ofprocess parametessich
dwell temperature, dwell time, cooling rateoling temperature and quench rate

model anccontrol the sizef hBN crystal grains.

1 Modelandidentify process parameters with significrdgt-order (linear)effectswith
respect to crystal grain widdnd eliminate insignificant factors usingheo# set of

screening experiments

1 Developacomprehensiveecondordermodel, including tweparameter interaction
and quadratic term$or both grain width and thicknesasponsesisingsignificant

parameters from the screening in a complete factoriadmksd set oexperiments
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This chapterdiscusseshe motivation, methodology and results from this statistical study and the

significanceof these findings for the NCr flux growth process.

5.1 Motivation

Response surface methodology (RSM) is a statistichhtqueused inthe design of
industrial or research process optimizatibmaximizesinformation from a minimum number
of experiments and resources. By using a designed set of experiments, RSM can identify
important factors and model their responses in processes. RSM is useful in studies with a large
number of experimental factors or higkperiment costor which are timeconsuming to treat
factors one at a tim&xperiments are designed to tralitfactors simultaneously through the

development of response surfadesunderstand both main and interaction effetis]

While RSM is useful across a wide variety of industrial and research applications, studies
in crystal growth are particularly good candidates, as experiments tend to last\dag&tand
can involve several factors including time, temperature, coolin@ratesystem composition,
which can greatly affect the resulting crystal structure and qualitywe examples of its use in
literature include the investigation of Alf&h.y crystal growth by molecular beam epitaxy
[114], which considered four parameters (growth temperature, growth ratduAsnd Shk-
flux) to develop an empirical metifor of the resulting crystal composition, as well as the
control of oxygen concentration in high purity silicon formedalimagnetic Czochralski process
[115. In both of these cases, investigators turned to RSM methods to model very complex
processes dependent on multiple parameters (with parameter interactions) to robustly model the

respective systems.
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5.2 Methods

The goal of this RSM experiment study was to maeleleffect that the five process
parametersHigure3.7) had on the hBN crystal grain width and thickness formed by ther Ni
flux process. Using these experimemgigwth conditions would be identified to allow for the
growth of hBN grains >1000 em in width and >1
optimal growth conditions were identified, helping to direct the focus of future work in hBN

growth.These five prametersvere

1) Dwell temperatureMaximum temperature that the furnace was heated to during

the onset of the experiment

2) Dwell time Amount of time that the system was held constant at the dwell

temperature

3) Cooling rate Rate at which the furnace was cabfellowing the completion of

the dwell stage

4) Cooling temperatureTemperature at which the furnace transitioned from cooling

at the cooling rate to the quench rate

5) Quenchrate: Rate at which the furnace was rapidly cooled to ambient

temperature to allowof the NiCr ingot to be removed from the system

Typically for processes with more than three process variables, experimental designs
split into two portions: @et ofscreeningexperimentdo eliminate insignificant factors using a
fractional factoral experiment, and set of main experiments which employadre robust full
factorial designusingthe remaining significant factors to develop a seeomdr model for the

process, including main and interactions effetsd].
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These two experimental sets (screening and main) were created usiegdiactorial
design structuréplus center points)n this type of desigfiupped  ( Howérg -1)f@and
i c eat @daugs were definedor each process varialie correlate with the coded variables
and to construct the screening and main experimentidetgeneral relationship between these

coded and Anatural o variables is defined belo

L 000 0@ QOB adia atQ
0¢ Q00 VWbOeQ——————— ——————
pc YnnQwao® 0£0QHaoOM

Equation2

Usingresultsfrom previous experimen(sliscussed in Chp 3)heseupper ad lower
valueswereselected within a viable operability region to allow for a large differencedestw
values for dactor, while still allowing for hBN crystal growth under ativestigatectonditions.
ACent er rwhichdsegptioeiavetage of thigh and low values for each parameteere
added to each set of experiments to help with model stability, as well as providing some amount
of replication in each set. Selection of these valuables did not need to be identical for both the
screening and ain experimental sets, so more conservative values were selected for the
screening runs, while values were expanded to allow for maximum experimental region for the
main experimentévalues used for thecreening and main experimestsumerateth Section

5.3.1and5.4.], respectively.

Statistical analysis for this project, includitige experimental design structua@dRSM
analysisof the screeningun firstorder (linear) onlynodel andnain experimensecond-order
modelwasper f or med using the R softwarRisgnapk age at

source programming language and platform for computational analysis of statistics and graphical
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modeling 116 . Package 6rsmbéb is a program | ibrary f
University of lowa for the use of response surface methodology in R, including both the

computational design afrthogonal experiments and the analysis of designed experiment data to
develop predictive models and response surfacEd.[Numerous examples amidcumentation

of using R and Package O0rsmdé with model build

Lenth [117-119.

5.3 Screening Experimers

Theregion of interest for the five experimental parametexs definedandtheir first-
order(linear) responsevas modeled usinglimited number of experiments to identify
significant parameters to carry over into the
This set sacrificedome degree of predictive power for the sake of time, so that a limited set of
Ai mportant o0 p astudetia greatersdetail m thé scortdestage of this sTundly.
section enumerates on htole screening experiment set was designed and executed, as well as

the how resulting modeling and evaluation of parameter response was evaluated.

5.3.1Design Structuref Screening Experimefet
The first step inhe development of thesponse surface for the flux growth prooceas
to identify significant process parametensd eliminate factors whichdinot have a significant
effect on how crystals are forme$inae this screening seliminatedparametersising a
minimum amount of experiments and time, only one response was consilleggstal grain
width. To minimize thenumber of experimentsnly first-order(linear) termsvere considered
A generalized modef thesdineareffects and response for the screening experiments is

represented as

78



() F T To To T o | o Equation 3

with x; throughxs corresponding teodedprocess variabley corresponding tsample grain
width, b6 sorresponding to fitted coefficients obtained ugiegression analysis in.Rhese
coded variables and their corresponding factorial values for each parameter are Tiatdd in

5.1.

Table 5.1 Two-level factor and center pointvalues for the five process variablegxplored for screening
experiment set

Process Variable Units UpperValue (+1) Lower Value{l) Center Value (0

Dwell Temperaturexq) °oc 1500 1400 1450
Dwell TimeX2) pr 24 12 18

Cooling Ratex§) °c/nr 9.0 4.0 6.5
Cooling Temperatures) o 1250 1050 1150
Quench Ratex§) °c/nr 150 70 110

Screeningexperimensetdesignoftenuse a fractional factorial desigmsa full 2°
factorial experiment set woulthverequiral 32 experiments. With experiments requiring around
five days on average to complete, a full factorial set would require nearly six months to
completeInstead, a 2! (half) or 22 (quarter) fractional factorial desigould be applied
(requiring 16 and @&xperiments, respectivglio develop a firsbrder model to determine main
effects.These two options eadtad tradeoffs the half fraction requed more experiments and
time butallowedfor better prediction of main effects, while the quarter fractemuired the

minimum number of experiments butdfawer degrees of freedom éstimatemodel lack of fit.
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Theselecteddesign for the screening experimergsto compromiséetween these
options and modify the®2 (quarter) factorial desighy addingtwo center points to make a ten
run designThese center points incredsbe model degrees of freedom and akolior some
estimate of error via replicatiorhefinal screening run experiment skgsignwasconstructed
by using the following two 3actor ineractionsas generatingelationshigg, which, with the

addition of their resulting-factor, form the complete defininglationship:

O wzZwzw Equation4
O wzZwzw Equation 5
O wzZwzZw?zw Equation 6

This structure causetthe blockng factor(used to split the factorial design into quarters)
to be confounded with these three and fiaator interactionsThis confounding was acceptaple
as these higharder interactionsvereassumed to be negligiblelowever, thisdesign structure
caused thenain effects to be aliased with tvfactor interactiongor the screening seas this
wasa Resolution Il desigiil13. This aliasingvasunavoidabldor this structure and could
possiby cause falsaignificance of a main effect due to a strong-factor interaction it is
aliased with. However, thisasan acceptable#adeoff for limiting the number of experiments in
the screening procesasid ensuring efficientuse oftime Usi ng R and t he Packa
software, a randomized order of experimemés designed for the screening experiméhable

5.2).
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Table 5.2: Randomized run order of the 22 (quarter) fractional factorial experimentsand center runs(*) for

the screening set

RUN Ordr Dwell ‘DweII Coolng Rate Coolng Quench
Temgperature (°C)| Time (hr) (°C/hr) Temperature (°C)| Rate (°C/hr)
1 1500 12 9 1250 70
2 1500 12 4 1250 150
3 1500 24 4 1050 150
4 1400 24 4 1250 70
5 1400 12 4 1050 70
6* 1450 18 6.5 1150 110
7 1400 12 9 1050 150
8 1500 24 9 1050 70
9 1400 24 9 1250 150
10* 1450 18 6.5 1150 110

Following the completion of these experimeni®e average width of hBN graingith the
largest characteristic size within each sample weasured. Based on thayalysis of variance

(ANOVA) was performedin R wereused to determine significance and allitvedevelopment

of the seconérder mode[113117-119.

5.3.2Screening=xperimentfRkesults

After completingthe set of ten experiments listedTiable5.2, theaverageavidth of hBN

grainsof the largest characteristicsme t hi n

each

sampl e

( riedtera)ded

wasevaluated bextracting crystal grains from each sample onto thermal releasévialiple

transfers were performed on each sample in an effort to reduce-gatimple variancesrain

width was measured using optical microscopy, with lengtluated using the Nikon LV100

upright microscope and Nikon Elements image capture software (described in Section 2.6.1).

Severalat least 5 per samplej the largestrystal graingvithin each samplevere measured to

provide a consistent estimatetbé averagewidth of the largest crystals formgds well ashe
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within-sample variance (shown as error bats) optical micrographshowing themeasurement
of onecrystal grairselectedrom these samples illustratedin Figure5.1. The average
(characteristipgrainwidthrangedd r om 525em t o 3 1 éhmavérage grainh e s e

width data for CMScreerruns ispresented ifable10.2 in AppendixB).

Figure 5.1: Optical image showing hBNflakestransferred onto thermal release tapeand measurement othe
width of characteristic grainsfor screening experiment analysis

Next, the screening runs were analyasingresponse surface methodology and linear
regression analysis in R. Before building the model, the data was first analyzed for any systemic
problems which mahave impacted the results of the experimefig.average grain widtivas
plottedagainst the run order, to ensure that there was no trend due to experiment sequence

(Figureb.2). Fortunately, this data did not showignificanttrend with respedb run order.
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Figure 5.2: Scatterplot of average grain size against run ordefor screening run experiments Grain size

showsno dependence omexperiment sequenceas confirmed by anR? value of 0.29

Themodelwasbuilt to determine the mostgnificant parameters in ode for
screening experiment analysis presented in Appddili$incethe screening expenent set was
a fractional factorial design 12), analysis was limited tfirst-order(linear) terms onlyThe first
model that was investigated considered all five parameters. Analysis of variance (ANOVA) and
lack of fit F-tests forthis model(presentedn Table10.4 in AppendixC) showedhat the
significant terms for this modelfpal ue O 0. 05) were dwel | temper
Diagnostics for this model shoavhighR?value(> 0.7)and an insigificant lack of fitF-test(p-
value> 0.05, whichindicateexcellentmodel fit However, the adjusted®Ralue which
normalizes Rcalculation based on the number of parameters in the modiglated that this

fullfive-p ar amet er mod el dwes tii nehfef ipaiessretnce of sev.

To improve the parameter,flhsecondnodel was builto determine the initial linear

model based on the screening run results. This model includeddlsggnificant parameters
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from the first modeldwell temperature and cooling rate, as well as the next lowesup term,

cooling temperaturélhis third term wasetained despite its low significance, as it was

anticipated to have significant secaosrdler terms with the remaining two parameterdtier

main experiment SéANOVA and lack of fit Ftest diagnostics for this truncated model are

presented iTable10.5 in AppendixC). This analysis confirmethe significance of the dwell
temperatur@andcooling rate parameters, which have nearly identidaiskF pvalues as the prior

model. Cooling temperate was still insignificant in this model{pa | ue 6A.5) ®2amdl >

lack of fit test pvalues decreased in this reduced model compared to the five parameter model,
but only slightly, confirming that ythdse maj or i
three terms. This is illustrated by the adjustéa&ue, which is greater than in the first model,

showing a very efficient model fit without overfitting.

From the ANOVA analysis produced by R, the final linear modehi@rage

(characteristicprain width as a function of growth parameters can be expressed as

oiﬁ)aJ(-jY qanJéY

T8 orJé Y T LU TO

Equation 7

with Tawen representing dwell tempeétae (in°C), Reooi thecooling rate (ir’C/hr) and Teool the
cooling temperature (ifC).To demonstrate the fit of this modaljerage grain width data was
plotted against each of the three parameters, with dwell temperakigriie5.3, cooling rate in

Figure5.4 and cooling temperature Figure5.5. For each plot, the respective linear component
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of the model was presented over the data as a red dash&hegtieear fit of the dwell
temperature and cooling rate terms fall quiteselto the trend of the data, vethe fit of the

cooling temperature is less significant.
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Figure 5.3: Scatterplot of average grain size againstwell temperature for screening run experimentqred
dotted line highlights the linear trend of the parameter). Dwell temperature shows a strong linear correlation

with grain size p-value << 0.05), with grain size increasing with dwell temperature.
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Figure 5.4: Scatterplot of average grain size againstooling rate for screening run experimentgred dotted

line highlights the linear trend of the parameter). Cooling rate shows a significant linear correlation with

grain size p-value = 0.05), with lower moling rates resulting in larger grain size.
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Figure 5.5: Scatterplot of average grain size againstooling temperature for screening run experimentgred

dotted line highlights the linear trend of the paraneter). Cooling temperature does not show a significant

trend with grain size (p-value > 0.05) however it was retained for the main experiment set due to interest in

potential interaction terms with dwell temperature and cooling rate
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These screening experents and the resulting analysis and model fitting proved to be
successful. The two most significant parameters (dwell temperature and cooling rate) were
identified using a set anly ten experiments. Ultimately, these results were only the first stage
in the analysis and optimization of this growth process, and largely served as a starting point
toward the design and implementation of the main experiment set. This second set of
experimentaised aset of twentyof experiments on this reduced number of parameters to be able

to build a more descriptive secendder model, as discussed below.

5.4 Main Experimens

Thesecond stage of the studgvelopeda comprehensive secowdder model based on
dwell temperature;ooling rate and cooling temperatufes the less important parameters had
been removed from consideration, a more predictipelyerful model could be built by using a
larger experimental design (as the number of experiments in the design scaled exihondhti
number of parameters considered). Thus, the experiments utilized in this section were both

efficient in modeling power as well as in time and resource use.

This sectiorelaborate®n how thh s i expdrimeit set was designed and executed, as
well as howtheresulting modeling and parameter response was evalUdtedesulting second
order modethenpredicted theptimal regions of growth within the experimental parameter

spacejdentifying conditions which may yield improved growth performance

5.4.1Design Structure of Main Experiment Set
Following the results of the screening experiments, three process parameters were
retained for investigation in the main experimental set: dwell temperature, cooling rate and

cooling temperature. This main experimeet was used for response surface analysis using a
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secondorder design, considering not orthefirst-order(linear) effects (as in the screening run

mode), but also tweparametemteractiontermsand quadratic terms.

To effectivelymodel these panae t e r s 0, a pagtisufaotype of experimental
design, called theentral composite design (CCDOyas used. This design structiseonstructed
using a full set of factorial runs with additiore@nter and axial pointsdded tahis structure to
allow the evaluation of theseteraction andjuadratic termgAn illustration of this design for
threeparameters ishown inFigure5.6.Themainadvantage of the CCD is its variance
optimality due to its orthogonal structure and rotatability; thus it is useful in developing second

order models with high resource efficiencyaccuracy13.

Factorial

Center Points
Point(s)

Axial
Points

Figure 5.6: Diagram of three factor central composite designl13. Alpha corresponds to the distance of the

axial points from the design centel(in coded values)
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Using R, a thredactor (2°) CCDwas constructedhistime using slightly different
values forthe creation of the coded variab(@®ble5.3. The change in coded variables
expandedhe region of interest for these experimeptacingthe axial values at the extremes of

past experimeat study

Table 5.3: Two-level factor and center point values remaining three parameters studied in main experiment
set.

Process Variable  Units ypper Value (+1) Lower Value{Ll) Center Value (0]

Dwell Temperaturext)  °c 1500 1400 1450
Cooling Ratéxz) °c/hr 8.0 3.0 5.5
Cooling Temperature) °c/hr 1250 1050 1150

For this type of CCDthetypical blocking scheme is to split th&factorial design points
into two blocks, with the axial points in the third and two center points included in each block,
making 20 total rundBlocking wasperformed to help account f@and reduceinhomogeneity
between experiments over time, asdhenina tube and BN boats used in the experiment
experienceghysical stess and corrosiotiue to the extreme heat and wetting of the molte@iNi
flux and must be exchangerthble5.4 shows the run order and coded variable values for this
rotatable three factor CGWhich set axial point values at 1.68amsure desigarthogonality
and rotatability (axial points and factorial points all fall on the surface of a sphere with radius of

1.68), as well aminimize modelvariance
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Table 5.4: Blocking and run order for athree factor rotatable CCD with six center runs

Block 1 (Factorial 1) | Block 2 (Factorial 2) Block 3 (Axial 1)
Run Run Run
order | X | 2| | order| ™ | 2 | | order X X X
1 1 1]-1 1 0 0|0 1 0 0 1.68
2 1)1 1 2 1] 1] -1 2 0 0 0
3 11 3 0|00 3 1.68 0 0
4 0 0 0 4 1)1 -1 4 0 -1.68 0
5 1]1-1]|1 5 11111 5 0 1.68 0
6 0 0 0 6 1 1|1 6 -1.68 0 0
7 0 0 0
8 0 0 -1.68

Following the completion of these experimeitig crystal grain width and thickness was
measured. Based on this, ANOVA andeSts for linear effects and lack of fit (LOF) in R were
used to build secordrder models for grain width and thioéss with respect to these three

parameters.

5.4.2Main Experiment Results
The mainexperiments were performed in a set of three blocks, consisting of two half
fraction factorial blocks made up of six experiments (four factorial peitws center points)
and ae axial block (six axial points two center points), as describedTliable5.4. Average
(characteristic) gain width analysis was performed in the same fashioheasdreening runs,
with crystals first extracted onto thermal release taperaabsured usinthe optical microscop

system. Crystal layer thickness measurement required the dicing of the metal ingots using a
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diamond wheel saw to allow access to a crosgsm®l view of the hBN layer. This thickness
was also measured using the Nikon microscope system. Optical micrographs showing prepared
ingot crosssections and the layer measurement are shown belBigune5.7. Data for each of

these measurements is presentebaible10.3 of AppendixB.

(b)

Figure 5.7: (a) Macro photograph ofdiced ingot allowing for crosssectional view of hBN crystal layer and (b)

optical micrograph of thickness measurement of slightly tapered hBN crystals from main run experiment
Theaverage (characteristigyain width and crystal layer thickness measurements were

plotted with respect to run ordetthin each blocko check for any systemic isssiwith the

experiments, as done with the screening (&igpure4.8). These plots showed no concerning

trends for either response, witk Walues of 0.024 and 0.059 for the two plots, respectively.
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Figure 5.8: Scatterplots of average (a) grain width and (b) crystal thickness against run order within each
block. For both plots, there wasno trend was observed withrespect to experiment sequen¢ashowing no

systemic issues with experiment order.

In addition b the run ordeplots, the larger number of center points (coded value = 0 for
all parameters) in the main experiment set also justfietyzing them. Due to the design
structure, the onlyeplicatedexperimentsverethese center runs, thus thegrethe bestmethod
for evaluating experimental ertdfor these plotsll six center point valuggxperiments run
under identical conditions, two per blockgreplotted, along with the center point average value
(Figure 4.9) Error bars for each center porepresent their withisample variability, while the
bars for the average value representtairun variability. Within-samplevariability for grain
width wasslightly less than that between sampiasdicating that withirsample variationvas
not problematic. For crystal layer thickness, themassomewhat higher withisample

variability for a few measurements, however overall sample variabiisacceptable.
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Figure 5.9: Scatterplot of center run measuements and center run average for (a) average grain width and
(b) average crystallayer thickness Center point values are the only replicated runs within the main
experiment set; therefore the center point average deviation represents rito-run experimental error for
each response.

Following these initial diagnostic testanodel buildingand analysis was performed for
each response, starting with grain width. For the screening experiments, graihaddtstrong
correlation with dwell temperature andoling rate. Before beginning the model fitting for this
response, the raw data collected for experiments with respect to each parameter was plotted
(Figure5.10. From these plots, we see a clear linear correlation between grain width and dwell
temperature, and a less clear trend with respect to cooling rate and no apparent trend with respect
to cooling temperaturén order to fully evaluate these trends, regresaitalysiswas performed

using R.
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Figure 5.10: Scatterplots depicting average grain width plotted against (a) dwell temperature, (b) cooling rate

and (c) cooling temperature

Starting with the modeling proceske collectediatawas importednto R. Notethat for
RSM analysis, parameters must be converted from natural variables to normalized coded
variables (x1, x2and x3. The relationship between the coded variables ustrtimodel and

the natural variables are as follows:

W - Equation8
. 8- .

w 3 Equation 9
6 : Equation 10

Modelling and analysis was performed again using R (code for main experiments
presented in AppendiR®). Several successive models were developed to identify significant
parameters for the grain widthodel(Table5.5). A standardJ= 0.05 level of significance (95%
confidence level) was used for all parameter fit and lack oftiésEevaluationThe first model

fitted thefirst-order (linear) terms only. For this model, only théerm (dwell temperature) was
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significant. This modehadalow R? and adjusted Rvalues, although the lack of fitteést was

not significant. For the next model, typarameter interaction terms were considered in addition
to the firstorder terms. None of these interaction terms were significant, resulting in almost the
same Rvalueas before, with lower adjusted Ralues due to lower term efficiency. After this,
the full seconebrder model was investigated, looking at all fiostier and twepair interaction
terms, as well as quadratic terrirsaddition to the xterm, the quadratix.? and x> terms were
significant. This model fit the data well, witlf Ralue approaching unity and highly insignificant
lack of fit Ftestp-value However, there was a large discrepancy between%haedRadjusted R
values due to the number of insificant terms in the model. Based on this, a final, truncated
secondorder model was built using these significant termsx¥ and %?). Due to conventions
with RSM analysis, the firstrder forms (x and %) of these higher order significant terms wer
also retained. Relative to the full secemrdler model R? decreasedlightly; however both

adjusted Rand LOF Ftest were improvedANOVA output for this final model ipresented in

Table10.6 of AppendixC.

Table 5.5: Summary of ANOVA results for average (characteristic)grain width model fitting

Model Type (Sp'_géFl_’atrar;zeéte“ Multiple R2 | Adjusted R p_\L/gIEe
FO only Xt 06711 | 05536 | 0.2324
mte'?;gons X1 0.6987 04795 | 0.178
Full SO Xt, %2, %62 0.9078 | 0.7809 | 0.4755
FO+PQoX) | X1, 2 X2 0.8743 | 08010 | 0.5581

The coefficients for this grain width model can be converted into natural variables using
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and ABlockFac206 ter ms, whi c hccoantteblocklevalmy v ar i

differences in the intercept, thieear model has the form

() a
. fa,
oT Ta T&)s— Y pTULT3
Id! ld"
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@
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pT—— Y L83 T[8IT[p§& Y PPUTS3
3
@

Equation 11

Although the above linear equation is a quantitative description of the resulting response
surface for grain width with respect to the growth parameters, a more comprehensive
understanding of how these parametefisienced grain width can be obtained through graphical
methods. The R is capable of producing a number of different response surface plots, including
contour and perspective plotghich can represent alBresponse, with two parameters as the x

and yaxes and the response as thaxis.

Initial graphi@al analysis looked at response of grain width against eacipanameter
pairing, taken at thel, 0 and +1 coded levels for the-plotted parameter, via a 3x3 set of
contour plots, presented iigure5.11. The most obvious trend was the crystals width
dependence on dwell temperatutes crystalvidth increasednonotonically (due to the linear

only dependence in thé@ave model). Trends with cooling rate and cooling temperature were
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more complex, as these depended on both linear and quadratic terms. Cooling rate was predicted
to have a minimum grain width at a cooling rate of®/Br; thewidth more rapidlyincreased

with decreasing cooling rate compared to higher cooling rates. From past experimental study,

this predicted grain width increase with increased cooling rateS@41) isnonphysical and

can be ignored. For cooling temperature, an optimal value ofC188s projected from this

mode] with a slight decrease in grain width for values above and belowlthisprediction is

sensible, as this temperature should be well below the melting temperature cfah#uXi The

grain widthdecreasedhore rapidly wih increasing cooling temperature. Physically, this may be

due to the system being quenched prematurely, interrupting growth of crystals in the basal plane

direction and potentially producing tapered crystals.
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Figure 5.11: Set of contour plotsshowing response surface for grain width model. Each contour plots the
response (represented by color and contour lines) against two of the parameters, with column (a) showing
dwell temperature vs cooing rate, column (b) showing dwell temperature vs cooling temperature and (c)
showing cooling rate vs cooling temperature. Each parameter pair was projected at a constant value for the
third parameter, with row (i) held at the -1 coded value, row (ii) heldat the O coded value and row (iii) held at

the +1 coded value for each parameter.

In addition to modeling grain width within bounds of the experimental runs, the model

can be used to predict the response surface beyond thissargeg as the fundamexht
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behavior of the system remains constant in the projected réggure5.12 shows a perspective
plot of the response surface with respect to dwell temperatureoaiidg temperature projected
at a cooling rate of°C/hr. The trend between grain width and both dwell temperature and

cooling temperature illustrated by the contour plots can be seen more clearly here. Most

importantly, grain size is predicted to excd®@®0e m i n wi dt h at this

cool i
t emper at tCrardsooldd tBnipérature near 1450
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Figure 5.12: Perspective plot showing the prediction ofargest characteristicgrain width as a function of

dwell temperature and cooling temperaturewith cooling rate projected at 1°C/hr. Grain width is anticipated
to exceed 1000em for dwell temperatures O 1550AC.
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As a final graphical analysis to help show the behavior ofystem, perspective plots
were modeled with grain width plotted against cooling rate and cooling temperature across a
range of four different dwell temperatures (14D@ 1700C), illustrated inFigure5.13. Due to
the lack of interaction terms, the shape of this response surface constant for all dwell
temperatures; howevehe widthof the largest grains formesl projected to increase, with a
maxi mum wi dath40@Cf t D0 assm wi de &Q. Basetl8Qhesem at 1700
projections, it is clear that increasing the dwell temperature is the most realistic and effective
way to increase crystal width. Even at higher cooling rates atC7@@ain widths are expected

tobe greater than 1000 & m.
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1600°C and (d) 1700°CWidth i s
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cooling rate of 1150°C at dwell temperature 1700°C.

for growth
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Thenext topic of focus was the crystaler thickness modefgain, before beginning on
model fitting for this response, the raw data collected for experiments with respect to each
parameter was plottad allow for qualitative analysis of tren@fSigure5.13). From these plots,
there appear to be linear correlations between thickness and both dwell temperature and cooling
rates. Cooling temperature again did not seem to have a strong trend, alththugle aif these
plots appear more complex than in the case of the grain width data. In any case, higher order
effects and interaction parameters cannot easily be detected by these plot typesgiésson

analysis using R must be applied for quantimtawalysis of this data.
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Figure 5.14: Scatterplots showing average crystal layer thickness plotted against (a) dwell temperature, (b)

cooling rate and (c) cooling temperature

Modelling and analysifor the crystal layer thickness respomsss performed using R

(code for main experiments presented in AppendixuBing the samsuccessive model

approach awasused in the grain width model identify significant parameterSummaries of

significantparameters and diagnostic statistics for each of these modeleseated iTable

5.5. Unlike the grain width data, the fit for all of the crystal layer thickmasdels was much

less cleaicut, therefore the level of significance for this model fitting was relaxed t6=1. The

first model looked at the fit of firatrder (linear) terms onlyJnfortunatelythis modelhad very
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poor fit, with no terms (other tham intercept) found as significa@onsequently his model

had verylow R? and adjusted Rvaluesand significant lack of fit Fest statisticThe next model,
consideredwo-parameter interaction terms in addition tosef@st-order termsAgain, noneof
the terms in this model were significant, with only marginal improvement in diagnostic statistics.
Following these two unsuccessful modéie full seconebrder model was investigated,
considering quadratic terms in addition to fingt-order and twepair interaction terms, as well
as quadratic term3he fit for this model was quite differerseveral termsveresignificant,
including the x and x linear terms, the 1xxs interaction and thezx quadratic termThe addition
of the seconarder termgreatly improved the fit of this modedith increasedR? value

However, thee was a major difference between thédRd adjusted Rvalues due to the number
of insignificant terms in thenodel andhelack of fit ~test statistiavas still significant€ 0.1).

A final, truncated secondrder model was built using the significaat Xz, X1:x3, X2 and »?
terms(as well as theaterm due to RSM convention$}elative to the full secordrder model,
the R? value decreaseslightly, however both adjustd®f and LOF Ftest were improved
ANOVA output for this final modehre presented ihable10.7 of AppendixC. Unfortunately,
lack of fit for this truncated model was still significant, requiring the model, and thus any

predictions made by it, to be taken with a grain of salt.
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Table 5.6: Summary of ANOVA results for crystal layer thickness model fitting

Sig. LOF
Model Type Parameters | Multiple R? | Adjusted R value
(E-BI £ dz9 P
FO only N/A 0.3322 0.09369 0.0095
FO + Interactions N/A 0.4633 0.07306 0.0084
X1, X2,
Full SO X1:X3, 0.8469 0.6363 0.0281
X22
FO X, %,
: g 0.6214 0.0323
+TWI(x¢:X3)+PQ(%) X1XzX23 0.7609

The coefficients for thisrystal layer thicknes:iodelwereconverted into natural

variables using the coded expressiassione for the grain width modéleglecting the non

significant

iBl ockFaclbod

and

iBl ockFac2b9o

account to blochevel differences in the intercephe linear model has the form
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Contour plot analysis was performed again for the crystal layer thickness response
against all tweparameter pairqgresented ifrigure5.12 (taken at thel, 0 and +1 coded levels
for the unplotted parameterNo linearonly trends were observed in these plots, as all
parameters displayed either quadratic or-paoameter interaction terms in the modéle most
important trendn these plots was the interaction between dwell temperature and cooling
temperatureThe thickest crystals were predicted to form for the high dwell tempeiiatug
cooling temperature combination, particularly at lower cooling rates. This trend is believed to be
caused by twsuccessive eventstandardrystal growth (primarily in ta basal plane direction)
at the highdwell temperature and slow coolirfgllowed byrapid growthdue toquenching
resulting fromhigh cooling temperatur& hese conditions cause the formation of tapered crystal
grains A more detailed plot of this behaviis illustrated inFigure5.16, a perspective plot of
crystal layer thickness plotted against dwell temperature and cooling temperature at a cooling
rate of 3C/hr. However, the fit of this model was significantly worse that for crystal width (LOF
F-test pvalue was significant), so any predictions made using these projections must be taken

with some pause.
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Figure 5.15: Set of contour plots showing response surface for crystal layer thickness model. Each contour
plots the response (represented by color and contour lines) against two of the parameters, with column (a)
showing dwell temperature vs cooling rate, column (b3howing dwell temperature vs cooling temperature
and (c) showing cooling rate vs cooling temperature. Each parameter pair was projected at a constant value
for the third parameter, with row (i) held at the -1 coded value, row (ii) held at the 0 coded vaduand row (iii)
held at the +1 coded value for each parameter.
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Figure 5.16: Perspective plot forcrystal layer thicknessmodel projecting response surface for crystal
thickness as a function of dwell temperature and cooling temperaturat fixed cooling rate of3°C/hr. The
crystal layer thicknessis predictedincreasewith increasing dwell temperature and cooling temperature

(although increased cooling temperature may lead to undesired tapered crystals).

5.5Relevance of This Work

Based on the findings of this study, it is clear that the single most important parameter for
controlling hBN crystal grain size is dwell temperat@Beth the grain width and thickness
models from this study project improved response with higher dwell temperatures. This is
sensible from a thermodynamic standpoint, as the amount of BN that can be dissolved within this

flux is dependent on the temperatofehat flux. Diffusion rates within the flux should also
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increase with temperature, helping to accelerate the growtiTheelriving force for solution

based crystal growth methods is the degree of supersaturation that can be achieved for the solute
[22]. Therefore, future furnace systems for hBN growth bYCNflux shouldbe designed with

higher dwell temperatures in mindlssuming that these predict®hold with increasing dwell
temperature beyond the range of the experimental region, hBN-shygtaldomainsas large as

2mm inwidth should formata dwell temperature of 170G.

For the other two parameters, their effect on crystal width and thickres®re
complex. Sensibly, lowering cooling rate should correlate with a decrease in nucleation rate,
leading to wider crystal grains. The same conclusambe drawn frorthis predictive model,
although there does seem to be a practical limit to how l@hngpratecan be explored due to
explodingexperimental runtime. As for cooling temperature, it appears to have the most
significant impact on crystal thickness, with thicker crystals being formed at higher cooling
temperature (and earlier system quenghiithis resulsuggestshat the furnace progracould
to be altered in order to grow thickenystals byusing twosuccessive cooling stages to form
crystak of the desired thicknessh@ firststage would operat a slow cooling rate (€&/hr) at
hightemperature$>1300C) and promote grain growth in the basal plane direction, followed by
a second stage with higher cooling rate°G/#r) down to 1008C. This second stage could be
optimized to promote grain growth in thalaection, forming wider cryals without

degenerating tthe formation of an amorphous BN buffer layer.

Themodeling performed by this studylargely empirical. The NCr flux growth
process is still a black box, but these models can be used to guide further work the direction of
producing wider and thicker grains. Improving the grain size of these bulk hBN crystals should

enable the next stage of research in hBN optoelectronic devices and neutron detectors.
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Chapter6-1 sot opi calhlBybrEonwtihc hed

Naturally-occurring boron is composed efd isotopesi®B and!'B, which have
respective fractions of approximately 20% and 80% (atomic b&sis)to their relatively low
atomic mass, the mass difference between these two isotopes reasligmnificant change in
the hBN crystal lattice behaui. This chapter investigates some of the potential benefits of
producing enriched hBN cryssdind demonstrates how the-Qrr flux growth process could be
adapted tgrow enriched!®B and!!B crystals. A calibration curve between isotopic
concentration athRaman shift wadevelopedand key physical changes (Raman peak shift) were

demonstrated to be affected by isotopic concentration.

6.1 Motivation

The enrichment of boron isotopes in hBN is beneficiab&rerareasonsTheefficiency
of hBN neutron detectors gedictedo increase with°B concentrationwith up to fivefold
increase imeutronabsorptiorfor hBN with 100% enrichment if°B [46]. For comparison, the
thermal neutron capture cressction forl°B is 3800 barns, while the cross section'f@ris
only 0.005 barns42]. Additionally, theory predicts the room temperature thermal conductivity
of hBN to increase by 30% for isotopically pure hBfB or 'B), due to reduced phonen
isotope scattering in the crystal latt{d®2(Q. Due to this, isotopically enriched hBN crystals may
also be capable of long distance propagation of phpotariton modes, which may enable the

development of phonebased devices3p].

This workdemonstratethat enriched hBN crystatanbe grown by reacting enriched

boron sources with Ngas in a NiCr flux Both 1°B and*'B crystalsweregrownanda calibration
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curvebetween Raman shift and the isotopic concentrat@as establishedliminaing the need

to perform expensive and destructive mass spectroscopy techniques.

6.2 Methods

Growth of the enriched hBN crystals was performed using standard growth conditions in
the QM and Mellen furnace@well temperature of 150G, cooling rate of Z/hr, and N gas
flow only). Unlike in the NiCr flux process, this method added elemental boron to the flux and
formed BN by reaction with the \h situ. Multiple enriched boron soursevere used to achieve
a range of concentrations 8 and!!B. The first sources were a pair of gioemedNi-Cr-B
alloys (with composition of 46.76 wt.% Cr, 41.47 wt.% Ni and 11.78 wt%om8j)ichwere
prepared by Ames Laboratoriesing high purity Ni ad Cr sourceand two sources of enriched
99.999% purity boropowderfrom Ceradyne IncTheisotope concentratiore these enriched
high purity boron powders wef9.99 at.%'B and 92.64 at.%B, respectively. The Ni and Cr
source materials had logarbon and oxygen impurity concentrations; <75ppm and <35 ppm

respectivelymeasured by glow discharge mass spectrogcopy

The initial experiments used the gogmed alloy and BN boat€rystal sizes and habits
were analyzed using optical and electronroscopy.While this did successfully produce hBN
crystals enriched it’B and!!B, this proceduréad two drawbacks: (1jhe Ni-Cr-B alloy pieces
did not completely melt during the dwell stage at T50@ 24 hr and (2) the BN from the boats
diffused intothe flux, diluting the 1°B or 'B enrichmet. To achieve the highest isotopic
enrichments possibléhe growthprocedure was changed to formGii-B flux by mixing the
enriched boron powder with standard Ni and Cr sources (with the same compositioneds abov
and performing growth in an alumina boat. These changes improved the mixing and ingot

formation for these materials and prevented diffusion oferoiched boron into the flux.
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EnrichedhBN crystals frominitial growth experimergusing the prdormedNi-Cr-B
alloy, were submittedalong with an hBN of natural abundahte Evans Analytic Group for
analysis o8 and!!B isotope concentration by second#sy mass spectrometry (SIMS). The
isotopic distribution of the three samples was determined ¥i& Bly calibrating the system
with the natural abundance sample defined as 20'8B%Raman spectroscopy was performed
at Kansas State (using the system described ir2ilgs well as by Dr. Kurt Gaskill, Dr. Josh
Caldwell and associatat theU.S.Naval Research Laboratories (NRL). Raman peak
measurements for these initial samples were coupled with SIMS data to produce a simple linear
calibration curve to estimathe'°B concentration from Raman peak shift. This peak shift
phenomenon was analyztat additional experiments producing a range of enri¢fgcnd*'B
samples. Additionally, peak FWHM was analyzed with respect to peak positioHBand

concentration) to understand this peak narrowing phenomenon.

6.3 Resultsand Discussion

In this sectionexperimental results for the growth of enriched hBN crystals by reacting
boron with N in Ni-Cr-B flux arediscussed. hBN grains were characterized using optical and
electron microscopy to identityeir size and morpholags and to speculate on how thgstals
were formedThe concentrations 3fB and!'B isotopes were measured by SIMS and were
correlated to the shift in theefRaman peak (occurring at 1366 ¢for natural abundance hBN)

[89] The trends in Raman peak position and FWHM were also highlighted and studied.

6.3.1Enriched hBN Growth fror\i-Cr-B Alloy
The NiCr-B alloy piecesused in the first experimenttsd not fully melt, unlike prioiNi-
Cr flux growthexperimentsNevertheless, hBN did precipitate and form crystals on the surface

of the metal pieced.here were no significant differencescirystal size or hablietween thé®B
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and!B enriched samplesiowever, hBN did form by two different mechaniswighin samples
standard growth bgrain nucleation on the Mir-B surface as observed in the fGr flux
method,andavaporliquid-solid (VLS) interfacegrowth mechanismNucleation ohBN
occurred similarly for both samplgszroducinghexagonal and truated hexagon&lBN platelets
with small domain size SEM images of three hBbtystal plateletformed by this growth

mechanisnhadwidths and thicknesssof 20-30t m and5t m, respectivelyFigure6.1).

(b)

Figure 6.1: SEM images of hBN crystals with platelefike habit formed by high temperature growth from
enriched Ni-Cr-B alloy. (a) Spiral steps on the surface of thi¥B enriched hBN crystalwasconsistent the
presence of a screw dislocation. (b) Growth of thi¥B enriched hBN crystalproduced a plateletlike
structure. (c) B enriched hBN crystals showed similar growth habit and size as tH8B enriched samples,

implying that growth mechanism is independent bisotopic concentration.

Micronns cal e hBN fil aments appeared to -grow as
Cr-B, consistent with the VLS mechanisri2fl]. This growth mechanism had not been
previously reported for hBN grown by the-Br flux andappeaed to besimilar to hBN
nanowiregrownf r o-FeB Particles in Mand NH;, although these filaments were significantly
larger in dimensiofl2Z. Observationally, the whiske@ppearedo have grown as nitrogen is
dissolved in the molten metal at its tipactingwith boron to form hBNThese whiskers had
lengths up to 7@ m with diameter of  m (Figure6.2), several orders of magnitude larger than

hBN nanowires from previougtudies 122-124). Again, this mechanism is not expected to show
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a degndence on isotopic enrichmghbwever, this growth technique was primarily seen on the

198-enriched sample.

Figure 6.2: SEM images of (a) an hBN whisker grown via the vaporliquid -solid interface growth mechanism
and (b) Ni-Cr-B metal sphere at the tip of the hBN whisker.

6.3.2CoupledSIMSRaman Analysis of Enriched hBN
Enriched'°B and''B hBN crystals formed from the NGr-B alloy were collected and
submitted to Evans Analytical Group for SIMS analySihS was calibrated using an hBN
crystal with the natural distributi!®andof boro
80%B (atomic basis)The majority isotope concentration of the enriched samples was 84.4
at.% for the'°B-rich sample and 93.&t.% for the*'B-rich samplgwith a standard deviation of
+0.01 at.% for each sampldhese concentrations were used to determine the enrichment factor
(the ratio of majority isotope concentration to concentration of that isotope in natural boron) of
ead sample, calculated at 4.25 for #3B-rich sample and 1.16 for th&-rich sampleFrom

this analysis, the followingonclusionsouldbe drawn: (1) thé'B-rich samplenhad the highest
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isotopic enrichmendf thetwo samples and (2) théB-rich samplehad thdargerisotopic

deviationfrom natural abundance

In addition to SIMS analysis, Raman spectroscopy was performed on the enriched and
natural abundance hBN samplestorelatethese measuremeraadto create a calibration
curve relating isotopiconcentration ta@orrespondingRamanshift peak positionRaman spectra
for eachsampledisplayeda similarstructure with a single peak corresponding to the E
vibrational mode between-plane boron and nitrogen aton&9]. The peak position for the
natural abundance hBN sample matched the value (136preported in the literaturé&]].
Table6.1 provides Raman peak position and FWHM values, wigeire6.3 shows the Raman
spectra for each of the samples, as well as the Raman peak data plotted agakust&ivited

10B fraction

Table 6.1: E2g Raman shift peak position and FWHM values for natural abundance and’8 and *'B enriched

hBN crystals

Sample SIMS!B Conc. EyRamanShift Raman Shift
P (at %) Peak Pottion (cnm?) | Peak FWHM (crf)
Natural Abundance 19.9% 1365.6 8.3
198 Enrichedtamplel 84.4% 1390.3 4.5
1B Enrichecamplel 7.0% 1359.5 3.8
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Figure 6.3: (a) Raman spectrafor the enriched and natural abundance hBN samples and (b) Raman shift

peak positionfor E2g modeplotted against its SIMSdetermined 1°B fraction

The Raman peaks in hBN followed a linear relationship végipect td°B concentration
The Ezq peak shiftedo higher wavenumbers with increasitig fraction and shifted to lower
values as$'B enrichmentipproached unitylhis change wasubstantial30.8 cm® between the
118 and!®B enriched sampte The magnitude of thidifference in peak position walsie to the
majordifference in atomic mass between the twevonisotopes (10 % change relatithB), due

to their low atomic number.

6.3.3Additional ExperimentasingEnriched Boron Powder
Additional experiments were performed to allow for higlsatopicenrichmendg The
HPBN boats were exchanged @umina boats to prevent dilution of the enriched boroncssur
The source materials were changed, as growth from boron powder mixed with Nipoader
source materialproducedbetter results than the pfermed N+Cr-B alloy. Starting from
powder source materiatesulted inNi-Cr-B ingots which successfuliyelted and were covered

by enriched hBN crystal sheetEdure6.4). The enriched hBN crystal grains grown from these
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powder sources were also much larger, wthakes on t he order of 300 :
for the preformed NiCr-B ingot samplesCrystls from these samples were extracted and

transferred onto sapphire substrates using thermal releaq€&iguoe6.5).

(@) (b)

Figure 6.4: Photographs illustrating (a) *°8 enriched crystal sheet covering the top surface of the MNir-B
ingot and (b) 1*B enriched crystals sheet partially covering the NCr-B ingot. For both of these samples,
enriched powder was mixed with high puity Ni and Cr sources and successfully melted during the growth

process.
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Figure 6.5: Optical micrograph of enriched *°B hBN crystal flake transferred onto sapphire substrate using

thermal release tape

SIMS analysis was not performed on these samples; howisgpic enrichment was
expected to be the same as the starting boron powder enrichment due to the lack of external
boron sources. Raman spectroscopy was performed on these daneglésate the isopic
enrichmentsTheRaman peak positigriand FWHMs are presented ihable6.2. To confirm if
theseestimates were realistithe expected enrichment for these expents were plotted
against their Raman shift peak and compared to the $R&iBan calibration curve dat&igure

6.6).
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Table 6.2: Expected'B concentration and Raman shift measurements for additional experiments performed

in alumina boats using boron powder mixed with Ni and Cr sources

ourc aman Ift aman |
Sample S e'B R Shif R Shift
P Conc. (at %) | Peak Posion (cmt) | Peak FWHM (cr
198 Enrichecsample 2 99% 1392.0 35
1B EnrichedGample2 <1% 1356.5 3.6
1400
1390 i % A
1380 1
5
£ 1370 1
=
: t
& ,
§ 1360 | %
1 X SIMS-Raman Correlated Data (measured)
1350 A A Additional Experiments (est. by source)
1340 e
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 6.6: Expected!B fraction vs Raman shift peak position for additional enriched growth experiments,
plotted over SIMS-Raman coupled data and linear fit(dashed line) The 9B fraction for the additional

experiments was assumed to be equal to that of its boron source material.

Theexpected®B fraction(based on the original source isotope concentratibtijese
additional samples fell slightly below the RarvidB fraction calibration curve, that either (1)
this degre of enrichment was not obtained, (2) the behavior of the Ramansshdt linear as it
approaches perfect enrichment or (3) the calibndit is otherwise imperfecilowever the data

does fallreasonablglose to the predicted fit of the calibration curve, showingRaahan shift
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is useful, if imperfectto quickly evaluaté® fraction. Raman shifpeak FWHM also showed a
significantchange with respect t8B fraction (and peak positionfWHM values for both of the
enriched samples were approximately half of that for the natural abundance sample. This peak
narrowing demonstrates how enrichment in either isotope results in lowetgakishonon

scattering.

10 —+
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Figure 6.7: Raman shift peak position plotted against FWHM for enriched hBN crystals (and natural
abundance standard). Dashed line shows fitted secoidder polynomial fit for data predicted from 1st

principles for enriched bulk hBN by Lindsay et al[120.

6.4 Relevance of this Work

This study has confirmed that hBN grovity reacting boron ia Ni-Cr-B flux was
viable andcanproduce isotopically enriched hBN crystdi@N was formed by two
mechanismsnucleated growth and VLS interface growth. Nucleated growth will likely continue

to be the primary mechanism of interest, due to the larger kdystansions, however, VL-S
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produced hBN whisksmwere of an order of magnitude larger than that of previous studies;
therefore if diameter and order of these whiskers can be increasedyage8 growth may

become viable.

Raman spectroscopyas oupled wih SIMS data to develop a calibration curve to
evaluatethe boron isotope concentratiohthe crystalsBothRaman shift peak position and
FWHM changed significantlyith the 1B fraction. These results were consisted with
predictions for behavior of entied crystals made by Lindsayal[12(. Notably, narrowing of
Raman shift peaks was consistent with predicted decrease in ipttopen scattering,

important for many transport properties in hBN such as thermal conductivity.

Future workcan leverage the growth and analytical techniques erated here to
produce crystalef sufficient size to fabricate neutraetectors antbo test how enrichment of
hBN improvesneutron capture. hBN enrichediB and!!'B shouldbeinvestigated fographene
heterostructureevices to investigate ifeducel isotopephonon scatteringffectsthecharge
carriermobility of these devices:inally, isotopic effectssuch as phonepolariton propagation,
thermal conductivity andn other physical characteristics of hBéfhould bestudied to identify

any advantags of isotopic enrichment for hBN devices.
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Chapter7-Def ect Selective Etchi

This chaper discusses an etching study performed on the hBN crystals grown by the Ni
Cr flux method (discussed in Chp 3&4), using a molten hydroxide salt etchant. The etching
process andesulting etch pits are described, as well as the effect of etching temperature on etch
pit size and type using optical microscopy, SEM and AFM analysis. Using this data, activation
energy for etch pitormation was estimated using the Arrhenius equaRoopagation of the
threading dislocations (which produce these etch pits) through the hBN crystal bulk was

investigation using crossectional TEM imaging.

7.1 Motivation

New applicationdor hBN have been envisionggthich make use of its structural, optical
and electronic propertiggiscussed in Chp 1RRealizingthese applications requires hBN of high
structural perfection, as defects sadlislocations createhargetraps, scattering centers, and
recombination sites that degrade its optical and chteageport propertiesuch as charge carrier

mobility and minority carrielifetime [31,107-109.

There have been numerous transmission electron microscopyragdifraction
studies to identify defects in hBN 07,108 . Stacking disorder, the imperfect stacking of basal
planes, is common, a consequeat#e strong bonding within the basal plane layers and weak
van der Waals bonding between layers. Delamination voideésalignmenbf stacked planes
(causing rhombohedral stacking disord=ah be produced in hBN as it is cootiding the
growth proess due to external strain from the differences in thermal expansion at thedtBN
interface Twinning also occursas hBN has a limited number of slip systefsomparison of

defects found in hBN to those in graphite are instructive, since both inailer structures
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planar structuréormed bya hexagonal latticef atoms strongly bonded togethersp2

configuration with weakinterlayer van der Waa[4.11].

Defect sensitive etching (DSE) is a good method for locating and quantifying the density
of nonbasal plane defects in hBN crystals. It has been widely employed in the study of defects
in AIN, GaN, and SiC single crystals and epitaxial filfh69,110. Wide bandgap
semiconductorareetched in molten potassium hydroxide, sodium hydroxide, or a eutectic
mixture of the twoMishima[112 reported one of the few prior sted onthedefect sensitive
etching of boron nitridebut on the cubic polymorphe. cBN He etched cBN crystals in molten
NaOH at 520 °C to 530 °C for 2 minutétexagonal, triangular, and long, slender pits formed on
different crystal planedhis stugy sought to pursue a similar line of workvestigatinghe

types of features that form on hBN single crystals ettlysimoltenKOH-NaOH mixture.

7.2 Methods

The bulk hBN crystals used for this etching study were grown using ke fillix
techniquesstablished by Hoffmaet al[38]. Freestanding crystal flakes were carefully
extracted from the metal surface using a release tape transfer technique, mirtimeizingpunt
of damage done to the soft hBN layers during the transfer process. After transfer, crystals were
sonicated in organic solverttsremove surface impurities, and then heated in air at 500 °C to

volatilize any residual carbon contaminants.

Etching was performed on the (0001) surface of hBN crystals using a molten
KOH/NaOH mixture (50 wt%nixture) heated resistively by a canistyle furnacgFigure
3.15). The etching mixture was loaded into a vitreous carbon crucible and placed on an alumina
pedestal centered in the furnace. The crucible was heated to the desired temperature before the

addition of the hBN\crystal flake (maintaining the temperatdioe 5 minuesbeforeetching.
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Etching was performed from 425 °C to 525 °C, etching each time for one minute. Immediately
after etching, thélakeswere quenched in water to stop the etching reaction and dissolve the
hydroxide etchant on the surface of the fldkiehedflakes werghensoaked in a 10 vol% acetic

acid solutiorovernightto neutralize and remove amsidual etchant

Following the etching and cleaning of these hBN flakes, the resultihgog#scwere
identified using Naarsktinterference contrast @pal microscopyat 1000x magnification
High resolution images of the etch pits were collected using the SEM FEI Versa3D system at the
University of Kansas. Iekes were prepared for SEM imaging by mounting onto SEM stubs and
coating a thin metallic layg10 nm Au) to prevent charging. Using SEM, the morphology, areal
density and size distribution of these pits were analyzed across the etching temperature range
investigated by this study (4Z225°C).Thesurface topography of the etch pits and the efféct
etching temperature on the width and depth of thengsinvestigated by atomic force
microscopy (AFM)usinganinnova AFMsystemin contactmode withMSCT cantilevers

Height profiles for different etch pit types were measured for samples etce@d@tto

determine pit depth and topography.

Propagation othreading dislocation types bulk hBN crystals wasvestigatedy
crosssectional TEMHigh-resolution TEM was performed on hBN flakes to identify threading
dislocations propagating through ttwystal bulk and determine their type (screw, edge or
mixed), as done previously for graphiie2b-127] and other 11}V materials, such as GalNZ§g.
Sample crossections were prepared using focused ion beam (FIB) milling to preplaire
specimen sliced in th@Q07] direction (perpendicular to the basal plane). Two diffraction
contrasimagingconditions for isolating screw and edge tgjiocations, were utilized for

dislocation differentiationf-uture work aimed to correlateldese threading dislocations with
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etch pit type (screw, edge or mixed); however that work was not able to be complete by the time

of writing.

7.3 Results and Discussion

ThehBN flakeswere etchedcross five temperatures from 425°825°C, at intervals of
25°C. Three types of hexagoneich pits were formed on tidN (0001) surface: flabottom
pits, pointedbottom pits and mixetype pits(which form due to overlap of thefiest two
typeg. Thesepits were produced due to imperfections in the crystal lattiseiting fromthe
propagation of threading dislocations through the crysilid to the surfaceSimilar pits types
have been identifieth GaN etching studiesvhich correlatd with the presence of screw, edge

and mixedtype threading dislocationd29.

These etch pits were distributed across th
concentrations of pits near grain boundaries and line dekgctspitsize increased with the
etching temperaturgased oroptical microscopyand SEManalysis(Figure7.1 andFigure7.2,
respectfully) Additionally, etchpit typetransitionedrom norroverlapping flatbottom and
pointedbottom type pits at etch temperatures of 425°C and 450, itacreasing populatioof
overlappingmixedtype pit with increasing etch temperatufd an etching temperature of

525°C,practically all etch pits were mixegpe
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Figure 7.1: Nomarski interference-contrast optical micrograph of etched hBN flakes taken atL000x
magnification. For the flake etched at 450°C for one minute (a), neaverlapping pointed-bottom and flat-
bottom hexagonaletch pitsformed on the flake surface. For the flake etched at 525°C for one minute (b),

both flat and pointed-bottom pits formed on the flake surfacewith heaw overlapping.

125



Figure 7.2: SEM Images showing pit shape and distribution on the flakeacross all five etching temperatures
(425°Cto 525°C), showing transition from largely non-overlapping pointed and flatbottom etch pits,

transitioning to fully -overlapping mixed-type pits.
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Onemajorgoalof this study wago obtain a figure of merit diBN crystalquality, with
which to compare the quality of crystals from run to run awoevth method to growth method.
Most commonlythe figure used for this is the areal etch pit density. To determine this, etch
conditions must be controll€dith respect to etching temperature and jitodorming etch pits
which are large enough to eadigcountd withoutoverlap. In this study, etching at 450°C for
one minute best produced these conditigingure7.2). An estimate of the etch pit densiyas
made for the sample by counting the total number of etch pits in the image and normalizing the
area of the image. For the flakes investigated in this getdiied at 45@/1min), etch pit
densitywas estimated at&0’ cn?. For comparison, thisasstill one or two orders of

magnitude higher than that reported for an epitaxiat®dp sN epitaxial film [130.

Based on the size of etch pit formed at each etdlkimgerature, activation energy for

this etching processasestimated using a basic Arrhenius equation of the form

Q 0Q Equation13

with k corresponding with etch ratei n ¢ mVwithi fraquency factof i n ¢ nH.asithe )
activation energyin kJ/mol) T as temperatur@n Kelvin) and R as the gas constgb81]. The

etch ratewasassumed to be proportional to the etch pit width. By substituting etch pit width (W)
in for etch rate and taking the natural log of the Arrhenius equélielinearnzedform of the

equationbecomes
g © 5 Equation 14
vy O quation

where Cis an arbitrary constanfiverage etch pit widtlvasestimated at each temperature

through analysis of the width of measured etch pits collected via SEMhignaigflakes etched
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at each temperatur&€he ativation energyasestimated by plotting the natural logarithm of the
etch pit width against inverse temperature (i), kand fitting a line by least squardgdure7.3).
From this, activation energyas estimateds60 kJ/mol, whichwaswithin anorder of

magnitude of other HV materials and typical of a kineticalgontrolled reaction20911012§|.
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Figure 7.3: Plot of the natural logarithm of the average etch pit width against inverse temperaturelThe
dashed line showshe linear fit for the Arrhenius relationship, with the slopeproportional to the etching

activation energy. Estimations based on this fit predict an activation energyf approximately 60 kJ/mol.

AFM analysiswas performed for samples etched at’€o@ndrevealed thredistinct
etch pitsurface height profiled-igure7.4). Theflat-bottom pitshadsteeply sloping sides and
long, flat bottomsTher height profile quickly dropped and then leveled for most of the pit
width, with largely symmetrical shapsithaver age | ength and depth of
respectivelyThe pointedbottom pitshadapproximately 4%5sloping sides which formed inverse

hexagonal pyramids with pointed bottorseir height profile showed linear symmetric sloping
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walls, withwidthand depth of approximately 1.5egm and
type pitsdisplayed a combination of features from the other two pitshoded the most

irregularly shaped deptbrofile. This profile consisted ohsymmetrically sloped pit walls near

the outer portion of the wall similar to the poirdeottom pits, but gently sloped surfaces near

the center more like fldtottom pits. These pits also tended to be wider and mwegredé¢han

the other two pitypes with avidth up to 2.5um and depth up to 500 nio.allow direct

comparison of the dimensions of these etch pit types, wadtlepth ratio was calculated based

on these average width and depth valleble7.1).

Table 7.1: Average pit width, depth and width-to-depth ratio for samples etched at 450C and analyzed by
AFM surface height profile

Etch Pit Type

Pit Width (um)

Pit Depth (nm)

Width-to-Depth Ratio

Flat-Bottom 15 25 60:1
Pointed-Bottom 15 95 16:1
Mixed Type 2.5 500 5:1
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Figure 7.4: AFM images and associated height profilefrom top to bottom) of flat-bottom, pointed bottom
and mixed-type etch pits on hBN flakes etched at 450°C for one minute in KOH/NaOH mixture.
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Thedirectionality of the Burgers vectofs) of different threading dislocationgas
determined by TEM usingvo-beam diffraction contrast microscapihis was achieved by
analyzing the samplender multiple diffractiorvectors("6) to evaluate the criteria required for

the dislocations to provide no contrast, definedl2§]|[

B0V Equation 15

meaning that dislocations should disappear (have zero contrast) when its Burgers vector was
parallel indiffraction vector Based on the results imgghite, (which shares the same hexagonal
structure and ABAB stacking as hBN), screw dislocations were observed to have Burgers vectors
in the [000] direction (perpendicular the basal plane), while edge dislocations had vectors in the
[hKIQ] directions(parallel to the basal plane)35127]. Mixed-type dislocations were a

combination of these two conditions and had their vector intersect the basal plane ihididme [

direction.

Using these two imageonditionsboth mixed and screw type dislocatsamere identified
in the prepared crossection Figure7.5). Pure edge type dislocations were se¢n The
majority of dislocations appear to be mixigge. At this point, etch pit shapes have not been
able to be traced directly to thesefeliént dislocation typedut that work is plannefdr a

follow-up study

131



Mixed
. N
P Mixed Screw

T b e P ——— g

Figure 7.5: Diffraction -contrast TEM images of hBN flakecross sectiongaken with screw dislocation
imaging conditions(top) and edge imaging conditiongbottom). Defects only observed in the top image are
screw dislocations, while those only observed in the bottom are edge type. Dislocations present in both are
mixed-type, as they have components of both screw and edge dislocations

7.4 Relevance of This Work
A method for etching bulk hBN crystals using a molten NaOH/KOH mixtae
demonstratecHexagonal etch pittormed that arsimilar to thosdormed withother 11V

semiconductors;orresponding to the presence of edge, screwraxeld-type threading
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dislocationsTheetch pit density waapproximately 310’ cmv?for hBN grown by current NCr
flux ,indicatingthat these crystals contairh@h densityof threadingdislocations. The activation
energy for the etching reaction waskadmol, which isslightly lowerthan that of GaN88
kJ/mol)[13] and may be&luethe structural differences in the hexagonal and wurtzite crystal

lattices

Threading dislocations within the hBN crystal bulk were able to be identified using
diffraction contrast TEM. Identification of these different threading dislocations is important, as
it will give better understanding as to how hBN crystals nucleate awdfgom the metal flux.

Both screw and mixetype dislocations were present; however pure ggge dislocations were
not. An additional study will be performed to correlate these threading dislocations with the
identified etch pit types revealed by theOdKOH etchby performing diffractiorcontrast

TEM on etched crossections with identified pit shape
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Chapter8-h Bl har acterization and Ap

This chapter discusses several characterization and application studies performed on the
hBN crystals grown by thii-Cr (and enriched NCr-B) flux method. These wegerformedn
collaboration with several researchers, primarily at Kansas Staersityandthe U.S. Naval
Research Laboratories (NRL), and included optical and impurity concentnag@surements
andinvestigaedhBN neutron detectsiand as a nanophotonic ragal. For each study, a brief
description of the desired outcomes and methods utiszgidcussed, followed by the findings
of the study. These studies demonstrate how the improved opticaelfeemnd electrical

properties of bulk hBN crystals enabled new applications.

8.1 Optical Characterization oBulk hBN Grown by the NiCr Flux Method

Theoptical properties of the bulk hBN crystals grown by theCXflux method were
investigated taneasurehe optical absorption coefficient as a function of energyestichate
energy bandgamagnitude and type (direct and indireéth hBN flakewas mechanically
removedrom the metafluxs ur f ace and positioned over a 200
coated srface[137. Optical micrographsef the flakewere collectedy confocal microscopy
using white light, as well as a 400 nm laser ligbtidentifyindividual domains (approximately

100200 em i n widt(Figuredl).t hi n the fl ake
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Figure 8.1: Confocal microscope mages of hBN f | ake mo u nahAudoatdsuriace2

using (a) white light and (b) 400 nm laser lightReproduced with permission from Edgar et al 132.

The gotical transmission for the flake was measured from 1 to 6 eV using a Cary 5G
spectrophotometeF{gure8.2a). Bandedge absorptiomcreased sharplgt approximately 5.8
eV. The fake thickness was evaluated by fitting the transmission oscillations near 2eV as a
FabryPerot cavity using 1.85 asahefractive index for hBNHigure8.2b) [133. Based on this
fit, theest i mat ed t hi ckexts s pwread r@a.ll asom.or pti on

for the bulk hBN as a function of enerdyiqure8.3).
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Figure 8.2:(a) Optical transmission spectrum of an hBN flake from 1 to 6 eV, along with (b) a fit to the Fabry

Perot oscillations pr ovi diRepgodugad with petmission frensBddgameaal e d t hi ¢ k|

[137.
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Figure83: Absorption coefficient agai nstReprbdocecowith ener gy f or
permission from Edgar et al [L32.

T After the evaluation of absorption coefficient, energy bandggpa&sevaluated based

on the relationship

|18 @ © Equation 16
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Where n is ¥and 2 for direct and indirect bandgap materials, respectively. Ploftmaqn d? U
against the spectral energy allowed the data to be fit to predict the energy bandgap and its type
(Figure8.4). The linear fit for this data indicated that d@mplewasmoreconsistent withan

indirect bandgajpt5.8 eV,compared t@ direct bandgap of 5.88 eXdmittedly, this was niba
conclusive measurement, but thiges fall in line with the studies by Cassab@i4 pnd Gao

[134] that hBN is an indirect semiconductétowever there has also been theoretical modeling

by Liu et al[135 and experimental measunents by Watanabet al[71] that indicate direct
bandgap behavior for hBN. Further study is necessamgstuve whether these predicticre in
conflict, or iftheydescribe two conditions possible for hBN due to variations in stacking

sequence.

Vv« is linear for indirect gap

s s . > oA
< «“ is linear for direct gap e 1

5 5.2 5.4 5.6 5.8 6
Photon Energy [eV]

Figure 8.4: Linear fit to spectral data assuming proportionality for (2 and U*2to estimate the type of bandgap

(direct or indirect) for the hBN flake. Reproduced with permission from Edgar et al [L37].
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8.2 Major Impurity Concentrationsin Bulk hBN Grown by the NiCr Flux Method

To quantify theof major impuriyy concentrationsvithin hBN grown by the NCr flux
process (using standard purity Ni and Cr souacesN gas flow only, hBN bulk crystalsvere
characterized via secondapn mass speaimetry (SIMS)following ion implantation and
standardization using artificialgccurring isotopes of carbon, oxygen and silidé@, %0 and
293 (artificially-occurring isotopes) were implanted into #amples by eonard Kroko, Ing.

with thespecified energies and doses listedatle8.1.

Table 8.1: Details of ions implanted into hBN crystal for impurity concentration analysis

Implanted lon | lon Energy (keV) Implanted Dosg(ions/cn)

13C 190 1.2x164
180 110 5.0x10°
29g; 190 5.0x104

These isotopes were implanted, as they do not occur naturally but were expected to
sputter by SIMS at similar rates compared to the natdoaltyirring isotopes of carbon, oxygen
and silicon. To obtain quantitative measuremémtsheimpurities, the SIMSneasurements
were calibrated based ¢ime modeled depth profiles (concentration as a function of depth) of
thesethree artificial isotopes implanted into hBN under their respective conditions (ion energy
and dose)The implants were modelesing the SRIMsoftware packagelBq, which predicted
theion concentration as a function of defwh implantation into hBN at the specified energies
and dosegFigure8.5). Maximum concentrations for these three isotopes ranged fréhiol0

10%ions/cnfat depth bet ween 20M.05 TheBdpkdidtethddpsand 50 0 C
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profiled were then coupled with the SIMS measurements (performed by Evans Analytical

Group)to serve as standarda these samples.
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Figure 8.5: Implanted-ion depth profiles predicted using implantationenergies and fluxes and TRIM

SIMS analysis wathenperformedo estimate impurity concentrationsé€, 1°0 and

30 (the majority naturalkpccurring isotope of each element) present in these sa(fiese

8.6). Carbon and oxygen were the most significant impurities, with bulk concentrations of

approximately 2x1% and 1x168° atoms/cm, respectivelyThe slicon impurity concentration

was found to be much lower@ atoms/cr).
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Figure 8.6: SIMS data for hBN crystals grown with N2 gas only,standardized using ionrimplanted samples

Possible sources of these impurities included the Ni anmb®@ders in the fluxthe
HPBN boat, and the \yas. The carbon and oxygen impurities present in these source materials,
both in ppm anés anorderof-magnitudeestimateof atomic concentratioraésuming
approximately 18 atoms/cmfor solids, 18® atoms/cm for gases)s provided inTable8.2.
Based on this, oxygen impurities likely migrated from the Ni powder and HPBN boat, while
carbon impurities may have come from the baatwell agheNi and Crsources. One additional
source of impurities may have also been air which leaked intoxtgadNine or furnace tube or
backdiffused through the system exhaust. However, leaks were minimized during operation and

backdiffusion was unlikelyat the N flowrates used.
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Table 8.2: Carbon and oxygen impurity concentrations in source materials for hBN growth, both in ppm and

as anorder-of-magnitude estimateof atomic concentration

Source Carbon Carbon Oxygen Oxygen
M—aterial Concentration| Concentration| Concentration| Concentration
- (ppm) (atoms/cm®) (ppm) (atoms/cm?)
pl\cilv(\:/l;eelr 120 10% 3200 1022
Cgéivﬂﬁrm 180 10% >10 1020
:F;Stl\l 320 10 3000 1022

Nz gas <1 10 <2 104

This study showed that carbon and oxygen impurities are the main cémcenproving
the purity of the hBN crystals grown by the-@if flux method. Ideally, these concentrations
should be decreas@@®00xto obtain similaiconcentrations to those in GaiNd AlGaN devices
(< 10*° atoms/cm) and obtain intrinsic electrical and optical behayi87]. These impurities
may be reduced by the implementation of forming glad the use of highurity Ni and Cr to

eliminate carbon and oxygen impurities from doping hBN crystal during the growth process.

8.3hBN Neutron Detector Testing

One of the main goals of hBN bulk growth for this project was the production of flakes
for neuron detection (discussed in Section 1.3.1). A simple hBN neutron detector was fabricated
and tested (through collaboration with Tyrel George and Jeffrey Geuther) using the hBN crystal
flakes grown by the NCr flux process and transferred ontpeaforatel board for the deposition
of contactsThe hBN flake was approximately 2.5mm in width and 15um in thickness, but

contained multiple domains and some cracking. Tt@#uand bottontontacts were deposited
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on theopposing basal planes the flake using-&eam depositionallowing for biasing of the

flake in the edirection(Figure8.7).

4
2 4 1. Wireleads
— 2 2. Ag paste contacts
1 3. hBN crystal
4. Perforated board

Figure 8.7: Schematic diagramof the simple hBN neutron detectorwith top and bottom contact geometry
(biased in the edirection) fabricated and tested byTyrel George. The hBN flake was transferred ontoa
perforated board to allow for patterning with top and bottom Ti/Au metal contactsby e-beam deposition

Contacts were bonded to wire leads connecting to the pamplifier unit using Ag paste.

This device was tested under the diffracted neutron beam at the Kansas State Ward
Nuclear Reactor facility. It was connectedain Ortec 142A pramplifier unit and biased at
+500V during testing. The detector output was processed by-chaltinel analyzer (MCA),
which recorded counts into energy channels. The device was tested in the diffracted beam port
for 20 minute counts urd two conditionsKigure8.8): (1) with the cadmium shutter closed,
which blocked all neutrons from the beam and allowed gamma rays only to reach the detector
and (2)with the Cd shutter open, allowing both thermal neutrons and gamma rays to reach the

detector.
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Figure 8.8:20 minute count for hBN neutron detector in the neutron diffraction beam port with the Cd
shutter closed (gammarays only) and open (gammas and neutrons) at the KSU Ward Reactor (collected by

Tyrel George). Event energies reported as channel numbers instead of absolute energies, adlthe

characteristic energy peaks were not able to be resolved fonergy calibration.

These measurements showed a definite difference between these two count spectra, with
elevated counts at higher energy channels for the stogér measurement. It was clear that the
detector was able to discriminate between gammaarayseutrons. Unfortunately, the device
resolution was not sufficient to produce the full energy peaks characteristices theutron
capture reactiord[3,48-49]. Due to this, energy channalsuld notbe calibrated to theseepk

energies.

The device watestedn two more experiments to confirm that it was operating correctly

and actually responding to neutrons in the beam. The first test compared the performance of the
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device under the neutron beam (Cd shutter open) bothan@under vacuunt{gure8.9a), to

demonstrate that the counts measured were not caused due to air ionization. This measurement

confirmed that the device performet@ntically both in air and under vacuum, proving that the

device was measuring current collected within the crystal, and thus from nuclear interactions.

The

second

tested

compared

t

he

deviceds

perfo

mR/hr ganma ray beamKigure8.9b). These measurements were nearly identical, showing that

the device had minimal gamma response, a highly desired quantity for neutron gletector
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Figure 8.9: (a) 20 minute countcomparing the neutron response of thaleviceoperating both in air and in

vacuum. Lack of deviation between these measurement®nfirmed that the device was not causingpnization
of air. (b) 20 minute countfor hBN detector both in background and under gammaray beamshows that the

device had minimal response to gamma rays due to the low atomic number of B and N.

The final test investigated how the device would resporidde modulation of the reactor

(Figure8.10). The ®unt rate for the device was measured in the diffraction beam during the

reactor startup, and was able to traakiticrease in neutron flux in the system, as well as

identify the reactor temperature feedback phenomenon during thesambcess. After

bringing the reactor to full power, the Cd shutter was cycled between the open and shut
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positions. The detector wable to differentiate between the shutter being open (50 cps) and

closed (15 cps). Finally, the reactor was shut down and the detector response returned to

baseline.
80 1 — Reactor startup
2 — Temperature feedback
70 - 3 — Shutter closed
4 — Shutter open
5 — Reactor shutdown

Counts Rate (cps)

uw:

| |
0 I e e S e p
0 1000 2000 3000 4000
Time (s)

Figure 8.10: Counts per second(cps) véme plotted for hBN neutron detector sampling Ward reactor

neutron beam during furnace startup and Cd shutter cycling (collected by Tyrel George). Yellow dots
represent raw data, while blue line represents-point rolling average. The detector clearly idatified reactor
startup (including temperature feedback response) and difference between shutter being closed (gamma rays

only) and open (gammas and neutrons).

The performance of this hBN neutron detector demonstrated that an hBN flake grown by
the NiCr flux process could shoaneutron response above noise while having high gamma ray
discrimination. Unfortunately, this device does not fully deliver on the other requirement for a
working neutron detector: being able resolve the neutron capture full gresaaky. Cause of this
lack in performance can be speculated as the result of a few factors. First, the hBN flake used for

this device was grown early in this project (2013) and had smaller domains and more cracking
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crystals grown after the process improvetsealiscussed in Chapter 3 and 4. Flakes with larger
domains may allow contacts to be deposited within a single grain, ensuring that there are no
grain boundaries in the device to act as charge traps and recombinatiokssitesdevice was
biased in the-direction, planeslipping and other basal plane defects may have also degraded
device performancéhis behavior would explain why the full energy peaks were not resolved,
as only small amounts of thki andh -particle energy may have been depositetthénactive
region.Use of alternative contact geometries, such astsidale (adirection) contacts may
improvedevice performancdy taking advantage of the improved transport properties inthe a
direction (inplane) as opposed to thalcection (outof-plane), but will require thicker crystals

and sophisticated contact deposition techniques.

8.4Bulk hBN as an Interferencelessinfrared Absorber

Bulk hBN crystals were investigated due to theirque properties ashgyperbolic
metamaterial to act as aterferencefree perfect absorbérero reflectionpf light wavelengths
in the infrared region (approx. 800 @{137. For most complete light absorption sysis using
metamaterial structures, this phenomenon is achieved by destructive light interference, requiring
complexmulti-passgeometries139. For this studybulk hBN crystalsgr eat er t han 100 :
thicknesswere analyzed while still on the Xir ingot surface and demonstrated perfect

absorption of infrared light (around 800 €in a simfified singlepass geometry.

This behavior was predicted theoreticdtly hBN and arises from the anisotropic nature
of its crystal structureThisresults inhyperbolic behavior, witklifferent magnitudes for the-n
plane and oubf-plane dielectric functions and permittivity ten$d®,140. Reflectance spectra
for p and spolarized lightwere modeled in hBN as a function of incidence anglgisonto the

crystalsand light wavenumbeP-polarized light was predicted to have@mplex spectrum
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highly dependent on incidence ang|Egyure8.11a). Onedip in reflectionoccurred at 1650 ¢
for normal incidence (9, with this feature shiftig to higher frequencies with increasing
incidence angle. A secomdbsorption dip was predicted near 800*dor incidence angles

below 70. This feature shifted to lowaavenumberat 70, then disappeared for 791owever,
the disappearance of this diphigh angle of incidence correlated with new absorption band at
1000 cm'. S-polarized lightreflectance was predictdx independent éhcidence anglgt was
only dependent on the-plane permittivity(Figure8.11b). It showed a singulaeflectance dip

at 1700cm. To identifythe conditions which produced complete absorption, the real and
imaginary parts of cégowere plotted as a function of wawenber Figure8.11c). Two points
(labeled A and B) weraotedat 700 cm' and 960 cr, respectively, where the imaginary part of
cogdy disappears and the real prpositive and bounded by @ogdo<1, producing a valid
incidence angle. These points are conditions where light is predicted to refract in hBN without

reflection, being absorbed completely.
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Figure 8.11: Reflection by a semiinfinite hBN crystal. (a,b) Calculated reflectance(R?) spectra for p and s

polarizations, respectively, for a series of different incidence angle&) The real and imaginary parts of
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of

t h e. Apteorpdirescdenotadoby A ang B dn thagrapm ¢dbe d

becomes real and positive, corresponding to a reahlued incidence angleReproduced with permissions

from Baranov et al[137].

on top of a flat region of the NGr ingot. These crystal domains were Z50 0

To confirm these theoretical models, reflectance spectra were measured for hBN crystals
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e m t,las ne&suredy optical micoscopy andSEM analysis. P and-golarized light

reflectivity from Thermoscientific FTIR spectrometer was measured for incidence angles from
0° to 85°, collected in reference to a flat alumina mirror with spectra resolution of. Data

was plotted wit reflectivity (R) against incidence angle for both ligitlarizations and

compared to calculated predictiomsgure8.12 andFigure8.13). These plots show that
experimental data was in agreement with the model predictramsts A and B for the-p

polarized light corresponded ¢onditions for neaperfect absorption. Behavior ojp®larized

light was nearly identical to the predicted model.
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Figure 8.12 (a,b) The calculated reflectivity spectra of a 200 um thick hBN slab on a metal substrate for p

and s polarization of incident light, respectively. (c,d) The corresponding measured spectra. The points A and
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Figure 8.13: Experimental reflectivity spectra for a series of incidence angles for (a) p and (b) s polarizations.
The points A and B mark the position of perfect absorption points. Reproduced with permissions from

Baranov et al[132.

This study demonstrated singtass, interfereneee absorption of light using highly
anisotropic bulk hBN crystals. Regions of absorption were from1@00 cm' andat 1700 crrt
(mid-infrared), dependent on incidence anglieis method does not depend on destructive
interference of light, making it much simpler to implement. These results matplead
interestin usng anisotropic crystals for controlling electrogmetic emissions and may be

important for the design of sensing and photovoltaic devices.

8.5 Enriched hBN for ImprovedPropagationLengthsof Phonon-Polariton Modes

One interesting nanophotormpecopertyof hBN is its ability to produce and sustain
hyperbolicphononpolariton mode$83-84,141-143. Applicationsutilizing these properties
include hypeilensing,which allowsimaging below the subiffraction limit by acting as a
negative(refractive)index material 144. These phonopolariton modes in hBN have been

evaluated using scattering strong rield optical microscopy (€SNOM), capable of achieving
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nanometer spatial resolution and 6r&* spectral resolution coupled with naR®IR

spectroscopyl4514€§.

One challenge for these nanophotonic applications in hBN hagheeémited
magnitude and propagation length of these phonon matiesstudy(performed in
collaboration with Dr. Basoaf UCSD and Dr. Caldwell of NRLjvestigate if the production
and propagationf these modesouldbeimprovedby the use of hBN crystals highly enriched in
108 or 1B (grownby Ni-Cr-B flux) due to decreased phonisotope scatterinffl47. To
evaluate this,-SNOM measurements were performed on hBN bulk crystals with three different

boron enrichments: natural abundance (8€B), 96%'°B and 98%¢'B (Figure8.14).

Figure 8.14: (a-c) Spatially-resolveds-SNOM measurements for 96% B10 enriched hBN flake natural
abundance(80% B-11) hBN flake and98% B-11 enriched hBN flake respectively, showing the propagation
of these phononpolariton modes on the surface of these samplggl) ssSNOM amplitude plotted against

length (left-to right) for the three hBN flakes measured in (ac).

Based on the measurements performed on the three hBN samples, it is clear that a major
increase in both the magnitude and propagation length of these phonon modes occurred for the
two enriched samples relative to the natural abundance safplBsalsorptionalso shifted up

for higher'°8 enrichment and shiftddwer for highert!B enrichment (the same trend as
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