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Abstract

Hexagonal boron nitride (hBN) is an ultrawidandgap (>6 eV) semiconductor and 2D
material that has attracted much attention due to its unique properties and applications in
electronics, optoelectronics, and nanophotonics. In all of these applications, large, high quality
single crystals of hBN arequired and atmospheric pressure solution growth is a consistent
method to achieve this. This study was undertaken to improve this process, accelerate its
optimization, and enable creation of devices in a wide range of fields.

A new methodology was develeg to optimize the boron concentration in hBN solution
growth using the CALPHAD (CALculation of PHAse Diagrams) method to rapidly predict the
optimal boron concentration for a wide range of solvents. Comparison with experimental results
validates its accarcy.Deviations from CALPHAD predictions, confirmed with crystal growth
by reusing source material, suggest that the hBN crystal growth process from molten metal
solutions is kinetically limited. Reusing source material also substantially improves thefyiel
boron to hBN, which is especially important when using expensive isotopically pure boron for
growth of H°BN or htBN.

Increasing the nitrogen solubility of the solvent is often attributed to increasing crystal
size, but this work digs deeper into #@féects of this property. Five different solvents-0,

Co-Cr, Fe, FeV, and Cu) were tested and the domain area and thickness of crystals they
produced were compared versus their nitrogen solubility. The nitrogen solubility did not affect
the hBN domai area but the crystal thickness increased with nitrogen solubility. This suggests
that, so long as the boron concentration is properly optimized, similar domain sizes can be
obtained from any solvent. Furthermore, the thickness-gf@sn crystals may bengineered

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



thickness. Finally, the optimal boron concentration increased with the nitrogen solubility,
provides a shortcut for optimizing future solvents, acceleyasearch.

Crystal defects such as stacking faults, dislocations, and impurities are detrimental to
device performance, thus it is important to understand their properties and how they can be
avoided or eliminated. Oxygen impurities were greatly redutéde solvent with the
introduction of hydrogen gas while carbon impurities may need to react with oxygen to be
removed. Regardless, the impurity content in hBN crystals grown from these solvents was below
the detection limit of secondary ion mass specatoyn(SIMS) in all cases, suggesting the purity
of the process is already sufficient. Three classes of defects were detected using
cathodoluminescence (CL) spectroscopy: spots, invisible lines, and wrinkles, which were
determined to be color centers, hialkerted planes, and plastic deformation of hBN single
crystals, respectively. A combination of Raman, photoluminescence (PL), and CL spectroscopy
indicates that hBN crystals grown from-8Ir and CeCr tend to have fewer defects than those
grown from Fe, B-V, or Cu.

Monoisotopic hBN is especially useful in applications where coherence of phonons is
especially important such as swavelength optical microscopy and quantum sensing.
Previously, processes were developed to synthesize hBN enriched withtestiBror 1'B
isotopes using naturally abundafitl,. In this work, a new process was developed to extend the
capabilities of solution growth to also produce hBN with'fizeisotope. Raman and PL
spectroscopy on these crystals indicate that they arenigdryguality, on par with crystals grown
with ¥N. Furthermore, the effect of the reduced mass on the Raman shift of¥#gpEak and

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

Hexagonal boromnitride (hBN) is an ultrawide bandgap (>6 eV) semiconductor and 2D
material that has attracted much attention due to its unique properties and applications in
electronics, optoelectronics, and nanophotonics. In all of these applications, large, high qualit
single crystals of hBN are required and atmospheric pressure solution growth is a consistent
method to achieve this. This study was undertaken to improve this process, accelerate its
optimization, and enable creation of devices in a wide range of fields.

A new methodology was developed to optimize the boron concentration in hBN solution
growth using the CALPHAD (CALculation of PHAse Diagrams) method to rapidly predict the
optimal boron concentration for a wide range of solvents. Comparison with expadinesoits
validates its accuracypeviations from CALPHAD predictions, confirmed with crystal growth
by reusing source material, suggest that the hBN crystal growth process from molten metal
solutions is kinetically limited. Reusing source material algstantially improves the yield of
boron to hBN, which is especially important when using expensive isotopically pure boron for
growth of H°BN or htBN.

Increasing the nitrogen solubility of the solvent is often attributed to increasing crystal
size, buthis work digs deeper into the effects of this property. Five different solventr(Ni
Co-Cr, Fe, FeV, and Cu) were tested and the domain area and thickness of crystals they
produced were compared versus their nitrogen solubility. The nitrogen sgldidlihot affect
the hBN domain area but the crystal thickness increased with nitrogen solubility. This suggests
that, so long as the boron concentration is properly optimized, similar domain sizes can be
obtained from any solvent. Furthermore, the thisknaf asgrown crystals may be engineered

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



thickness. Finally, the optimal boron concentration increased with the nitrogen solubility,
provides a shortcut for optimizyfuture solvents, accelerating research.

Crystal defects such as stacking faults, dislocations, and impurities are detrimental to
device performance, thus it is important to understand their properties and how they can be
avoided or eliminated. Oxygen impties were greatly reduced in the solvent with the
introduction of hydrogen gas while carbon impurities may need to react with oxygen to be
removed. Regardless, the impurity content in hBN crystals grown from these solvents was below
the detection limibf secondary ion mass spectrometry (SIMS) in all cases, suggesting the purity
of the process is already sufficient. Three classes of defects were detected using
cathodoluminescence (CL) spectroscopy: spots, invisible lines, and wrinkles, which were
determned to be color centers, hdttiserted planes, and plastic deformation of hBN single
crystals, respectively. A combination of Raman, photoluminescence (PL), and CL spectroscopy
indicates that hBN crystals grown from-8 and CeCr tend to have fewer defisathan those
grown from Fe, &/, or Cu.

Monoisotopic hBN is especially useful in applications where coherence of phonons is
especially important such as swavelength optical microscopy and quantum sensing.

Previously processesiere developetb synthesize hBN enriched with either tH8 or 1'B

isotopes using naturally abundafitl,. In this work, a new process was developed to extend the
capabilities of solution growth to also produce hBN with'fizeisotope. Raman and PL
spectroscopy on #se crystals indicate that they are very high quality, on par with crystals grown
with ¥N. Furthermore, the effect of the reduced mass on the Raman shift of¥#gpEak and

the energy of the phonon replicas is identified, which is in excellent agreevith theory.



Table of Contents

Tabl e 0f i Cont BNt S s A
I T A o T PO O o O T S PPRPUPPPRRS X
Li st  oOd..lab e S X X i
ACKNOWI € d.g.8mMe Nl S e aeeee s X X
Chaptearntlr 0 dU.Cl i O 1

1. IProperties and Applicadt..ons..of..h. BN Sing

1. 2Basics of Sol ut.i.a.n..Gr.aw.t.h..Me.t.ho.d.5b

1.2Sal ubilitygnand. .. Sat.ur.at b ...o.. 6
1.2M@t hods of Suwu.per.s.at.ur.at.i.on.......9
1. 2NG38cl eation and..Cr.uy.s.t.al..Growt.h..11
1.3Prior Work on hBN..Sol.ut..an..Gr.awtl?2
1. 3HLgh Press.ur.e..Sy.nthesi. s .. 13
1. 3A2mospheric Pr.ess.ur.e..Sy.nt.hes..s.15
1.3S¥nthesisopfcMOBNIL.S.OL e, 22
1. 45tandard Cryst.al...Gr.owt.h..RPr.ac.es.s.24
T O - = G = N o T o = PP 30
ChapteptZa mi zi ng Bor.o.n..Ca.n.ce.nt.r.at.i.ondd
2. 1ICALPHAD Moa.d. el 36
2. 2Experiment al..Mal..dal. .00 ... 41
2. Expected vs...Qbs.erved. Yi.el.d.......45
2 . AR B B I BN G B S i 52
ChapterBN3 Si ze vs So.l.v.ent..Pr.opeur.t..esb4
3.1Synthesis and..Opt.i.mi.z.at.i.Qn. ... 56
3. 2Experi men.t.al... Re.s.Ul .t S, 6 1
3.3ffects of Nitrogen..Soal.ubi.l.i.t.y...a6n5 hBN C
B . AR B B B BN 69
Chaptehndder st andi ng...Def.ec.t.s....i..n....h.BN.....7 1
4. 1 mpurity Sour.c.es..and..Si.nks......... 71
4. 2Cl assi ficat.i.an..af..Def.ect .S 75
4. 2Characterizing Defec.t.s....wi.t.h..CL.78%pectr
4 . 2 S B 0. S ———————— 80
4. 2WB T N K B S 8 2
4. 21 AVvi Si bl e Ll B S 8 6



4. 3Correlating Crystal..Qual.i.t.y..5.0..S88 vent
4. 3RAMaAN SPECLl0.S.CO P 89
4. 3PRot ol umi nesceun.c.e..Sp.e.c.t.r.o.s.c.0py.90
4. 3C&t hodol umi nesc.e.n.c.e..Sp.ec.l.l.o.s.co.@2

| I = T G = N o T o = P UURPRRPSPPPN 94
Chapt<edrsod opic Control...l.n..hBN..Sy.nt.h.eds5 s
EC Y I I T A o o 0 o0 A o PP PPPPRRTPP 95
D 2 Y Nt B S i S 99
5 . 8RB S Ul S e s 102
5. 4C0 N C 1 U.Sili0NiSieeee st ceeea bbb e e e e e e e e eeee e 107
R o I B = I O = o O o T S 108
ChaptieCGonmcl usi ons and..Recomme.ndat.i.oh$l
Append+dilxmarges for Deter mining..Daoama.i.l.18i ze D

AppendiCodR for CL..Dat.a..Anal.ys.i.s.....119
B.1 Code for...Dec.ampao.s.i.t.i.on. ... 119
B.2 Code for..Nor.mal.i.z.@at. .0l ... 152



List of Figures

Fi guirDd algr am of the at omi c sptlrauncet uhroen eoyfc ohnBoN
structure (left) and the alternating AA6 stacl
directi ons..l.ab.el e 2

Fi guirFeeB 2phase diagram with the sections of

maxi mum bor on conecednitsrsaotlivoend tahtata cganvebn t emper

0 A OSSR OPPPPRRP 7
FiguirSolubilityrosfusnittermnpgeamCwral li vy snod tt ewna rf
chromium concentrations. Curves based on mode

concentration of chromium changes the..s8 ope a

Fi guirag 4Schematic of solvent evaporation me

is |l eft behind,tiwhhi cho cbaeucsoense tshuep esroslat ur at ed s
Schematic of temperature gradient method. Con
cold side, where hBN precipitates due to | owe
As tampere decreases, solubility decrea%®s and

Fi guirktex aimpl es of hBN crystals grown at high
mi crograph of an hBN single crystal -grown fro

1680 and high @GRa&)ssud3&] .6f8b)hBNEMT riymagd s gr own

solvent at 6 GPa and 1600AC [37]. c) Photogr a
solvent at -31@®P4d 387.d....1.9.0..00 oo 14
Fi guira @ arge hBN flake produced byACLshi.i a

b) Large single crysltidl| s gl #Cwabtyf 82e0h gred Istoenn Ba R



Twig [40]. c¢) Crystals a4gr NayNHfnrdo rh ACB bnyiaXxG ubred oaf
[ 2 L oottt en ettt et eeaet ettt ettt et et ettt eenee e, 16

Fi guirag MDifferential interference-Mmi croscop
sol ventC a[t421]400b) Photograph oGr hsBoN vcefyts taatl sl 4g
[ 4 B et eeee ettt ettt ettt ettt ettt ettt rone ettt enane et enan 17

Fi guirag 8&8pti cal mi-wrdgrapPlN oifndl enmc-€Cystal g
with a dwell toc@ mpred aa ua EcCloiim gl [/rd®Dt] e df) Opti cal
hBN crystal sCgrowinndgdramsiNepped growth process
a/b and ¢ directions. Crystals tended to form
roughly perpewnantcud anf adoe tlhe6]solc) Photograph
t he surface o0r tfhleu xs otlhiedyi fweerde..Eger.a.w.n....f..r1o08m [ 4 7]

Fi guirag POpti cal mi crogr agh ofolhwBRMtgrcowmn afirnd
mass % carbon [48]. b) Opticalr ns cclrweymrta pcho motfa ihr
mass % carbon and 4. 7p6r entaispsi% agtoil odn...toof....sgurpaPpr hei stse

Figu+taee IMi crograph of hBQ@r oinngdte. sGrrdarcel ioff
grain boundaries df tPhrodogacrapht alfs h[BNO]Jsi ngl e
iron solvent on solidifiedinnagrda..Tlr5R@0ul ar

Figuia) 12EM i magaendfinfgrbBBN crystadr fl akes
solvent [52]. b) Photogr-@phsofvéBN [f53ake g)yo@
mi crograph of hBN gr owrne wiotl hv.elnf&...Z..524t].%..B1i n a

Figuia&) 1@pti cal MiNc rga prwangCH roafimt i 148 78y mas s

slowly ca@bhinp581. 4b) ODPBN corl o wn-&frroagimtahbih4 onfia shs



B by

sl owlycCthbol Bg] atc). 6pBN cgarl o wmi-Ccf rr oaginmt aRpeh

3.2 mMBsHYP sl owl o€/ @10 0 LL.IBB.J.c@locccdheriiicriiieeeeeceeenen 2 4

C

Figui@) 1Bemperature profile of ingot for mat

experismetnutpali nsi de the tube furnace. Hydr ogen

fl owe

d

over crucible to react with carbon and

system. c¢) Results of i mpgoetsefnar mant ftohne tawnonho saprh

sol ve

furna
oxyge

react

bor on
being

wast e

n

i g

t

c

n

S

i g

t s. Removing nitrogen..pr.oduced.. mdbe hom
ui®@) 1Re mp eprad fuirl e of crystal growth expe
rating how crystal growth progresses. b
e . Ni trogen and hydr ogerne accotnst iwniutohu sclayr bfo
iammpdu rsiwvteieeps t hem from the system. Nitrog
wi t h b.ar.on..t.o. . f.orm. . hBN ... 26

ui@) 16l lustration of how mechanical exf
Some crystals inevitable become broken

plts.cad) mdcrograph of an hBN .s.i.ngl27 cryst

i g

a

ui®a) 1Bhootbgrapmhace 1 with components | al
nd vacuum syst.em..at.t.ached. . t.o.furB8ce 1.
ure) 1Phot ograph of furnace 2 with compor
nd vacuum syst.em..at.t.ached. .. .t.o..fur.BQce 2.
uidy g8t hetical | hgdi dususuraeiaofj bow to
concentration. A concentration that is
overly supersaturated, resulting in man
t i me awnsde emoe rgB/N bweicl | precipitate until



opti mal concentration occurs where the | iquid
system starts saturated, then sl owly esupersat
crystals instead..of..many..smal.l..qones...... 36
FiguiRed®9l ts of CALPHBDN Mo-@GeBWi rsg sdre mse Mas
fraction of each phase | s-Bpl eysedmv e@8BiINantdemhp
system (b) containing 3 mass% B. The temperat
cooling and the amoupitafehBWN phedgoeéeedht oemp
The |iquidus curves for both systems are der.i
concentration used to..c.al.cul.at.e..t.he..phdbe equ
FiguiExa®pl e of process used to extract cr
Optical mi crograph of hBN groiwghtteddmbyyncdleorsior
single crystals in the micrograph using a dig
the i mage was too dark or out of focus to pro
anal ysis. c¢) Histodgrhaem isrmaogwii nwa sh dw | muweodh bof cry
ranges. hBN sing(eedrlathlare0tf6d smal.Bb3for d
Fi gui@owvdr agger ooin FheBN singl e cr yisnt adrsed ar ge
versus the boron concentration added to the s
show range of coverage measured in experiment
mi crographs of representaadachecaneastoatitboer s h:
Wi dt h of each..i.mage..i.S... L .. MM —— 4 4
Figui®pRi2cal hmi owfodqrBaNp grown -€r ofmr iFg@ght( ) ed ¢t

uses of t he s ame...s.ou.r.ce..mat.er.i.al.........47



Figuridy23®t heti cal | i quidus curve il lustrat.

change with temperature during solution growt

material. a) Assuming the system te Bbwmybnaa
second run due to the boron being depleted in
|l imited, hBN could precipitate from the sol ut

because | ess hBN precipynamesai h.y.epabsiédédhet ha

Figuia@&) 2Bi agr anisi noift itnhge psreolcfe sse gpbthesi ke
process used TiAn tt hies swamr k. olfefst ow cool i ng, on
precipitatdd,omaltlhewigrag Mo di ssolve into the s
the system neaiAtequhélidwdaond!| Rig,hthBN crystal
gasol vent intexdfraoamedillsodkwimg Nnto the soluti

fed by the reservoir of nitrogen and boron di

compared to hypothetical state of the system
sarts near equilibrium, but steadily deviates
mor e and maoesroel voefn tt.hien.tgearsf.a.c.e......cooooiiiiiiiiiicccniiiinnnnnn, 51

Fi gui@eC25 phase diagram modi fied from ref.

in this work highlighted. I n both cases the s
t emper atAh) . e (L5000 e 55

FiguiExa®mpl e of how hBN crystal area measul
NiCr soMivtehntd. 0 ma.s.s.%.D.0.L.0.N . 58

Figuia@a) 2Mi trogen sol u®aClri tsy sit re at] h e;a &tr ésr mnsahroyw
nitrogen solubilityCvaendug bampoXiandonYavall6e®:

Equations 3 & 4. b)CrNirtarn sgan t o It thkei 10i. t2y piorweNM i



Extrapolated nitrogeny s@ol usbydtigmn wiutrhv et feors alht
solvents tested in this..work..(.1/l.1..and..B8/57)
Figui@pti8Bmal boron concentration for each
solubilities. ®¥eentcaheeesdi mbaesds eepor in th
each solvent and h€ri ponnabk eepoeskbatseono€Coi
nitrogen sol ubi |l iC®Cre ss y.a.toeamm..d.a.t.a...i.n..t.h.e6 Ni

Figui®@p2i9cal mi crographs of the | argest cr

solvents tested in -\Y(hd)sCrwhd{rdk):-CrFaell & )aQo, f )CuM4g i) mt
crystal area plotted versus..t.he..ni.t.r.og6f solu

Figuia@a) 301 1l ustrati ont arfditrhg ctkBiN sfsl ake fmeas u
surface profil ometer, which drags a needle of"
needle with a | aser. -gr)ownl [huBsN rfaltai koen noefa stuhriecdk
mi croscope, which was focused on the top and

in height of the stage measures thickness. <c¢)
by both a metrdmacandgrahnidptigcawnmhB8Nostapesanad
by an optical mi croscope from the same crysta
of hBN grown from four different solvents sho
bopxl ots determined by the nitrogen solubility
trend of increasing thicknes.s.... wi.t.h....i.n6Adeasin

Figuia &1b) Opti cal mi crographs of hBN si n
solvent . c) SErMowmalhgEN odi mglCau cr yst al wi th wri

cathodoluminescese spectrum of region..6Rown i



| as

of

Fiug eil3l2l ustration of pathways that nitroge.]

rogen dissol ves-limtuo dt hemt®olf mert aatd ti menega
grow hBN | ayers near the oslwrefnac ea.nd2)diNiftursoe
k where it reacts with boron to grow hBN
PP 69
Figui@alBBon and oxygen impurity content in
Expected impurity concentrations calcul at

centrations from make stoluem,e smadalead alfy8 tulsesidr
Fi gur@omBplar i sofmL osfp eac ta&dugru i(rleed twi th 196 nm
and a CL spectrum (right) acquired at room
Both techniques show emission in -Yihse same

ge: phononackphgchasul(lbsbe)sl stations (gree

e U0 USSP df s

FiguiEx&8®mpl e of how a hyperspectral CL map
omposi tiiAwre.r aTgoepd |1Clf tmap of original data, w
TioQoL rsipgehctt r um at t hRitr pti x@ |l corvp ardd ret g i gfht
omposition on the 1ioSrcirgeien all oGL onfia pt.h eMiedxdpll ea i
component index. The el bow point is the p
t component sasands irgenpirfei sceanntts ichohrep @dryemt .CLB ontaf

denoised data calcul ated by summing all t h

centr al pi xel hi ghliiDgemtoa ¢ eidn CrLe & .p eRBd.tr.tudgnd aRi d th



FiguiEx&8®pl eeNefgafNome Matri x Factorization (

Separ at ipemfOB™M&8) on the data presented in Fig

were set equal to t.he..el.b.ow..p.a.i.nt. . f.r..om88VD.
Figui®BhiB&de examples of spots observed in hl
Each example is shown with an SEM i mage (| ef't

and the average CL spectthreuns eolfe cttheed irmaanggeed hrieggh

Steps on the edge of a crystal that exhibited

t hat showétdhéeé wioasget shad i ncreased emission a
the smal |led iomlgy mawvindw band near 440 nm. <c) /
small spots speckled across t-Hh80enmi.r.e8area t

FiguiEx8&8®pl es of wrinkles in hBN crystals.
flake containing many wrinkles (scale bar 1is
an equil heefatmedi Bpgwr i @Kl.esc)( sScEaM & nbaagre iosf 1a
of 3 wrinkl és).(.s.cal.e.bar. .. ji.S. .l 83

FiguiBEB9i mageseofi cnakssamples cut from wr
i mage of$eaticomwmals rsampdlee waft ha cwystall ographic
Diffraction pattern of sampieyshawhiine aetghatn
present . Red, blue, and green |ines highlight
c) TmeMge of the boundary between two of the ¢
highlighting its | atti ce stsreuccttiuvornea.l ds)a ngT EM ciu
Wr i nkl e WUS.d.n.g. .  FElL B 84

FiguikRedO®l t of a c-DNembanaveoMabfi NoRactori z:

|l ndependent Component Analysis TAneraang ei nGLer sec



spectrum and map piCompdmemtnadtlyewisng Me didd ®i) on
i solated frdm@odcabaenBoshom)ng emi ssion repres
The sum of the two component fer copedi.gBBEehe a

FiguiExdmpl es of CL maps that shhawead fifiiomvia:
selected sample and the first i mage in each r
mi ddl e three columns are bandpass images crea
of wavelengths. The right omolkamh maptwetavehaea

used to create each .handp.as.s..i.mage..hi.gBFighte

Fi gur@ptdi2c al i mage of hBN crystal on a perf
(b)), and CL bandpass image (c) of one region
invisible |lines mi8tnimpmballe TEM rmage amwn@ dif
(inset) of another region showing | ocal strai
T T PP 88

Figuia@a) 4Bxampl e gppfead Raman alh hBN sampl e ge
and b) boxplots opetatke wi andhes of Ramph eBE gr own
ST o T YA = a T SO PP U P TP PR PR 90

Figuia) 4Bxampl e of a hBN PL spectrum nor mal

normalized. 4ntevscoyr atabes to the relative al
normali zed intensity at 4.16 eV correlates to
intensities from sever al s aVmp-Ces grd)whairfer om e

stbwn for point defects (b) and stacking fault:

€ A C N S 0. VB i e s 91



Figurae) 46L spectrum fi-t woi flor6 ogpaucscail amnpe s

phonon replicas and 4 for defect emission. b)
comparisons. Obvious deffelcds Wwerke awoinkd & st, o cl
representative of the materi al i n general . ¢c¢)

intensity wiliOn ntmhd rrepmegese@5 ng point defect
each solvent. d)r 8Boge pdfottsh e hiomwti egr dthe2d6 5 nt en ¢
nm (representing stacking faultus)..f.or..BBN sam
Figuiempper atur e-paraoef iplhecefsst weed to produ
controlled hBN crystals. Il n the first part (d
1550AC undetrmasmpmheddelhomogenmus i ngot . I n the ¢
the system is heated t o !N BDtACo samide rsd otwd yp rceoi
oI N T R A - - T R 101
FiguiMi d7ogr aBWN ofi nglhke crystal mechanicall
SOl i di foledo Q0. 101
Figuilkemd@e of the-CsBirifragcet odf ttehre il exper i n
single cryst.al.s..on..idt.s..s.ur.f.ace......... 101
Figuikdi ¢ergy Ram§P"madben BN synthesized v
i sotope c.onab)i nNeotrinoanlsi zed peak for each i sotope
sample plotted ve.ur.s.us..i.t.s..r.edu.c.ed..mas.sl.03
Figurleo®er gy Ramagd mooden BN synthesized w
i sotope combinations. a) Normalized peak for
energy Raman active modvehiwehr swngditchad ehsi g h ee rdeerl

of the phonon modes .wi.t.h..l.s.0ot.0.p.i.c..c.0mplo0sdi t i on



Fi gubPRhonon dispersion relations in the f o
Leshand side are zoomed t he eafffbgoyt troepd)i 9danrsd ch r
(top) phonomasndatsiGle Rargehtzoomed t hteo ethheer gy r e

(TA,LA) coupl e (bottom) and (TO,LO) coupl e (1

A o T < 105

Figui@&) 5ormali zed photoluminescence spect
di fferent i sotope combinations. b) Energy of
pl otted ver sus..i.t.s..r.edu.c.e.d.masS.S. ... 107



List of Tables

Tablidlasses of components wus.ed..i.n..CABBHAD s
Tablieotmposition of solution at the start o
o (e = T o W OV 1 PR UUPRPPPPPPPRPPRPR 42
Tablieomposition of experi ment.s..t.o..1.8688t eff
Tablioptdi mal Boron Concentrations for sol ve
CST o T T O T o O O - T~ PSR 58
Tabli¥gebdors and rated purity of..souZ7@e mat

Tabliomposition of source material.s.7Bn ing



Acknowledgements

| am deepgloy myr atag foul pr of ewshso@mrep edrd.v,seaemes E
and pdataiserbeen i nvaluabPbBDtpré¥gemms appent ds m
i nstrument al in helping méEhdekoyeut e welklkatrac
supervisory Dcombhothne&chl up, DrfoBipnwouryadande
momenhsoughout Fmyt peogoamDr .t hhrmmsku lyfaouK dttoed anehi g
mehow to properly use the CALPHAD ,6 metidod ot o st
Shaul Al oni at tfhoer Moehaecchuo magrt oF ooupnedirayt eeaceat b o
system, perform complex data analysis on hype
pr oivinighval uabl e guidance on.how to explain tha

| n addinuicchn of t hien dtahtima spw oepdksl netccetdelda b or at or s
around t hwhwowoal slo provided advice. oRamaw dtat a
was coll ect eadn@@my hDadl exiausi THec hPhOUbhiovV@ms neg cence
was col DeBcetrenda MG Gii Il |, a u me a GAdrsiacbm iBo u $ eau
Universit® idne RfoainrcaenlsIimi esrsi o n ienhaegcet sr oann dmi scar nopsl ce
created with focused ion beam mi Mbli aguivare pr
FoundlB/Naantr . El i saban d& Daanssof nNeHodh mBa@O. d e r
Thank your fbelp, this work would be incompl et

Fi nal Isyp,eci al t hank you t ounmwavfearminlgy ,s uwhpoo rht
throughmany personal struggles | 6net faaed oOoe

this without you.



Chapter 1- Introduction

Thdssseirs$ at e o tr ie h exxinanggo n a | b orcorny sntialr i gdreo W
from solutions, maxi mi zing theiDoignlgwwesl Bnd min
expanwi deherchengepgwIfi tdattoase enabled by hBNO6s u
(Sectli)drhe solution growth method prohkseidzees a r ¢
and qual ity ndeecveiscseasrmybd sftomi tthh emssaeny process vari
opti iSzeld.).Weasear ch 1 nhas tthea esn pamgeissg@ nfdor at |
many advancesthavegbeea®emhid®n tTihrme pasalk gr owt h
process usg¢gdeictt.)jdolniss bawsreld on theprbest sifhdakss
work builds on thatt lisgo | act@riomo ©Dintgit hlees et éeahnd

ohBNrygtraolwn from it.
1. Proper tApepsl iacaadt i IBSBIMGH st al s

For mo#&i soobriyt shBN has been v[all]Juletd Hag v drsy
high thermal and chemical stability, so it is

temperature manufacturing andnceseawahedl it ni s

cosmatsi @s whi tleitnsi nagl saog ecnotompr i sed of | ayers t hat
making it useful as a Thieglk tpoeompemrdt erse codmy i Inw
more modern applicati onsa,ndwloerte cltaB N dpx spreicq e k

relevant.

As a single crystal, hBNand 2aD wilhdtek ebiabnud gka p
hBN was initially tholug]lhitt tios hawttual Idy ramrcti fdi
energy of Hkibg®df feiVc iadipih @evoi tjodjerastsbnucture i

that of graphite BndlugeEaghenayaes dJhowrs ian hone



with alternating boron and nitrogen atoms and
an AAO6 stacking structures ahpd4pgpbssthke stacki

Due to thewsud kprsopagrtei esyskhalisnod WwiBiNe haarei
el ectronic, photoni d,i saredE aodtl aosil etetpalr cermiad ir e \s i
| argeqgualliighy ngBN cr ysttapteshwved e r gppeseeddi n i ndust |
Therefore, processes |ike thosetpboeseap ldi ¢ at |

possi bl e.

Fi gbirDei agram of t he atdmiwe ngtl almetyibmeanbo fsthrBINt ur e (|
t hael t er A& isntgac kibedg wetemu ptilwamehs a( r ibg hitadnbde Ice d.i rect i o

Neutron Detectors

A uniqueodamp®BMINi liisty or, mwewidarthoch Haevwe ca omwsc h |
efficienxdyttimdyeowtpt ¢ ©®ondenaencyt oarpsp | hiacweet ti eérmisals uc h
analysis research,, meudalod amrgyde nammieasi emiem @,y
[ 5urr ehnet Inygstt common n#Het men t dseet nesa tudinveeh ynsadt et
t hgel obal eppbysofaddduea tdoendiuncitsihoinn g [n6llmucl ear
contraBtisotepbamdaasntone of he mmahirgmestapt ur e ¢

sections oB8d4fAypdalement (
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WhenBamm capturesi a #pjantr @ahiphtandaat gamema
par taiccloeg ding to the following reactions:

0 E0 DPEWQQw | MPUWQQw [ M Y Qw 94 %

0 EO0 DPEW QW | p8TY Qw 6%
The elheodter pmibrys i mred aatséd ¢ s c &lt it e@piadr g i acfl etsh enoevr
t hroumét éecteienalbe ef f i € neshitnegyl yesd lall d dtheed st ruct ur e
|l eadi dgt ot maon efficiency hef |-088 .d&e%,e citr omo retf rf .
obt ai n'eBe ovaidtedi| BBsr dmadeewi t h mdBiNe ihs ctkopmiry sh a
(~@0) are needéd DO ¢ndepttirmeisd eamidc imp&dyni ze ef f
SubstraiMatfeaainadl D er ostructures

The atomical logf shmBMNtwi tshurnffoacdkangl i ng bonds,
physical Btabiargeg, bandgap make it adhandgal s
et.[dl§g] ew WSa& e@n taaxtyBN substrate, showing that
atoms and reduce.Gdee [fadl mawvt poapbEnWSeanof!l ake
i nshalees et iBdNd siudbtse hangl aatp htemee waes dtonldedl H BN
pl anez.i-zgdg edge where the two meatgenreivvdhlissnhmats e x
highly desirabl e Wanmgtg[rdafbdberniec astpe ch tgroanp hcesne d e
encapsul at, e dveixidcthhb i ht BeNr aasiploirstt ioc 1 &nl.lenc tardodni st i covn
Woesenegrdl8Showencat hBN encapsul ation of graphene
pl asmon scatt,erwhmigé hi ns igg mpfhesmesnpgH ot oni ¢ and
optoelectroni capledreete.fd@fbescanedrtransparent
effect base@edienhoas2D heteroanhdughapahé@@é eth BN, |

effect (#A&H &Wimistydy ap d roam iong voltage (<10V).



UV Emitter

Even thi BdNugh an indirect bandgap, biassed umi n
onhe short | ifetime of[ BXJwhtiocnhs mank etsh ei tmaatne rei
candi date for WM tenvtitodrest ceam thteerussedona a wi d
incl wdteg and air steriddndzcauWadnegreddl@obt]loc at al y s
fabricated @2Z3phajind saviool eevice lwad ha hBdNweno w
out put afsidndg2y mwhe powdranmragc wliidielce sty tweseldd b e
i n a wi daep prlaincgaet iopfh® t oo al ad iy sagnsd, nsotdei rfiilciazta toino r
chemical .substances
Nanophotonics
Grudenfi @af§howed t hat hBNefhraasc tai Jde oigrddhe,xg lmghedn c e
| ow opticmaripalreesdsdaso si mi | a&r i mataer iexlce, | vemitc man

nanophcdtad disved 4Bé¢ported 1 bwos &BWNmMmidrad, natur a

hyperbol, cwhibd¢ ®wdsiaflf r a cdteido veabvoelgsenif i ned i n al |l t
di men®aootn[sa®howed pthhoarport aei t on resonance i n heE
the number of | ayers

Single Photon Emitters

Singl e phatoary sdrped ish ¢ rtsheafte cetns t 0 n eGrpohsostoo n a
et [ 2a0¢ monstthraatt etdhe emi ssi on enantgy oofm diienmplee ap
hBN comévebwmintedy me¥t ressing tthheatmattheeryi ane raen ds t
enough t o e ottrhaensTslmebsset dpattoepse.r t i es make it hi

guantum information processing devices



Twi stroni cs

Twi str ocanincesw acrlea $ & a d¢f fadd ebwjiadtessd st ianfg aonZD | ay
mat ewiitahl r es p e c wlri easameosi 1 t®h qaradddad rfireedt ect r oni ¢,
opt,acmamagnet i c.Speto[pettgmesstrated that col or cen
interface coul d ,bevhprcencicoally coamtbrlel Ithcei r use
t echnoYacsgededsa @8 hd Woto[dd8é monstrated that twiste
exhibited ferrade lreotnr itaenagprearpaecruttibeesc k ness, whi c
applicaobnons$ atnl e-prmemo rtite s/,i thyi gltiheal neicctarli casc,t uea
and pyroel.ectric sensors
Heat Management

The thhghmal choBhRlalkds viittfypr omesai ngpmanagement
deviamaeli ¢estrically insulsahomwnte ammy uelee.anterainsali t
Wangt.[2Bfbr i catteded gr-bpbdedevdevilder h8tNal | i ne
coat edsglaass bishter-ghltiagnhe icno b AMA ont) iIKeiatry i €d heat aw
its source wiilleaet ce Olddw VWé mpor&keyv e(nt @ah toli e af (hroms
spot diredtlvyTeehe e matl hecoonwbledct her egsed further
monoi stdBNspiincg! e,whi ché dlpd ane conBEaEtm vk taynd a

crepdsane confRl.uz t\WNvanst]k
1. Basicstioéon SGtawt h Met hod

The sol utmednuesglrso waths odivesndl ve both boron an
they can react withhseatBiN.9theactinadnpcewcl ¢, tian
without, absol viemwmoaldtdi d&leciamsgr &aBMNi enel t s i nc o

very high 2tleddpBeDepose ti osuichclasi ghesni c,al vapo



but they form thin films that are typically h
sutbrsat e

Solution gr owt hsha s rshubpueornshaat sui rca tasinanp,srrywsd lad a
grovtuhr i ng saturation, boron andt meitmr oge@lnuldii Isis
| i sni aeaclhteldeuper s sttierpphabe of the system i s ch
concentration of iBsoadnudbiN iitnyc rdgeacs ecisagsmets@ tt hceaBuNs it n
be her modynami MIlillye ftdawvorsabluea hBN ¢y sStuples swit lulr
nucl eateuntineén spdawi on is Abdilsos@gert ifoanpteoerssat U

that influence each of these steps and how th
1. 2Sdlubility and Saturati on

Every hBN solution growth experiment start

nitr®gelnong as the sol vbeonrto ni sa nedx pnoi sterdo gteon ssuofufri

wi || naapgpurread dhy saturati-equidluieb.iTibeimedNGted@ b r at nc
whitchhi s wil |l dadceursodeappand toon of boron and nitr
The solubility of shonpdry itmet hie mresiasl ywsetnetms v ie

phase diagr amst iBpheaser phbiphlgo win ghwheehe t ed
l ine htgbl boghobnl |l t.dtui dhEemaxi mum temperature

1580see Sky4itdhre boron sb2umads %y in Fe 1is



Atomic Percent Boron
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Fe Weight Percent Boron B
Fi gRirFeeB phase di asgercatm owist hoft htehe | i qui dus that rep

concentration that can be dissol[Reed at a given te

The solubility otfthenohmelctuéermr met dalr o gteynpii mal |
governed by, Swlivelh tdss pLlmevwas bpimatto Blpeci es upon

The equation for Sievertds Law takes the form

[

l”“) T

Wheéee she solubility of Wiitsr otgheen paasr tai am otl per ef srsal
gags anids Stireevert 6s const antte mpwha ecthu ti lse as d luwneriti o
composTihtiigodni.cat es a f aewmcdiefafser emntt rway@n stoa vemit |
can be chosennitthradg ehra ss al kb glhietrly 1ol geaoa€r ahumt
within the transition metals

, the further | ef

solubility. of the el ement



Second, the pressure .Afl |t led sceonhdetéan tc,a nt be
solubility wiléqualhreeesxeu alrye a ofoactodr t he incre
exampl epressure is increased by a factor of 4
2ln crystal gr ¢ Wwteh psessamel ylaeoederol |l ed, this
straightforward way to increase the nitrogen
solution

Third, the tempercaharmrge otfhda hrej tseyicstyeesn swghlclib ¢
or decrdegseinndg nigt on the solvent bei nkKi gdsread and
shows how nitrogen sol ubipluirteopnudencr eases wi ttHh
temperature when the sol y2.8fMdlsCeartadlideegsste 6. 5
simil a[r2,9]rpeurtdes -Ere, & wd hNeive al l befeonr uhsBeNd as s
sol uti owmergyr oswt¢thcees A@i8ltoy a ment tendeonfsol ubil it

temperature does fhot talp@efaundtoi dmirmgiedsfiscal sol

0.035
S
@ 0.03
@©
E wt% Cr:
£ 0.025
= —0
>
S 5
9D 0.02
g 6.5
(@)
o 10
= 0.015
0.01
1700 1750 1800 1850 1900
TemperatureAC)
Fi gBirSeol ubility of nitrogenCveanblbesytsempevatyiaginoh
concentrations. Curves b4 2&d aonng i nmogdceel In ¢praartai noent eorfs
chromi umt lsél @apeeasgmd t ude of nitrogen solubility cur



Complicating matters iins tthheatlsfod luét iponé ssbn € € t
nitrogen abBdaws carMdOf el ket rtdhgeen s odBulbiylsitteyn, i
which givedioiwndioghtns ainmt mi trogen i nfreeyact whi
demonstrated thhhatoni tomeanitm@ttimen i n the sol ut
soliupidven in the absence of hBN formati on.

Regardless, thehgteabterdi guess h®MNeit®egtiar ¢d
preci pTlihtiast icnagn. be di ffiitcudaeqguior s calha etblea @aluis ie
component d$ywyst dmBNgsodadntdhath dernt as.dFar odnhat el y,
t hi s,awpnrlocedure waedidevelbbpd®BNgandans arbitrar
t he CALPHAD Met 29 tisAwietels Slearba tbinhdg yh Bd\e fl ii ngeusi dtuhse
solubilityThusyet bnf srheBvderavie whaen t he sol uti on i

supersaturated.

1. 2M&@&t hods of Supersaturation

Once the solutioh thlas dreavemeosSht headgelbem |
the solution to bed®dBMe wsupermgaetcumpattad eso Tthh &t
with a few d:gfofwe rceonotl immegt,h otdesmper at ur eEagcrhadi ent
of t hedsief fhearveent par ametessat hgt odt bt wt el hpwoagr

I n the solvent téweap @ maheartedinusmeatnitedand t he so
all owed tloeawviapg@ r laa nexbanu shitsdmil nitdei uopne r sRd urtaliies t o
be@a practical met hod for crystal growth, the e
which requires either a voAatewewsoksemaverge:
with th|S8IpP8fbhwtd with the ex&¥]steieo nd edlft dosnd i 1

size and quality of hBN moown with this metho



I n the temperature gradient method, a temp
the solution to driveFicg4bseédln grhowt setap,i Islup
mai ntained through a balance between diffusio
produces a gradient in the solubility of hBN,
boron and ni ter oogne nt hwei Ihlotdissisdoel vi han the col d s
concentration gradient in the same direction
driving force for boron and nitrogen mass tra
supat urated solution in the cooler region tha
persists because the concentration gradient i
boron and nitrogen on the codn ofi dehd deiec dmp @r
the hot side (due t o slTdlev &teiyom aacgfmetelhae dssa@au rac d I
temperatures of the hot and cold side and the

Il n the sl ow cooling mdteldod,nitfloe mdryt, i rwéh i £yhs
solubility and causes any B and N i nFiexwreess o0
4) The key par aaneht ed sarien tthhd ss tirehret iqnuge ntcehm pt eernapteu
temper at ugleovatc avdhliichg ends and the system i s I
and t he cTdeel icrogilBantgg elayt er esponsi ble foramde d
thus the nucl eabtecoandmdnidintgs olwo w qaitekl y t he st
changimge crystals grown with this méathaedyfsonmn
grown wi pheici pcoateé with sa basnngdk orf tchre sttermhp g

which they for med.
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|| aJnjesadwal 8

diraeSchematic of solvAsttbegapolaéent sewmaep tdopdteds ,n
ch causes the solusbobhhhdt hB8lHPEmeesnapdtcawdar at e
perature gradient method. Concentration gradie
cipitates duwecthee Mmaawecr osfolsdboiw ictoyo.l i ng met hod.
ubi |l ity deexccreesass eBs & nNl parneyci pitates as hBN.

Fig
whi
t em
pre
sol
1. 2NBcl eation and Crystal Growth
To produce | arge sheghech8adltimuemnms isatoaves h d thla

crystal growth rate. | daaldl yg,r oownlty dnd | crtyhset &
aval ¢éatbbei ki matcil esshtBNo ns oilnuth aosn maotowdehen expl i c
butacmann, Her d&8rhoae dch evchtgstormd geme olus@dftaron (
crystal sisi ngigveenmeplbag st h e n

, .y

08 Q
WheQé shBeo | t zamamstYiamntt he absol u¥Y@ st etnhpee rGitbubrse f r

energy ofwhiuch eiag igpinven by the expression,

e
W~

11



Whefries the surface energy bgaxiweetnhet hseolcurbyisltiatly
crystal materi ¥bi sistumpehres &Xou rdetnit gor). a n d

These erqawdalonas few ways t d&inlexdwecrei ngh et meucl
t e mpteur esmruecdluecaet i on, but that is not a good op
grownmass trahspoedasi ng the Gilwbhd I|f rad esoemerdgyc

rate, whi chhhy caint tbeer dionfcarceealsa nnege gtyh et 'sas cr yst al
solution or decreasi nyéba))'[hree red raftd cvee esruereg ys ait su

predndtwill depend dmnrwkatyssall vgmtowitdh ,used whi
a straighraoegygrdo reduce nucleation rate, it

i nherenitty affect

The relative supersaturation, omsthe other
di scussed .i2rRo2Seexamml|l e, the relative supersat
decr etahsei ncgpool i ng rate or the temperature gradi

the temperature graldowevteemdtattad d t hmeds)s eipseir salt w

divided by c)hegoedtndg irtetetssy ngvi 4lildgcrease t he

nucl eatFiuont hreatmeor e, the slvepeusft ¢émpd gl wmime | ma
i mportant rol e. Wi,t ha as oclovnesntta mati tcho oal isntge erpaetre s
temperature curve wil ls dlevermutpewistalt ua aftleat tf ears tc

1. Prior oWworhlBN Sol ution Gr owt h

SolutionhBgNowam ld sptegornese:t Hrgh Pressut
Temperature (HPHT), At mospheric Pressure High
HPHT hBN synthesis is widegyowbhsotied aldigteyh eh g

hBMoweWA@HT symndthefsi squentdny pparodaurc eb ehtBtNer t hal

12



at HMBIMmoi sotopic hBN is synthesized so that b

i soaoapde has gonlwn bwienh APHT sShhret meadiug atlo | csfott e p «

boron liBs ah@¥B8Oovhi | e the natural isotdfeaddstri
0. 4% (i .e., nearify .i sThtuspi dayl luysimwr e monoi sot
mat eri al, monoi sotTohpiisc sheBcN e coand \dieet agrdoser.cdh h BN

gr owt h rheasse anracdheeri n devel oping these processes

1. 3HilPressure Synthesis

Taniguchi eand alVah dgBebtje ar eiIPHITNnsygynt hewbenm of |
it fasmadbyproductanuhelig SB&tr eaechik thhtdbs iteed UV | umi n
pr opelrhteiyesgr ew tvhasé¢ her y emples awiualeb@riadmesnal me
at high temp®R5F®GAQ) eand 5095 @EPapswirteh (#he temg
gradient method. hElse woy-&tsahbwved gwedwe c¢oal or | es s
indicates | ow car bon3aimphurtihtei ebsa.r i lunm I|seaotl evre nwo, r
analyze the carbon and oxygen iIimpurity concen
10%tomsAcmexample of an hBNdei nghesergsnhaditigoo
Fi gbarkaebet 4 8] so tested a pure nickel9dGmA®)ent
and high #r &Payre The. Erystals prd5du@mdaovea®s)
and were irregul aRil gybbrsehTahpee ds,maal slb eshidanven M o t he ¢
l ow solubility of nimayogebiitnther e aniecloél crwhb

Zhi gh8B8®l | owdc iaspkwowmi t h a magneXxlidOmasdl| tent
3 GPa using the temper atafr et jgegsaddawesmttmhnaett hiotd .i s
hygroscopic and oxidizes quickly in air, so i

at mosphere. Magnesium is more stable and does

13



handling it, soat$ha matdopr pcoipoaslessoltvent . TI
solvent wer e-2d@0aa me d3 aGPd,90t0he maxi mum temper

tesAadi madag&d BN crystals priccshwovdhd gacreihe hsaceses

o
-

t hese parameter d aclieinrat ibes awittrh bhiit glde t ot & my
increasing nitrogen solubility withohitdler pr
reported by[@ahdnpbeducefgeak REWHN, Efvh8 cbm
indicates good quality, suggesting this is a
Onodetr[a88] scovered that hBN crystals grown
reffd3édnsi stently -coohadomdi a.acraeh é snew igldoiinmla én siam d
el ectron migcrbdbaucope siimages n cat hodol uneisnescen
They are also significantnl yandatdjiamemttalgrtap hea
determined by el ectr-gcabhaetes asNomseandtveairceen waa sh By
on how to eliminate tthe ido meitnrdofdri confj fddirerm rwg ,t h

all owsf caebonystals to be selected before dev

Fi gb&ireexampl es of hBN crystals grown at high pressu
an hBN single crystal grown fr-benBCQ Bads bl gbntpratss
GPd)3.6]b) SEM i mage of hBNsotyenhnal atg6d BPhd aom 4 610
Photograph of hBN flakes produced -uls@&h 88k magnes:i

14



1. 3A2mospheric Pressure Synthesis

The rMfapoiteaneodn st rati on obbulsBNungloea grypst &l s
1983 by | §BjliiwahodusSadoa silicon solvent at at
to produce flakes Q@mp ttho cX rim gldireivnes imacdh 20i s m
hBN supersatur atiinont haenish pwoercke par t abutont he aut hi
evaporation of the solvent could have Ableen th
and | ow pr eisss uaxp lmarkeetsi armh pl ausi bl e, but the ¢
cooling perl otdo ro®Mni8B8Ounately, the cooling
al so unclear i f these flakes were spaghke crys
FWHM wags, 8irmdin cating their quality was relati\
However, these-yelyotwalcollbad ahpahei s indicati
|l i kely caused by the wuse onf faurgnraacpeh.i t e suscep

A few differeniBNeselautcihenm sgrtewttle di) | ow t ¢
and presisnug easswa vieaetxyp eafn ane nasatlr oswvedt Kudgsd e w
hBMt -B&SEF r omi shi um borwhies spéweatur ated by ev
sol reeritge |l Boazi e, 40d mdv (iBNGbgvee t h a mBdA Nh sal t
as a sD»D6®EGAUN daetr raattwermp,egf aldli ewitng procedures
successful f ornigtrrdoivk esC@eitN cdtdh eerw (FhiBdNecriva t h  a
mi xt uNfaeB,Fo Na NHan ca 610iDBAB, t hough they did not spe
solution waslhsall oyt it eartpesd, & twairdet hs toufd iheBSN s i n
crsyt al ¥y ewgmad 1Onjot heir cryst alRaguaafl fea kw& $WHMo o r

>10 Hem
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Fi g6iraecarge hBN fl ake prpdiiicea 3Dat 4 IS8E)@anrtyred s$ atgd e
crystafir gmlobaA Nsalg82tby Feigel son,[ 4PrGrzyisetral sand -
grown from a smiNgNH ado b OCB&dBatquél |

Kubetd d,RBJol | owi ng t hheiigrh spsrgecsesbuir scmBtdh t h e
succdsshiadf [ahdd]l Sattmosphdeveltdggeledw umedlhiondg f or
hBN solution growt hToaigr @awma egydsctad e ,pyetsesm rfer.or

135GA0 @260 4€C/ hr ardvei € § eedrptu NsenNiMdmA maj or

concliusitomeir work was the i mportance of the r
has a very low nitrogen solubnlatyosasdoprbedss
thickness ofAdla Mgew ingincirfoncsantly increased the

sol yaenrdt cr yst al sMog rsowWhiednitysew(ENrie si gni fdndant |l y
and had »ap RakmamMWHM 'ofwl®i ©6hcimndi cates good qual
Il n a -dpltlowt hi setwjod k¢ s tKkaGhsoet| alWénet addi ti on of
enalkclregdRiad by eup @mo a0 ® s@n a rtdocéle , f whinmedh t hey
attri butuelthi g lmernn trsi t r ogeMoTshodyu ballsia ys udgigaens tNit h a
starting temperi st BrBéCsadfnctehd hfrhedpaodacgdst sin

(Fi gtbr)e
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(b) AN
33' ,"' ,,.;“

)

’L 3 r' \‘

PP wtll e TN s ~:;- e vl
9 ’

gdirae) Differential ei mage fef e]mBN-Mgmisxwims@/IﬁtpmaNil40
2]b) Photograph of h8MN s oayse @343 gr own from a Ni

The succlePsHI | oofw tchoeo | fichr@ Nmmé tulh @ adne vgerloowptehd by
Kubetd dP] | endadnByf her but | d of fanodf itnhCrisauvgardmigie s s
and Hoeftf[mdabni udi ed the effect of thei ch-Gai Nig r a
sol went concluded that(&/hharn)d| bivgalklstbempegat at
(10O hey ptreosctuecded t heThiaaaytetsti Buiyesd attilse on i n
nucl eattieorwi th decreasing cooling rate and inc
growt h t edopvervelrygbdehset t emperature in both wor
with a graphite heating el emesittal svhwichhd magr ha
|l argesprecdyseéecdl|i Fitg8arpeas wbr ki wi deWpel ka o Ra m:
8cmM, indicatingualCitwyeddes ohptgehset eNdd and pure Cu
solvents, but did not precipitate hBN from th

Sperfbddbrg st ed a st epwetdh-Ga obb Mt emideeas & @s e
the thickness of hBN singma&i midarsdanles fwirtshowst e
solutioncwasd edl dWlotyw AWM ho grow wasdedaemgsit ml s

prior work. Then the systemh4dwhesudsvdétebed!| howt h
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established cr yTlshtegiscésralt s queow t kel akevely small
( ~18m0 wi de)i,r btuhti ct&mee sweaes( ¥ lIragt i ve t o their wid
botwhde and tchoiuclkd cbrey sgtraolwsni fwiitth wehries fpurrotcheesrs o
Notably, the crystals grown in this way al so
perpendicular to the suwrifg8lree of the solvent a
Lieuwt [ 480 mparCrd tibr Fees a sol vent fbercaluBN dFael L
i s significant |wo uchde anpaekre tthhaen pNio caensds mor e eco
hBN single cupstawi@dBihpécrpantdace a RH fp'em KE &f
cmindicating that both solvewmali pyoduyge®t al sni &

demonstratrnwithatwob&t aal aeCm.awti ve t o Ni

Fi g8irae) Opti cal mi-wrogrfaPpN Hifndl enmecCrwst Al agdwowwehl fr
temper at o ea nodf al 7c0o0cCl/ihmdgs |bat ©Opof c 2l mi crograph of
fromCrNsi sgepped grtoowtehn pawrcegeshgt bet b/ bnaBdyst di se
tended to form the shape of pyramids with their a
[ 46khot ogt apgeohBN single crystafFeronlublketdeyf avee
gr owon[mé.7 ]
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Zhaaetg] d8¢ monstrated that intenCrosalhienaddi
increased the size and yield of hBN crystal s,
the system that would havenothkeewliseefsohtdbi sk
increase in domain size while usma$scampamedo
to their own resul tNocwirtbloomutwaasny ed cedcdwl dcha mb d rh
EELIButtheir | arfiesdywer ¢ & 8Wisde whil e all ot her

tri e MNier egraobM ecrtysst al &m.l aSrugbesre gtuheannt e 5afn@ B Jy s i s

of hBN crystal growth with a Ni/Cr solvent, h
1 .nMBa%scarbon, demonstrate that graphitthe was pr
hBN crystals. This graphite pr ecmap$stgaotlidon wa

whi ch suppressed dme pgraoc dbdwne agilgghgernt Tomy § i ank s

resolved photoluminescence properties were al

gQiraeOpti cwradgrmdaph of hBMNrgrsoownv efnrto nt oanctbaribndi.Bn]g 1. 8

Fi
bYptimialrogf apBN gro-@n $obwmeat Ntasrnst¥% icrairmbgo nl .aghd 4. 7
gold to suppress [p4.@kci pitation of graphite

Liet][ 88fjew hBN L£rsomh wempFeacess that combined
t hsel ow cool i ng gaadmeetenh@uoear aztounree iizno ntthaeli rt uhboer f ur
was he6 @@ bt oughout whiylbeealt egmpewtahure of the n

steadi |l fyr dmop @teodCl EO,Mrcr eating a temperature

19



sol uthiaotn gradual ly increasedTlhaxse w@edks tcabpugtse D
mm wiFdegl@®e and hadj d'eRaskmaFnWHEM o f! onhg TabBr cwe s
peak width reported to date wusing natur al i so
I n anothet [ @&t &w hBN from a pure Fe solven
1580 t ocClAEOMrPure Fe hagem velrybil lowt hedt ompar e
solvents that B&dveobaeénboutetgitlelvt hmodhhced | ar ge,
hBRamaxj' e FMWHM 7. 61).A5 shdwmubmigsr ocess al so

producedorad éhrBaych1 lyarkien ~anefa,t he | argest continu

reparted

Figlubae) Micrographr fodcdé BBIf omng . s@reen | ines outl
of t hr e[le5.&x]rby) s tPehlod ograph of hBN single crystal gro
i nglorti.a nlgRIN ag Ise e?td n c §irs5elq .

Onodetrlabést-€Ed aliodnddoNian@r CoThey conrCal uded
was the best of these solvents because it pro
concentrations. The | aOmBaefstte rofe xtfhoelsiea tfil oank efsr own
i nghitgUd) e These are small er-Ct habut hbbBe peasan:
uncl ear based on the informationcpusvoded@rom
work is that the cr yCsrt aMist ht haeny AfPrHord \pa eot efsrso nwv e

rich domains frequently found in crystals gro

20



initially disc(¢BOlEhlesea @amampdowedemstkown t o dec
carrier mobility of the material, so finding

Zhaatg] @88jew hBN -€r osnolav«€mut by 1168w ocool i ng
1560 atr at e 2 babntld@x/el@ro p veash o ae n a creanelntb efc@amu shi i t
i's much cheaapnedr htahsana N er yp oltoewrtei dadltblfoyjm g s ol ubi | i
concentration oh o8Nbgn.Adwmpinr onihes wor ks test
the cool ilnogwersatthérgasiPele@ hgr oduced,t céebaeregésthBN
These flakes wefiegulpwittoh 6a mplepheastdeHEN f  c9nd, 3
whiich significantl y ,hiigrditrictahiteigmghianw eo.twhhe s ewarlac

Li evt.[ §A]fol |l owi ngLitHeJaS htsesstafdi ed hBN so
growth in pure e byysti ed®| yp cCibbdED H@d.cy
speci$ticail édg how t he conce(nlt2rba t3iachnf ®ocft ebdo rtohne isi
hBN g,y odvent etrhmatniangbor on con(ce.né rpassdm)c ed tibe 2
| argestupc4t@@®nt avlisieglLt).e Theyechtaal 2 RHE fpem kE

FWHMf c/m, 9 whindh cates that they have a high cr:

Figuia) SEM i maggenadoifndgrieBN cryst &r fsldddzdsbygr own fr
Photograph of hBN-Cirl askdd5v3gmppivnc &r omi ar €gr aph of hB
16. 2 at% B in[8a4pure Fe solvent
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1. 3S¥8nt hesis of Monoisotopic hBN

To grow monoihsopt epsedhBNy o&omitt rciachen ot HDEN )u
i ef tdome®r hBN solution growth becauset AHEBN i s
natur al I sotDiprec e desEBEMbWbuvesonat o the solution

hBN grown winhhuinprwenlixdcttuawrdel ed laeir soe0opas. i nert ¢

|l i ke alemuaaradidmonoi sotopi c boron powder i s t he
this comes with the additional <challenge of n
to theisstaeaadoaoafesoketVgnngsobotoan solubility an
HPBNo control tolie hSfem®ee mtl r avtoir&kis have been pub

tgrow-quiagh ty hBN

Hof fenah&wWéds t helefsicrstbet mow monoi sotopic hB
sol ut i onme tghifobde ¥ hau sAe6d 7/6 / 1 14.17 &3 Tniassos| %awt Nt ohn
i sotopi callBloy2 .e6ndoiteBthoe)d 9. 89 tnthé&)bor onceswlurcg mat
frdmO00AC toPAC2WO@WMECvepertfloeyed the exper,i ment
whi ch tdhé uiteat opi cal Iryatewnrmralc hiedo tbop e ndiwsttrhi but
Furthermbeecrystals grown3@m) twietir wip§l&" Rveemaen
pe&MWHML 4. 1 amd o9BM ahBIN,h respectively), indica
rel ativel yy npdart squlhbdtiffiewspm | a HEBNt ce uci bl e wi th
alumina one, | eavitmwmg malclh ¢Treeastde mereywsatmael bss | vaerrg e
(~3@0Fi guawi Rahmaxf' e #MWHB of 3. 5'faontBNM3 a6 dcm
BN, respectively.

Liewt [ B&¢thi eved evearsilhgt taerprroecsewsist svilhd a f e

starting waer@pg ehsh/stdhle/nChry Br wge nadodetdhe furnace
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at mospherearbdbomemode oxygen i mpandtiéeéswd&oomi nh
| owed 4dC/ohmr oG@/alCmMOy &t al s gpowonewst wWet ki Bipgume 1 n
1Band had:R%maEmvHB olfan3Bcf otBM ahBIN,h respectiv
As with the r[esa]ltthe sef pHafkf mdamdt hs arheo sder amat i
produced bynghge bBNstal with a ,watehal sbat omi
to eliminating isoalopic disorder in the mater

Foll owi ngLjté&li.ca8bew, monoBNoubN &f rhorEran Fe
sol viehrety fiaetl ea coabrdig nfgr coatteg&IxaE O RMrbbhe basic
process was otfTlheawgegpst awedgamewacFiogbe ¥
and hadRma&EdmVHE of 3.cImMfaontB N\ ahBdN,h res,pecti vel:
indicating that they arneyl dhger tdoe®Ipirpdaulcye d
NiCr sol vent .

Li evt.[ 84l ew monoBNowbBN &¢f rhom a pure Fe sol v
opti mal boron concentrati on ptrleey odielt hesargmitdiiaenh ) i.
not speamdiyn tshieze of monoi sotopic hdBNsitheyofgr e
natural isotope di st Om)b.utFurnt HRENeaihdgly atghree w  ( ~
FWHBNf or these 3cRy atnadf €80k raenBdNrthe s p e d tnidv elayt,i n g

that they have crystaéetpaé@ndteyti[s&Bji |l ar to tho
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Fighfaptical mi!®BrNo ggrr opniCdvir ohim 81 madB8skboy sl owly cool
AC/ hE.BOptical mih'®rNpgowmp hiCrondim hNi4'Bmabsys %1 owly cool i
0.06/ he.7]@pti cal miBrNpgo wmp hfCod nBi.F2h mMdBbyg %s | owly cool i
4C] B 6.8 ]

1. &t andard Crystal Growth Proc

Ald¢rystal growth expeartivadegmltesy et redputgureeodc eisrms t
i ngot formationingbenf ovisynsdtoénerogt roauvgthH y mi x t he
mat erials i ntmgawatohmadtgd nd os tAh & i sne d samads p gdtmenme.s
in pagtbtewohkt he goal of precipitating impurit
gr owtnh p hiadr, nsat undayt er i al dtuhraitn gp riencgiopti tfaotodndat i o n
and discarded al ong wiHdwewegr ,uniisnp etchi ipsh r vidorekld, s p
pl aced on the compaoadliidadcamdiorng trmat esril alt i worul d ¢
of the solution by an unpredictable amount.

Thuisngott ifwnarsmamodi f i eRi cpis3Mes haanio r poode ¥
t hseol vemor amds oug ,cer enajiveartieadled yded i ntandn al ul
pl dcénto a hori.Aonabumiohedhfos amibpbteahbesmd efs s e d
boron nitrideug¢&®BN) pasestviemti ek hteo boron concen
changi ng udpe etda cdsalbdayt i on[ 0FY F]h,e [HPBIN, c[ruk] bl
Further more, HP B NI scerdu cdiubrli ensy csaymnichte shies of 1 sot

they are only available with Neeheatturmamaaceswa:
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heateddcCad BOBO and Rell chouhrest € TLomponents mel t
a homogenousheln qqwiedchhreddoabnitk 2 6 6 m t(eimpled.)amt ur e
Throughout,attleiagdyp suIrAEidl ofved t hrough the furn
and 85%0 gtudrgiy dr ogen g asr eiasc td awciltamd ealin thpow X iy g ie @ s
t o prHQ@ uvacnedwiCHcrlsewept from the system.

Thenly major difference between this proce:
i n [red8.]l owing argon through timegoftufmaaommatii o np lwa
ayw nitrogen in the system consiwhielnet liyngportoduc
formation withleiftrogemnstsoégyeentplowdEirgumet he
18This is |likely due toomavmetdalingnitthrme, dwhsinghi i ior
myi nhi bit thor awgrp omienmitasgy odadeér,e the substitut

argaoln ows the compositcoBsebly thetsdl ingdadinet o el

di scard materi al

—_
Q

- Dwell 24 hr

s / 1550°C \

et

2  Ramp Quench

£ 200°C/hr 200°C/hr

Q.

S

&

Time (hr)

(b), .

Ar+H, 1<

(850 torr) H H,0 + CH,
Figu8a) Temperature profilebgf Dimgotamf @f matxipem i enej|
inside the Hydbeofenndcéuted with argon for safety
wi tar booaxywgmen iampdursiwteiegps t hem from the system. <c)

and widphestenMN i n ftohre taw oRossopbhweerme sni t rogen produced
homogenous ingots.
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Fotrhe crystal growth stefpwaldohaed eidn giontt of oar nheoc
tube f urtnoacger aw ah BB(N Wn Inigkd ee tohmaaditireognos t.srtbegpe,n i s
introduced iocbotiheosygs$ ok fiilhoryoiunggh S93h/e7 fNur nace
angl50 Fiogwh)¥Hydrogen ovontaitrmpeiz ett i es and remove
system whidiesonitvesgento the soluti©Omce ot heact
ingot is |l oaded, t¢Ce aftcCRRWOcandshbedtetdete L6656
nitraongpelne ti me to sathenrmtel cdllepysodboatesdpatr sht ur
solution and cauyksieglhdBeN At Clp0dei pintsadhterh i s que
566/ hr t©Co 13k 0c@®thrlOdown to MTheminempead atsh oev.
done@rtod ect the al umina t abaseclrfarcokm atimhge atmuable s h o c
experiment due to oxygenOhfhe ocmgalhdade ai ngent basn

h BN c rcyosvtearlisn gs uirtfsa ceenitéi srgeti é @ wn

(a . Dwell 24 hr __

Slow Cooling 1°C/hr 1500°C (b),

1550°C —1 N, + H, . .
Quench 1300°C (850 tOlT) ,m HZO +CH,
Ramp 50°C/hr |
200°C/hr

Temperature (°C)

T
1
1
1
|
1 100-200°C/hr (c)
1
1
1
1
1
1

1 ea mm ca?

——

Solid flux Molten flux hBN precipitates  Solid flux w/
saturated w/ N from flux precipitated hBN
Figlbdaa) Temperature profil e odfi acgrryasnisali |g ruoswtrha teixnpge
growth progresses. b) Diagram of experi ment al set
continuously f.Howawitbhec axlygeinbBhdnpaurities and swe
systiNemrogen dissolves into the solvent and reacts

To make use ofvithetbrgsmatbodrowhey .must b
This wasneacdhrmailtym!| e xfyoslitiadtsi om tohf tthheer nta | rel ee
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Figua@nce they are removed from the ingot, t he
it on @ohdgth@mlsatneo | pnpgeodadthamgditregeecr ystals |
showhi ghb.e Unf ortthuinsatperloycess t endstghtem btrheiarkn ecrr \
angdmal ipdranien t hangntdowry. were as

(a) 1 (b)
e

Figube)l lustration of how mechanical ®xmelcmaystoal
inevitable become broken and are wusually c¢cleaved
an hBN single crystal exfoliated from an ingot.

|l ngot for mati ore xpred wereyedddmn d watoevd hi n one of
f ur naalcceven bFReil oW @kh gl 7 et er med hledor ea nidF uiirFnuarcnea ¢ e
respe.d@dtitvhelfurlladdde searies single heasi hgomo€#® h
Furnaces hlonugh t hey haveFuwur faowe nmd niosrt mia cf irf teer ek nac
that all owspitcheo®Wdredtdaidhtaichk t hi s @sedtiontahi
wo tFu r nlacheas st hcryelei ngdae r s ah it galc hpewdr ittoy ,i t UHRJ)I tmriat
hydrogen, and argomysattl it meosminMawthkee sn@ars sGdd ow
controllers (MFC) compmect sc¢ tmdé xe aicle scyylfi nder t
achievedhaBunmwaocaegaks cylinders attached2to it:
mi x tfuroen Mat heson ¢Gars.c Wl ipuder hiyslrmot adaft ached
fire safety concerns dute botiht fnonhalbeisng ai bua
automaticall yprcomndgurod | eaatwp d ths sau r (ececavdearnigrdgi cae r

presange 1t a0 ttoomra) nt ai n85het prresisnAkRblmtexpe
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pr e stshuerremo c o Upd wee rgianug ea prE.s@E0r ¢ me a glg & enfer o m

pressure dpuigg ©®nchuesm.

‘:’
- [

IS

(b) HES
TSy e

Ar

e
&= )0

H,

N,

Furnace

Pressure
Controller

Vent

Figuh6aePhotogfaphaot 1 with cScnhpeonmaetnitcs o fa bgea se df.l obw
system attached to furnace 1.
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Furnace

= : i=” s S -
Valve ,
/ _ Gas
Controllers = . ‘
Cylinders [

L) Y

MFC =
+
o~ <
=2
—_/
o/

Vent
\\\.\\\I :
A :
; v
i | Pressure
Controller

Vent

Fi gb#a®) Photograph of furnace 2 wiash fcloomwp oannedn tvsa cl u
system attached to furnace 2.
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Chapter 2- Optimizing Boron Concentration

' n many

was hot

ot hesolsutuiddare sgroomwtthheof hBN crystal s

pressed [bWridil nithode ¢&H&B8HN) boron is

such that t

he concentration of boron in solut

di ssgpltvhen HPBN, the hBN growth rate, and the s

this wor

control

enriched

k,

ove

the boron source materi al was el em

r - the boron concentr aottioopni cianl ltyhe s

hBN simply by usin€hapdbeoplbwalvkey, ptuh

necessitates choosing an tamdwunthefsthartonoft oe ac

and presents another variable to optimize.

The ¢
growt h s

for h BN

onc

ol u

i n

|l iquid phas

An opti mal

entration of boron dramatically af
tions as Wi bglL8@8behesWwowa hynwpohhaet chal
a molten metal solution. Above the
e i s present. Bel owpihateudfvem hBN

starting boron concentration woul d

temperatur e.

I f th
from equ
hBN crys

gr@aw qui

e C

t al

c k|

create mor e

and t he

crystals

abu

gr

oncentration is much higher than t
brgendr icwienagt ifnogr cae Ifaor hBN t o preci
S to nucleate asFigl@&sTheadedcrbysttadl
y as the mass transport and reacti
defective crystals as the atoms d
ndance of nuclenswebhd otsalfewnl ama

ow until they collide with their m
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With the optimal starting boron concentrat

Figu8ethe driving force for precipitating hBN

furnace. Therefore, throughout the slow cool i
equilibrium, keeping itmiet @triivn ngmdlolr.ceTH enre fhdr
case with a too high boron concentration, few
all owing them to grow | arger and with better

I f a boron concentration mucahnd oeweerr gtyh aamni |tl

wasted as il lustratkEeidgb®elWrhtei Ibl tulee dtasrmpar dti inree
l iquidus curve, hBN weéelitheotempecaputatrereadtha:
hBN wil | nucl eate and grow | i ke with the opti
However, higher temperatures are expected to
mobility i maoreeassd ensg Wwietntpeirmt ure, all owing atomn
more easily. Therefore, | owering the starting
boron concentration is not a good solution.

This chapter discusses how to find the opt
and with the use of CALPHAD, with specific fo

f or med.
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Too Low Optimal Too High

hBN does not form v
>
Optimal 5
g Too Low Too High i  ;
E ......................... = ../ .................... i
] == e
o :
Al
s ¥
! v
hBN forms | i) =
<
Boron Concentration in Melt 8

a

Figu8Eypotheticale NI dlulsuswurati ng how to opti mi:

A concentration that is too high wild.l have a high
resulting in many small crystals. Aneogyemecands ®nr
hBN wi I | precipitate until the system hits the |
intersects the starting temperature so that the s
nucl eatioa heWw paodeccrystals instead of many s ma

2. CALPHAD Modeling

The CALPHAD (CALcul ation of PHAse Diagr ams
refll]is an algorithm that wuses thermodynamic
calcuwathoonse, two, or three components to pr
properties in multicomponent systems. The the
Gi bbs energy equations that represeavehypyw eve
ot her component in every phase that could be
l iquid ph-BBesysatéemeg €quations for e-8¢chNenary
andN)B, and BBynanyth€Eeli gkinbwmhasiermaey tco mpe
often be excluded from the equations i f the t

components is very dilute, making ternary 1int
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combined into Gifbdrs eady gythadieuat eoasf unction
pressure, and the concentration of every comp
O QYO hw o 8 Equationl
To determine what phase(s) @rhaset ablee,s utmme
together, weighted bg) taned atnoeu ntto'@a l) e@isbhb sp heanse
mi ni mi zed by adjusting the amount of each pha

0 £ 0 Equation2

For exampliBeN, siyrsttehme Hehe temperature, press
of Fe, B, and N in the system could be fixed
of components in each phase wsl enbleigsadg aurst lea
repeated at other temperatures and other over
di agr am. However, calculating a phase diagram
predict. Since the ptrtotcass Gphbbsi eaergyvatuevi
di fferent thermodynamic properties such as th
expansion at those states can be calcul ated f

This is a power ful me t haotde st owiatchc unroa teexl pye reixn
to systems with four or more components witho
Ssyst ems. Il n this work, the CALPFBAD ame@rBNoid was
N . Some data i s aeBN |saybf 1a@ v ] btuhte ttheer "CoArLyP HFAD n
can extrapolate and interpolate to the entire
this stud@B-NFesystleen, Nnho data is availabl e on
scatteredi dtabbaei § oa -tket[Elihgl,7 |Jtbaurtnarhye LWAL PHAD

i s able to accurately fil!]l those gaps as wel |
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Il n this wor[kl8 ¢TfhtewamoeCahlacnd|l ed t he i ntricaci

using th@tige-lTECIFEa3sabbhseebasi s for all calcul ati
the pressure was fixed at 1 bar, which is clo
The tot al mass of boron and met al (Fe or Ni +

(summarmiazo®ydet o match the mass of these compone
nitrogen in the system was deifnntlte bay acfoinasit nagn t
value, regardless of how the temperature chan
solution or reacts with the boron to form hBN
the system throughout amaéxpeid nfmemi t ewlsioauh cer
at every state calculated, nitrogen is fully
solvent metals, and hBN was ignoreMN2Tfhors t hese
makes the HWefmaldanomwthellghas phase arbitrary si
zero will saturate the solution within the gi
the independent variable so that tlegaghiase be
range could be studied.

TablliMasses of components used in CALPHAD
Mass % Mas s Mass FMass MNMass C

2 0.20 10 = = = = = =
3.0 0.31 10 - - - - - -
4.0 0. 42 10 = = = = = =
5.0 0. 53 10 - - - - - -
3.0 6. 2 = - 100 100
4.0 8. 3 - - - 100 100
5.0 10. 5 - - - 100 100
6.0 12.8 - - - 100 100

An example of the outputFiodl® éewehsiec hc asl hcouw sa tt

mass fraction of every phase plottedFVvguses t
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189) or-CdFigiNie as a solvent and containing 3 n
both systems consist of dnlrystt woo |lp hda spehsa:s el itgou
upon cooling is hB®, usihng hA® cenidhsgl 4%i4 h582 mass
B. This temperature marks the position of the
the state at whiechphBMHtwinlgl., Fhaerimass fraction
predict the yield in crystal 2g.r3oAmt hl cewkeprer i me n
temperatures, the solvent starts to solidify
centered atubiCéauBBAQ) Fe and to hatxalfd@Bsli ngl ose

NiCr. These temperatur es perroavtiudree ar a nognee ail rb bwihnide

hBN can be grown. Coprecipitation of two soli
as one solid provides more nucleation sites f
Furthermore, ofiuel tyhesodsolduttied, havhhe mass tran

hBN crystals more boron and nitrogen become t

crystal s. Each of these |Iines shifts based on
t hef ect of boron on the phase equilibrium of
A |liquidus curve can be extracted by plott

concentrati é&nglase Abodvinscmssed at the start o
boron concentration will be t hAC,c drhee mtarxd tmiuam
temperature in the standard crygcmnaeéntgm atwit din pir
mass% B for Fe anCr .4.10n rpdbs3dtbohwdo rbkor o Ni concentr
produced the {estsodesuwmltt svaisn 4a mdiss % B, perfec
opti mum. Similar work Wweeh aeomppltet €d poDloento

series of experiments were conducted to test
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CALPHAD Output for 3 mass% B in Fe

d 1 1
1 Liquid
|
o 0.95 /I
@ FCC BCC |
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l 1
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= e 1
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5 02 i .
s .
80.08 ol
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& = |
=0.04 |
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Temperature (°C)
1750
C hBN does not form Fe
1700 Ni-Cr

1650

1600

Liquidus Temperature (°C)

1550—1559“5 ————— e :
al al
1500 g: E:
N o hBN forms
1450 ! <!
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Mass Percent Boron
FigudResults of CALPHBND ave@rBMNii siygystoeamse Mass fracti
phase is plotted veBMNusysteanp e(rGaB-Na eg §tobent hie) Feont ¢
mass% B. The temperature at whiolg BBBN theseambeaodm
predicted to precipitate by the quench temperatur
derived by plotting the former versus the boron <c¢
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2. Experiment an Vali dat

To determine the validity of the predictio
crystal growth experiments were conducted
vent, using the average oefzsuotebBN bBfnghe
stal size Iis obtained at or near the predi
considered accurate, suggesting that the p
i mi zi ng ot hetrhes ynsatxeimsu na sc rwesltlal Isfi ze does n
i mum or is not affected by the boron conce

erstand how hBN solution growth works.

Boron and Fe powder Tab2wenpent eadadmani akbdm
run through the standard clr.yds@ptli ogalowt h p
rographs were taken ofirowe onyshel sot hdi fi
asst dmrckieng hBN fl akes obtained by mechani ce
rographs that wer e rdaixreeds @ mt aetaicvhe exfp etrh eanem
used to identify the rafggaaéfeScngstealkrygist

e identifiednlgy omeruglhleywbecmlpdhhea di git al p a

wWhi gmbe Where no hBN was present or details
et oo mahge being out of focus or too dark, th
m consideration in further analysis. This
eliable for identifying grbaien fbeoautnudraersi epsr eds
hin grain boundaries, resulting in the sof
stal s.
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Tab2Zi€omposition of solutio

optimization experi ment wit
Exeri mMass EMass F Mass%
130 1.16 48.84 2.3
131 1.16 48.84 2.3
132 1.50 48.50 3.0
133 1.505€48.50 3.0
134 1 49.00 2.0
135 1 49.00 2.0
136 1.5 48.50 3.0
138 1.16 48.84 2.3
141 1.159€¢48.84 2.3
146 0.999:24.01 4.0
147 1.25 23. 75 5.0
149 1.006£24.02 4.0
150 1.250:23.75 5.0
152 0.625424.38 2.5
153 0.875124.13 3.5
154 0.625 24.38 2.5
155 0.875:z24.13 3.5
160 1.162748.84 2.3
161 1. 25 48. 77 2.5
171 1.159¢€¢48.84 2.3
These i mages were then analyzed with | mage
the area of each colored region, which corres
sorted into bins by their aremser mdlhiened hley stuhm
area of all c¢crystals in the image. This gives
covered in crystals of a particular range of

coverage for eRich2zafbae nT hies psrhoocwens si nused to gener
with potential for errors in correctly ident.i
represeretast ifweoma each experiment, butNRiO i s st
Similar figurebBi gs@e boperoshodwd 1 ari n htehiost hseer i

i Appendi x A
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L 8%
<
° 6%
8 o
% €
- II I :
(¥
o
] R
0%
0 2 4 6 8 10 12 14 16 18 20 22 24 e
Size Range (x102 mm?2)
FigRG6Example of process used to extract crystal s
mi crograph of hBN grown from an Fe solvent. b) Cr-
t he microgdiagiht aulsipagi neBli agkep & ega somasr where the i mac
or out of focus to properly identify crystals, s o
much of the image was filled by crystaf(sr eodf bdairf)f e
ar e tsanal | for device applications.

Crystals as crmal If resggu®@.n@1 ymme used for dev
sol yyamst i nterface covered Witéir medsiadwved agger
provides a succi ncftulmeaa sguirvee no Fa xpdardi snuesncte svsa s .
coverage plotted versus boron concentration w
grown with eacénbfathenbotrestedncThe trend he

significantly above the predicted optimum (>3

43



significantly smaller crystal size th-@dn0Oboron
mass %WFB)inThis indicates that optimizing the
crystal size and that the CALPHAD method is a
concentrations | ower than 2.0 mass%% dWeop agti
at | ow enough concentrations due to not havin
guenched.

100%
90% &
80%
70% 2
60%

50%
40%
30%
20%

Coverage of Crystals >0.01 mm?

10%

0%
0 1 2 3 4 5 6
Boron Concentration (mass%)

Experimental results

Y
High Coverage Low Coverage No Coverage

FigRhi€over agger oown FheBN singl e cr yisnt aarse a avregresru st htahne
t

concentrattiont meaddeol uti on at he start of the expe
measured in experiments with the same boron conce
of the ingot surface for eackhacbncemageatsof smown
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rel eas

mul ti

8 MO0 &f

under e

ossible explanation for why hBN crystal.
ably smaller than hBN crystals grown wi
within a fraction ofuéhecoontaeht showors®
l'y too |l ow would simply shift the cryst
s would continue in much the same way a
rabl e though |boemeau ste nopreyr satt aulr se sg raorven eaxtp e
I guality. At sufficiently |l ow boron col
he quench stage, at which point the cry
ce IfyorgrhmBwW ngn wi t hin a fraction of the s

ection.

2. Expected vs. Observed Yield

il gnificant deviation between the CALPHA
ations is in the yiedd75% Obrohetbobomno.
il on precipitates as hBN while CALPHAD pr
was determined by stripping hBN from t
e tape astdawmdicghlyisngltshe Tfthriese i s an i mper
tal amount of hBN precipitated because

|l e attempts to mechanically exfoliate t
the surface area covered with hBN can f
ng this method to stildl provide a rough
stimates of yield, but noteebny tehneo ungeha stuor

edicted yield.
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The predicted yield was determined from th
with CALPHAD dathel&COnperature at which the sys
t his i sFisghuddwen wihrer e t he mass fraction of hBN i
mass%. This is multiplied by the total mass O
converted Bocbheamasd oh hBN, then divided by
system to predict the yield (47%). Wi th the o
predicted mass fACactsi dn 3ofmalsBMo, atcot5@@ponding
3% More hBN could precipitate during quenching
but accounting for kinetic changes during gque
| ower bound for the predicted yield.

The | arge discrepsucgdbendepnethetend yield
the boron present in the solution could stil!l
precipitated from an Fe solution was mechanic
run t hr onudgahr dt hcer yssttaal gr owth process again (sk
any more source materials. The result was the

similar size and clarity asFitogbpe Tortmegdt itnhd

of recycling an ingot, this process was repea
source material. I n elaazhi tex pefriareyndt althesase me
reusing the source material. Tie tamier @ xc@emt wio
where the crystal size was notablyvopsoallsesr , b

vari abetitganabéing a result of reusing the m
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2.3 mass% Bin Fe 4.0 mass% Bin 1:1 Ni-Cr

Use #1

Use #2

o
*
(]
7
o !

Use #4

Use #5

FigREe&ptical mi crographs of -EBN(girgWwh)f acmobes
source material.

6l el
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This discovery is a greatcbeonaytof i mpeoaim

pressure solution growth process, whieh is &es
enri chedChaBdN d€vwheé&r eo ft hseo wcrocse mat eri als i s much
source materi al could |Iikely be reused more t

Assuming that the predicted yield of B to hBN

could be phedgrcednwsbobhrte materi al and only O
converted to hBN in each experiment, it may b

However, a significant concern with reusin
cont ami mdtit®ne source material ortexmerinme mtt.i o
Since these experiments are not conducted in

such as dust could deposit on t hepe otuo cree Mmau e

hBN bet ween experiments could | eave behind sm
as boron is extracted from the solvent throug
evaporates, impurities progserctonicrenttheatsedl wtitd
experiment, increasing their chance of incorp

To test if the impurity concentration in t
source material, hBN!%asnpwietsh flrettmrh (Fiee 1dn s sNiv &
were tested using Secondary |l on Mass Spectrom

the carbon and oxygen concentrations Wwere bel
(<0.4 ppm) forattam¥f/catm dmpdn)<2IBY7 oxygen. SI MS m
enough to detect the effect of repeated uses

but this indicates that any effects it does h

4 8



Il n any case, the factcebkbai veBNseanobethphrerow

materi al indicates that the process is kineti
equilibrium throughoFitg2t8hee stlhoew bcoor oolni ncgo npceernit o
solution would slowly decline as it was conve
this case, the boron concentration in the sol

concent hati ogqguoflus at the quench temperature.
in subsequent experiments, this would be the
experi ment . No hBN wil|l precipitatehiusatil the
woul dndédt happen until the quench temperatur e,
| f the system i s iIFngded wdddaesldrcah | wi i mbeé edo
hBN more slowly than the slope of the |l iquidu
|l ess than what is thermodynamically possible.
mat erials would hdrte tcheeed d hg,ui alulso wiurrgr emdred h B

what i s observed experimentally, indicating t

(a) Assuming Equilibrium (b) Assuming Kinetic Limitation

Start T (1550°C)

o .y e

5

2

@

Q.

£

& End T (1500°C)

Boron Concentration in Melt Boron Concentration in Melt

FigRB8Elypot heti cal | i qui dus curve il | uasntgreatwiinigh how
temperature during solution growth of hBN in multt
system is always at equilibri um, no hBN would be
depleted in the dtiemti.s bRi Metsiuana Inlgy t lhiemistye d , h BN ¢
in multiple reuses of the source materi al because
thermodynamically possible.
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The kinetic Iimitation may $& dmuangsporat riemi
solution caused by the formation of an hBN | a
as il | watgredteed hienchyptatbtegsowsed in this work
1580 and dwelling there for 24 hours, giving a
without forming hBN. Therefore, when the syst
equil i briAgn tsheateystem conti nuegsast oi nctoeorlf,a cheB Na
more nitrogen must dissolve tbi §2&d(fafrSihecec
most of the surface is still bare molten meta
solution and the system stays close to equild@
temperature segmEng2hé Hhwewbéemu,e diimee imi trogert
di ffuse through a solid, the more hBN that fo
transport int®sthangdoltitei sh olwecomhe formati on
reflected by the |l ow tempemgather ehseegmehe e st
devi attlreesr faamrd further from the | iquidus curve
galsi guid interface is filled with a |l ayer of
transport entirely and any fur tdaferdihBdNo gy edvt hc

and niRirg2gdeen r(i ght ) unti | it i s depleted and g
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(@) n, Nz@
- N 51% B'\

(b) Self-Limiting Process

/‘Q librium
Quench T (1500°)7 %“t'c

Boron Concentration in Melt

Fighda) Diagr ansi noift itnhge psreolcfess hypothesized to be
wor k. iAtethe start of slow cooling, only raonf evwehBN
gas to dissolve into the solution uninhiiAbhi tteacd and
end of sl ow cool iwmegr, tHBN wwamsts ti anlt sexfffualoleydi dd ot ki ng
the solution. Any further growth must be fed by t
solution. b) Liquidus curve (black) ftchenpaysetdemoi &
sl owly cooled. The system starts near equilibrium
equil i brium as hBN covseorlsv elmar e natnedr fnaocreee of t he ga
It is clear that the crystallgrbwmhtedpceb
contradicts the assumption in CALPHAD si mul at
does not invalidate its use for optimizing th
equilibrium is still llaogyr atte wdti cthhe@ ogtndar tt hef
dwel l ed at a constant temperature fo2.24 hour
will also lkesaa@acur @atf e sdatowt tool i ng. Experi ment
mass % produced very small hBN crystals becaus
the nucleation rate was higher than in | ower
kithiecs change | ater, the number of crystals tfF
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final size of hBN crystals because they usual

or the walls of the container.
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Chapter 3 - hBN Size vs Solvent Properties

Choosing an appropriatdhsalsventi tficralhBMrs @
hi gh quallhiet ysihzBEN.of an hBN crystal is defined
the a/b | at tpil@aemmedi raemmdt itdres tthiickness in the ¢
Maxi mi zi ngi srympektaasteagrain boundaries are a
carrier mobMbBktwmiznndevhce&ness i s i mportant
detelctowbhere the greater thicknesscampoogeshe
hBN is used as an insulator, where greater th
i solated from one another. However, many mode:
understanding how to mini mdiemat hi akeassswal o

Many different solvent[s2hBE¥]leMd e8dn -Bletgdt ed i
[ 407] F®]-€E® 9], (CH04] Cu1]-Cd 1,2]BA3Jandldypi ng a
wide range of exprdimpeodatcti pgraameyiemg resul ts.
solvents wé€r eCfes®Wedamlhdi Cu. Each of these sol
requirements that make them useful for hBN so

First, they are all |l iquid at process cond
process temperafune wealslurebavd X®Wmponents mel
prone to vaporization at t heosrel yhibgeh useerth eatathui
pressures, which keeps them |Iiquid. The |iqui
kinetics in a solid is too slow to be practic
phase system wouldofall depbsithencaeehpoi que |

have different use cases than solution growth
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Second, the solvent does not precipitate a
temperature range. The phase eegueinlti bmaitaeriimls, o
them undesirable for hBN solution -\growmltvhentFor
conducted in this work, whemastsh%, vVa\h apdrieucm pciotna
instead of hBN, so | oweredeach.adiBiinn aroyncemagetdi
help predict if any other solid phases -mi ght
Cr phase diagi atmbie®i showhei same chromi4um conc:
Cr solvents (50 mass%), the system is well ab
(150)0, making prreicilpidmhCmpma®dés Conl i kely durir
hi gheosnti uenhrconcentration thatACi $ ss6i7l maals 6y e wt

why 43-LCb7w&€s tested as a solvent.

Co-Cr Phase Diagram

2000

1900 7
— G
© 1800 s
o Liquid // ,/
5 1700 _ -
5 aid
2 1600 s 7
g 50% 5?%/ -
2 1500 o 9

BCC
1400
FCC
1300
0% 20% 40% 60% 80% 100%

Mass% Cr

FigRB8€eCr phase diagramlwmptdh ftileed fwoemCok€r ratios
highlighted. I n both cases the system i sA9til]l ab
Third, the solvent can dissolve both boron

as a solsewenthelyedcawe a high enough boron solub
factor in the process. Unfortunately, these s

and nearly every hBN solution @rgewt s odadedrndly
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state
cryst
addin
i ncre
sol ub

Howeyv

d that increasing the nitrogen solubili it
als precipitated. Thiest[i&] moyghlhd yo bdsueer w eod
g componentsetoni Niogbatsohebielaseyd oh t he
ased the crystal size. When w@wmihemwmgreaeasear
Flity -CGHpHYV-Egt7d aln@keCAGdo he cl ai m was cemen

ar watshichal l enged by the (¢r8]awhisatl cpersesd wd

hi gbtgered hBNi flakea~desmi te having a relati\

Th

exper

det ai

rati o

consi

have

i ncre

chall enges the idea even fnwarbtllteersilzye dceamo
from pure copper despite having a nitro
to optimizing hBN solution growth than m

to unravel tHebtirlue yeffects of nitrogen
3. Bynthesis and Optimization

e standard crystal gr & wilahs pursoecde sisn deeascchr icC
i ments and olmdryon haen dc osnplovsd nttT @M@ @af |l s wer e
rizes the compositions tested, which are
| ed2 .ia2m dS s atmim@ a b2zedWwo di fferent Co/ Cr r at
S were tested as solvents to test how ni

stent set of comemiedrnt dirfdtereerntt lsaod veanms
a high affinity for nitrogen, increasing

ases the nitrogen solubility of the syst
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Tabldi€omposition of eéfxpeti ménsel vent est

Solvent | Solvent Ratio (g/g) | Mass% B
70/30
95/5
FeV 97/3 2.5

99/1

Ni-Cr 1/1 4.0

2.0

4.0

1/1 50

6.0

Co-Cr 30

4.0

43/57 50

6.0

0.25

0.5

0.75

Cu 1.0

2.0

3.0

A range of boron concef@trandofes weleehest e
concentration that produced the | argest cryst
grown in each experiment were t akemrd amad utald yb
|l maged to determine its arFiag?26neTshgeu al raer gneisctr ocrm
obtained in each experiomenthei i ssged bas i @nmetfr
done in2.BRRechusae it is much faster to quantify
conditionsrethseaeighn. | Wistsh pt h eTsaebd)ree stuhlet sb o(rsounmma |

concentration in four of the five solvents us

57



FigR6Example of how hBN crystal ar ea -Qme assoul rveedn twiwil
4. 0 mass% boron.

Tabdi®pti mal Boron Concentrations for sollventes.us

Solvent | Solvent Optimal B Nitrogen Solubility @ 1
MassRatio | Conc. (mass %) | bar, 1600 °C (mass%)

Ni/Cr 1/1 4.0 1.2[16]

Co/Cr |11 5.0 1.2

Col/Cr | 43/57 4.0 1.9

Fe N/A 2.3" 0.046 [17]

FelV 99/1-95/5 | Not determined | 0.0%-0.15[17]

Cu N/A 0.75 5.410°[18]

* 4.0 mass% B was used in R&B] because it produced the best results

** Determined with optimizations detailed@n

A Extrapol at e dCoCrrsystem (dea text below) t h ¢

It is illustrative to compare solvents for
solubilities, whiabdadeorvee.s Wmarhaireiszdddri nhe nitro
NiCr , Ve, alhed Cu exi st in |ite€ntsasysetemut Hdwenae

Abdul rahman and Hendry [20] sGaCdi sg stlen, niwthii @
be combin@rd dvatd Nnom2Lpfand|[ C6] dand from ref.

mo d e | for the solubilitywigf2adteche ternary syste
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FigRiae)

sol ubil it
&Equadi dn
nitrogen

wor k

(1/1

(a)

(9%3m) A31qn|os uabo.IIIN

(b)

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

SNO.Z (Wt%o.l)
=

0.0 0.0

Linearized Nitrogen Solubility in Ni-Cr

—_—
O
~—
N
Nk O ®

Nitrogen Solubility (wt%)
=
o

o N R O 0

20 40 60 80 100
Chromium Concentration (wt%)

Estimated Nitrogen Solubility in Co-Cr

and

Ni trogen

20 40 60 80 100
Chromium Concentration (wt%)

highlighted.
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The ternary data was mapped to cartesian ¢

o P ¢P6E PO Equation3
¢chPOQPOE PO
Vio boi Equation4
¢ PO'QP6E PO

Where %Ni, %Co, and %Cr are the mass perce

respecti velEgy.ua¥bh,eo mmoodven as Fhe2d edi suddfaicrered nt
l'inear in the AX0 direoadi of, thel ho@oonglemhsloé u
iYoO direction, the model t akes!hohwee rf obrent aoufs ea t
5% oot of the ni tCrodedm esao|iFubgi@lBijkthye idmtMi (

Y T CTITMINYPY T ¢ QP& ud Equation5

To estimate the ni-Croggstemlubhibstwyodel t wa
mass % eNsiul ti ng i n Rihg? Cceiarbvoev es.h oFvOr isnbkev éewb Cat
tested in this work, the estimateandcid4dF.ongenCa
Cr, respectively. Since these are ekltOr%posl at i
estimated for these values.

Figa&adows t hbeoroopnt icrbanicent rati on for each sc

nitrogen solubility, which increases with inc
by any theory, a power |l aw of the form
0 812 0 8 Equaton 6

fits this data veirsy twhee loptwhnearle bor oms maoes % an

solubility of nicCrogemasas %l Mareaddt a6b6 need
range nitrogen solubilities to confirm this t
the boron concentration i n fWtsuorlev esnotl vteensttse.d Fi
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work mwt optimized has a nitrM@gaemdsbldi, idgoy

|l i kely have an opti mal boron concentration ne

Optimal mass% B vs Nitrogen Solubility

<

D 7

(2]

©

£ 6

5 CoCr(1/1)

c

o5

2 S SR O St Sl

E 4 --------------------------

T S e

c 3

S ~— FeV (99/1) CoCr (43/57)
c 2

2 : Fe

Q1

% é Cu

0

B O 0.5 . . | |
O

Nitrogen Solubility (mass%)

Figh8®&pti mal boron concentration fen sacubsbivieas.
Vertical error bars represent the estimated error
horizont al eQrr opro ibnatrss roempr@es ent error in extrapol a

dat a i-GeCtrh e yNit e m.

3. Experi ment al Resul ts

Two di fferent metrics for hBN single cryst.
of the | argest single crystal and the distrib
were compared using crystalcsengrrawn omist. h Tthhee ierx
the tNreel Fents tested, where opti mal boron ¢
deter mined.

Figasadows opticaf mherbgrgebs single cryst
tested in this work with a graph of domain si
determined in the sam@.tlaye sas ntaetsec rtihbee do pitn ntad
concent rRatg20ieh@uegd t he | argest domains obtain

niotgren sol ubil i ty) saleexnltisg{tFley olrower than tho
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solubilityrs @lR@e)Ctosn (dMer age, the overl ap betv
great to consider it a trenws,coamwserdyers mlgvenxtpei

producing asigmi damlay ns given that they have be

fs .
ONi-Cr
N; 20 | M Co-Cr
£
= 15 O Fe
@ . ®Fe-V
<L
S_E 10 A Cu
%]
o
>
s s Y
5 o M
1]
g o 8
0 0.5 1 15 2 25

Nitrogen Solubility (mass%)

FigRédeptical mi crographs of the | argest crystals |
wor k¢(¢afFe CW (b@r, @®Ne&) Crafe)Cof) Maxi mum crystal ar.
nitrogen solubility of each solvent

The thickness of crystals was measured by

mi croscopy. For thenfgohBNrfimakbésdwefeepl atadd
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surface profil ometer measuredsthlkl tFAigBiteed si a

To

s ol

dat

pr
i d

a

oducetahdseagfféeakes, hBN was mechanicall"
i fied metal flux wusing ther mal rel ease t

t o be-gtrhoiwmn earn yitshnaank sadsg f F t cmbt et o det er min

solvent affectT® coysealt flobrckhess. crystals mu

i ng

t he

ot

At

without cleaving them or measured while

tempts were madient o0%i sisbl ve abdiedingot el

met al without damaging theB. i Tdhotss walsuts oimt

required -8tdhyegi honi 2ric acid at room temper

ing
fre
acc

eve

ing

ot .

qu
ur
n

ot

Fuuniheuenofreat mar e of BBNNfglodlse svagr @ Wratf 1
ently be exfoliated without <cleaving the

ately measur iCnBy icnrgyosttsalwetrhe clkanrdgsesl.gy Miaiad f

when the solution was boiling, making th
s .

stead, thegroWwhckBélssrgbtass still adhere
an optical mi cr os cSa mec eu ntcheer cIrOyGsQ xa | sa qamrief

res on the bottom can be seen through th
oting how much the microscowas sd aggsemantoe
tFri gtBi®d.ce Menasur ement of the stamgememnisd tdioal
e fine focus adjustment knob.

i's process works on crystahey gamoent iirokn

curately focus on the top and bottom of
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is | ess precise than using a surface profil ome

making it moreiag@curmat ¢ lgiirmivmeeassywit ad s .
(a) (b) Focus on Top Focus on Bottom

}Thickness

hBN
Glass Slide
Microscope Stage Thickness
(C) Surface Profilometer vs (d)
Optical Micrscope Average Thickness versus Nitrogen Solubility
80 90
70 80
60 Em Co-Cr
T 5o 1 % 60 Ni-Cr (43/51!
2 2 5o (50/50) '
540 ﬁ
< F 40
= 130 % Fov
. g % (99/1)
20 I < 20 /
- ] il o
, LA A O
Profilometer Microscope  Microscope 0 0.5 1 15 2
(free-standing) (free-standing) (as-grown) Nitrogen Solubility (mass%)
FigBfGa) Il lustrati omtanfditrhg ctkkBiN sfsl aokfe fmeasured wit
which drags a needle off the edgetdf aalfalszke a&and
'l TustrationgodowhhhBKneksakefmaasured with an opt|
on the top and bottom of the transparent crystals
c) ThicknesshBN fflreltestandmeagsured by both a surf:
mi croscogprowmdhBN fl akes as measured by an optical
experi ment d) Distribution of thi oMners s hofboxBN og
Hori zont al position of the boxplots determined by
l' ine shows the trend of increasing thickness wi t
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To ensure that estimbhtmhgrobrcokhepessuivdt bea
and accurately, measurements with both method
same 4&/r57% x@arnighésehows t hese measurements for
wi ahsurfaceodra&feialnadmeaevgietrfld maknesal onil c-ceeandpaeg
fl akewi,ahanapt i cabramgircornons cfopackes stil |l adhered
mircoscope consi stsdmtnldyy nme agwrsedd lfsr aedo be t hick:i
the surface prdmibomaveradpg. abakitng the thickt
surface profil ometer as t he mtircwreots cwapleu esd,i gthht
overesti mates the thickness of hBN fl akes. Ho
account for the much I-gargwen ¢hiscthalemsEinmgedtr e
|l nstead, this shows t hhaet immegcohta nciocnasli setxefnotlliya trie
of t-chreovars crystal s.

Fi giisshows boxplots of the distribution of
positioned by the nitTlegetnhisowdmudsd idfy rodnddm s

crystahseretditb aatde solidified metal flux from

o
©
—

i cal mi croscope ddeddddtchkdBdlds 6d mkweeaa s B5e ar |
decr enaistirnogge nh BN | ggbo wn tfyr om pure coppéar tbosl! d
technique because they were too thin, which m

t ha®m @and continues the trend of decreasing th
3. Bffects of Nitrogen Solubility

The conomwlnedkgne t hroughout the history of heE
been that the solvent with the highest nitrog

results presented in thisFwgRRethal mMmargeumhat
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cry

| on

t he

sup

t he

stals are similar across all solvents desp
g as each solventodés optsmas Lhdampgrac®@muae mtgr
solution has been saturated with nitrogen
ersaturated or sbhbsatarateli thgssgbt gmoiwsh
nucl eation rate of hBN single crystals. T
on average. The nitrogen solubility of the
emasaobmr so Iis not expected to affect the <c
been properly optimized. An extreme examp
reof) of nitrogen solubility is hBN solut:i
Comper has a nitrogenss®@l abi iy rwhé ncbh. 4i 60 00 v
000x | essCrt hsaonl vtehnet ,1 /blutNiit can stil? grow
kFin @@ beand b show optical mi crographs of tw

m two different copper experiments, which

They are transparent tlo cwiyssithalle hlaibg htt,, amalv eh aav

erior that follow crystallographic direct.i
stals, cathodoluminescence (CL) spectrosco
h a 20 kv |atcacge€@mearaguite iF3t0mdttes hows t he average

ctrum withiRigBe&eawkiaclBhlobas eémi ssi on peaks
hBN: phonon 2é@l nma péeakg&i a2g4 8 @ndnh,t apneda kpso iar
ect peaks at >248 nm (more detail s4ph what

s, the crystals grown in these experiments
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Average CL Spectrum

1400 -

1200 4

Intensity (a.u.)

1000 -

200 300 400 500 600 700

Wavelength (nm)
FigBie & b) Optical mi crioglrapdrsowrd fhBdNmsa nguree cCuwy
i mage gf ownChhBN single crystal with wrinkles. d)
region shown in ¢) that shows peaks characteri sti

The hBN single crystals ordown fdreacm e@ws i anlgs a
with decreasing nitrogen sol u®ni,l itthye, tphriondiuecsitn
solvent tested. This indicates that the nitro
in solution, itd i mdpidrietecatditonf.orTogruonwder st and why
consider the mechanisms by which hBN can grow

First, for molecular nitrogen to react wit
their initial bonds. Diadoansvad bnorl dre ne xmnedtad sa
requirement, but since its optimal concentrat

all sollveebd)teenn d( $ e st oi chiometry of B: N is 1:1
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pen

| ut

i ck

Cr

rec

i ck

t h

t es

at h

o wt

|l ub

hib

antdi swheelnveNs i nto molten metals, it also
able to react with the boron already dis
nce ni tirmigteinng sreadet dnt, i1its concentratic
ics of hBN crystal growth, which is a fu
port adkiisnseotlivcisngofi Nt o the solutiomhand dif
nelairqg wihde igmtser f ace wi || be insensitive t
ted by the formation of hBN can be quick
Reacti onlsi duwird firrotme ntiih@erc eg asge m ¢ i tbiev enutcdh ni t
se it dictates the maximum nitrogen conc
ntration, the slower it wildl be depl eted

i mitti nWhatacdmant i tutes dg qfunaarimntcerr fiafcar

d heavily on the mass transport kinetics
i ons, but these concepts stily ptroectde a
ness.

ystal growth of hBN can take place in tw

tpil@me(i n ncreasing the domain area) and t
ness). The <croyfsttanes sgorlomt iaoctn tshuec hs utrhfaatc et h
e surfafEegadebfomastracteidonnof HKBNjuliady er s
batbheir growth is insensitive to nitroge
whiiyg3l2 @ nThe remaining | dyegrusi alex@instteaffamnef n
h i s dependent on Rig3pgehhso,| uibmlliow nfip
I lity solvents | i ke aMe qoui dCui matheerrfea cger owiot u

Ilted, only a thin | ayer of hBN is capabl
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Conversely,

relatively

i n high ni tCrro gger@r ,Cad udwtl h tiyn sall Iv ec

u nirnypsetdaelds, csaon tbhe cfkoerrmecd .

L )
NED @
B @@N
By
Solvent
FigB#akl |l ustration of pathways that nitrogen can t_

di ssolves into-ltihgeuisdoliwenretr faatc et haendgasmmedi at el y r e

|l ayers near the surface. &2nd Nditfrfowseers diistso | tviees b wl

with boron to grow hBN |l ayers far from the surf a
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Chapter 4 - Understanding Defects in hBN

Pr evi otuesr sc hhagpve f ocused on how to maxi mize

stals, which is iIimportant because grain bo
ility 1 n devices. However, grain bhoandari e
guently visible in optical mi croscopy, SO

hBN single crystals that may affect device

study. These includecancil®s,atamdsi mpurraictkii e
uctures |l i ke the d4wr2i. Bhliess chiapd s s ad sicussec
ectsiingleBNMrystals grown in this work, how

ameters caused them to for m.

4. L mpurity Sources and Sinks

| mpurities in hBN introduce energy | evels

perties of the material and can be both be
t common i mpurities that abenuanacntexygom.al
urities in hBN can function as sguaghtumhot

toni f loffevaisceesit her an el ectron donor or acc
upi es a boronctirpmmliowgear sica&rnbomsipas al s«
rade carrier mobility[3IInOxBiNémriampemiet hes e\
ctromM]dordaddiis can al so can oxidize the solve

paoltleyn tpir eventing hBN from growing at al/l

Carbon and oxygen impurities can have seve
wth of hBN including the boron and sol vent
es, ambient @aystematancatklse i alt omitma cruci bl

71



Fi glldeshows the concentration of carbon and o

mat er i alisz e(dalBmmeairs ed i n this work to grow hBN
fusion at Appli,edTMectdnf tatedtersoocesess otfoi r ol
directly compare how differences in Iimpurity

of the final hBN crystals.

Tabdli¥endors and rated purity of source mat e

. Rated Purity
Source Material| Company (metals basis)
Fe (high purity) ESPI 99.995%
Fe (low purity) | Alfa Aesar 99%
\% ESPI 99.8%
Ni Alfa Aesar 99.7%
Cr Alfa Aesar 99%
B Cerac 99%
HPBN Momentive 99%
To test how the impurity content of the cr
i mpurity content of the source materials, fou
experiments Tabdbmnmaeriez endeasnur ed by chemical ana

Servii den&¥he carbon content and the oxygen cont

expected coRcgeghdbeandons respectively. The exp

calculated by summing the i mpurity concentrat
concentration in theeriingeont.s Fwogi rex abeo | &8s a hsol
mass% B, which contains ~1 mass% oxygen, so t
mass% oxygen to the ingot. These calculations

source matetimaémoaed Aremnobhe system during t
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Carbon and Oxygen content in source materials
10

1
®
8 o1
=
| ]
Fe (Low Purity) Fe (High Purity) HPBN
m Carbon  mOxygen
(b) Carbon content in ingots (C) Oxygen content in ingots
0.05 04
0.045 0.35
0.04 03
0.035
x® 003 2 0.25
8 0.025 8 o2
> o002 l Z 015
0.1
0.01
0.05
0‘00{5) - . 0.004 0.003 0.005 %
Fe (Low Fe (High Fe- Ni-Cr Fe (Low Fe (High Fe-V Ni-Cr
purity) purity) purity) purity)

m Sum from Sources m Measured Sum from Sources  m Measured
FigB8€arbon and oxygen impurity content in
i mpurity concentrations calcul ated by ummi
materials used to make them, scaled by thei

TabbieComposition of source materials in
Boron Solvent 1 Solvent 2
Ingot Mass%| Source Mass% Source Mass% Source
Fe (high puri B Powder Fe Powder
e (high purity) o5 owde 975 e Powde B B
Cerac ESPI
Fe(low purity) B Powder Fe Powder
2.5 97.5 -- --
Cerac Alfa Aesar
FeV B Powder Fe Powder V Powder
25 Cerac 94.6 ESPI 2.9 ESPI
Ni-Cr B HPBN 50 Ni Powder 50 Cr Powder
Momentive Alfa Aesar Alfa Aesar
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For oxygen, tchliesaralsys uimmpvtailoind ibsecause t he o0x
measured in2tbedengob$ maghitude | ower than t
ingots, indicating that most of the oxygen is
| arge r ekwagteinorcoinrcentration from the source m
couple major oxygen sinks present in the proc
added to the furnace at mospher e giemm alnld eoxxp edreis
present in the solution and carry ox3ygern sout
the |l east | ikely to be reduced this way becau
but it fortunately Ilpa®esaurel dtAv6EI03 [HFagohv avda phd
another sink for oxygen by sweeping evaporate

For carbon, the expected and measured conc
their differeaecesgos pnotteaed WwWhthhhigh purit
i s approximately double the amount from the s
had a carbon source that is unaccounted for.
caogm concentration is approxi mately a quarter
suggesting that this experiment had a carbon
carbon sources could be contami naitcisoncarnr itehde i
the growth atmosphere from the vacuum system.
with either hydrogen or oxygen to produce met
then swept from the sydteerhaly etrhe efalcdawiomg i ga ar
has been demonstrated i[n8]hBINi clol may oax gl @iwh ht |

bet ween the carbon content in the high and | o
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| oopvur i ty

the sol u
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Eurof
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det ec
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produ
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di spe
def ec
mappe
have
appea
wr i nk
bands

def ec

n

ti

t

ce

(@)

i n

ed

b

S

Feiddulid sr hagth war bon concentration

tion while the | opwroxygér comtcennoat.i

hBN grows from the solution, any i mp
fn g nicnotrop otrhaet ihBN crystal, either by su
ating between monol ayers of hBN. Howe
m, so the impurity concentratinon hien h
To quantify thi4, a#&hhp Weg eofan@aBN zgerd
i E4dGsecondary i ron mass spectrometry
n and oxygen preseati mpurhiitni e¢shewecrrey she
n | i mi t( <o0f. 4< 2pEpln6) aftoormsc/acriif <t a@mdn)<I BT 7

suggesting that the | evel of purity a
g highly pure crystals.

4. Zl assification of Defects
cathodoluminescence (CL) spectroscop
d defects, spots, wrinkles, and invis

t hat contri buetcetdr a ob udte faercet sepnriesasd oonu ti

ather than concentrated on physical f
ong emission in a narrow wavelength b
g asalliogsaphiongdicregsti ons that have
paper. I nvisible |ines are spectral

ut do not appear in optical mi croscop
are identified and classified with CL
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structure of each of category of defects with

be el iminated.

4. 2CHar actkefiegdtng with CL Spectroscopy
Cat hodol umi nescence (CL) spectroscopy was

analyze defects, so it is imperative to have
features in the CL spemctrufr iodr aphd@tNols@amiph es ¢ ¢
spectroscopy| ltodi e® af glhohBN starting point to
' ight emitted by hBN. Excitons in hBN r-ecombi
6.0 e¥ly20wm) . thbesrtareasi c peaks ofashsBNs treeds ul
relaxation of electrons across the indirect b
peaks are associated wiHh7defd@Ram)nr rtamgemat d

ems§ison i s associated with bound excitons for mi

Stacking Phonon Stacking

Point Defects Faults Replicas  Faults Point Defects
°] v ¥ T’
5-
5
- 5 41
5 47 s
s &
) £ 3-
2 3 =
2 [
£ € 5
T 24 - 2
L8]
/—,\/J a
14
0_
0 - -

4 5 & 200 300 400 500 600 700
Energy (eV) Wavelength (nm)

FigB4a@ompari soemL osfpeactUVMum (Il eft) acquired with 196
spectruanc quii rghd )arta truoroem wietnhpean ac c.elBaotah itoenc hvroil ¢ uat
show emission in the same basVic s@meqgter alphoea@inomsep
stacking faults/dislo¢abilonrcedpli eers) and point de
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faul t se akhsi lbeelpow 5 eV (>248 nm) are attributed
color centers. These ranges can bé&igagely map
providing a straightforward way to deduce the
cause spatially |l ocalized defect emission.

A primary benefit of CL spectroscopy over
whi ch al-rlsoowsuthiiognh hyperspectr al CL maps to be
oFi @85 These maps are created by coll Asting a
an example, the spkicgdiusn i nomhtehe¢ opemti ghtpiox el
This all ows patterns in the d4matbieali daingti rfii Wt
to specific defects as is discussed in follow
noi sy, but another benefit of collecting CL d.
usiSngnguall &ecmp o s i(tSiVdDn .

SVD is a variety of Blind Source Separatio
machine | earnitnige ddala &df gthhéeé¢ ealegori thm is to
(" compoinne nttheeh pddataar e as bdief Ffeomennteaadh posveir ( ma
orthogonal athad evdadH atelcere)late the or i ghhreal dat a

applied to hyperspectral CL maps, it produces

7))

(Al oadingsodo) that together make daomgBbc dmmgdinen

factor represents a distinct spectral pattern

_‘
D

|l oading presents how much the factor contri

first 4 c

o

mpomleats!|l ear ltyhwilsi ghkklai ght specific f¢
components 4, 5, and onward (not shown) all r

dat a. The

q
@D
—
(@)
-
@D

by excluding the Anoised com
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SVD Decomposition o

Scree Plot

Proportion of vaniance
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original dat a, wiClLh stpleetcaeamt rad

SVD decompositiion on t

explained variance versus the <c

first famanltasctompomeane

of denoi sed data cal cul ated

Scree plot of the

from a |ine connecting the
Bott oilMvlegfatged CL map

the el bow point, with the

pi xel
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a new hyper sppeecctrreaalt emapvidaean dor amati cally 1 mpro
t he boRitg3 oHor consistency between CL maps, t
exclciathe be determined automatically by using a
the component iIindex aBi @&f winhh @ nfi & lhbhoewn ppdadihret d ,e
furthest from a |ine connecepngsehésfihet | astd
component which is the first noise component
Defects can also be identified with SVD ap
tymwally betterFif@3b tdhompuemptosed dmd 2 both h
lineso (disdu@s8bbuitntbectsipenctra -Megatdi véiNatd rt
Factorization (NMF), another variety of BSS,
components are positswpect whitclhat eades mor @ rroaall
NMF is S$haogag eieft), which was perfrompmd&8dThbe t he
spectra in each of these components show spec
and patterns, butntietr gehanoatpéhemManddee preonrdee nt Co mp G
(1 CA) . | CA i s yet anotherr evaulited yofof NBFES S( drh adr
algorithm), an examplg@dgefi gwwhi)c h Hies es havwen ciam i
meaning of each cOmpemreend entCo mplheremdi se i n t he
1 represents the base material that is mostly
on the | eft has an increase in emission at 22
i nvilsiirbd®e emit 26 5t mem A&Rlg éBsh 022k t he pri mary
at the peak centered on 295 nm. This separati
correlated to physical def eccans .b el fd ettheer npihnyesd ct

more rigorous analysis of the mnratzendi 2]. 8¢ heh a
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materials that exhibit the same spectral patt
without needing to go through the same rigoro

cal cul aanalnssaxndi s given in Appendix B. 1.

Non-Negative Matrix Factorization Independent Component Analysis

component 0 component 0

40 4 \ 10 4

200 300 400 500 600 700 200 300 400 500 600 700

Wavelength (nm) Wavelength (nm)
component 1

component 1

5

200 300 400 500 600 700
Wavelength (nm)

200 300 400 500 600
Wavelength
avelength (nm) component 2

200 300 400 500 600 700
Wavelength (nm)

00 300 400 500 600
Wavelength (nm)

n

component 3

N
o
o
w
-
=3

400 500 600 200 300 400 500 600
Wavelength (nm) Wavelength (nm)

FigB6Exampl eNedatNiome Matri x Factorization (NMF) ar
performed on t e @&t & hpr evsienbtee d oif n components here
el bow point from SVD.

4. 2S20t s

Spots are classified as small points in th
wavel ength band andtame imdt dlwl dedceco| tods tcleaitrer
i mportant for quantum information t-echnol ogy
addr ess albl.ce] Tdhebietf ore, determining which proce
wi || be benehgchalrefoanbtlevemebopbd to create th

color centers were observedFi g87T edangBa&we If @an qutt h
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spots are visible at wavelengths near 320 nm,
present ¢dandl.2]Bing83be the small spot near the I
appears in a very narrowFiwgqvkege emagrnyh smaldl nsemat
the entire regiomh8Cmm. iBotth eofr atnlgees &4 2sbpot s f &
range as the blue coll@iMacreatwaorsk pirigtsirweat|legs a my
identify these spots as color centers and to
strong evidence that color centers are for med

this wor k.

ncreased emi ssion acro
near 440 nmm.re&gQi An stmoatt
emitted i n48Benmange 425

the entire wavelength r
howed many small spots s

311.8 nm - 326.2 nm Average CL Spectrum
450 4
650000 425
3 a0
600000
G 3754 [
550000 g 350
325
500000 300
200 300 400 500 600 700
Wavelength (nm)
434.7 nm - 446.2 nm Average CL Spectrum
498000
330
496000
325
494000 5320
492000 2
490000 é 210
488000 505 i
486000 300
200 300 400 500 600 700
Wavelength (nm)
425.3 nm - 480.2 nm 166 Average CL Spectrum
26 5000
2.4
__ 4000
22 3
20 5 3000
18 g 2000 4
t 1000 R
14
200 300 400 500 600 700
Wavelength (nm)
Fi gﬁiéhe eexamples of spots observed in hBN crystal
show with an SEM image (left), a CL map within a
spect rum of the imaged regi on Wlttetp)st bhe ¢$dleectdged ©
that exhibited faint spots near 320itrne. |bar gas thlayd
i Ss
S
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However, not every spot that appears in CL

SpoFi gl eshowed el evated emission across the ¢

selected range. This suggests that it is form
wavelengths ratmplethannbedefeat. Further more
obl ong shape suggest that the emission is spr
confined to a single point defect, as is the

4. 2Wr3i nkl es

Wrinklesiauktaofi paetest because they are v
cause confusion in identifying grain boundar.
crystall ogr &plgiB@®ed rcecttihmns clan span sever al n

al i gnmenrti gBd@cur Nit h only opticaf mheremoophn, r

bounded by wrinkles are single crystal domai n
polycrystalline solid or if they are crystal./l
of a much | arger TsHM gdaet ac,r ytshtea lwr iBnaksleeds oanr e hy
wrinkles in a piece of paper and formed by pl
the metal melt.

8 2



FigB8Examples of wri nak)l eGsptiinc anl B Nniccrryosgtraalpsh. of an h
many wrinkles (9gcdadlieghbawvaging f2 crmm)i.on optical mi cro
formed by wrinkOms (cs)caSlEeM b ama gies of0CGan i ntersectio
am) .

Crosectional samples were cut fronm wrinkI es
studied with Transmission EIlFecgt8rooereE aMihc rscasmpd ey
consisted of a few distin€Etgdbgiss alt helodniaf hisa 1
pattern frof ¢gdh&e svampdhe S hawd ijciestortilerneaet i ons
red, green, and blue |ines in both figures. T
highly ordered rather than consisting of rand
struBtgd@ei s-magmiigh cation TEM i mage of the bo

frémgB@d et hat reveals the | attice structure at
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FigBEEEM i mageseotfi emalsssampl es cygt TEMo m margien lolf e |
cressescti onah weampkbkecrystall bgoghpbipobhidfdfrreaccttiioonns p a’
sampl e athtoiawnd iitriat es-chiyghlay |l i ne regions are present
hi ghlight the three | atticceTBMiiemagei ohst peebennd:
of ctrhyest al dondapinsh sihnosvent ihn ghl i ghSTEMgi mage | aft t aw @t
cressescti onal sample cut from a wrinkle using FIB.

This TEM data informs two hypotheses about
may havengoowhat shape due to twinning mechani
fractured crystal. However, it would be wunlik
being al most perfect planar defedcwustiherrmear,p
presence of veiedsiiomaévemaymptreons wrinkles mad
the case since a growing crystal will tend to
may have startedutbsdaestagferdesmaéexternal to
into wrinkles akin to how colliding tectonic

degree of order throughout the wrinkle, the p

8 4



antdhe formation of voids. However, the source
remains unclear. Two neighboring crystals gr o)
into the crystals, but so coeunl dhBMeand etrhrea | c oec
flux. | f the former is true, wrinkles could b
nucl eates, which is difficult to achieve in p
el iminated by sepdrlatxi rbge ftoree H BN cforodm tshuebst an
eliminating these wrinkles would dramatically
millimeters, enabling | arger devices to be pr

CL spectroscopy on the wriinkladd egrt v iIhBND si

properties, but the emission from wrinkles is
mat er i-dé gatNionwe Matri x Factorization and indep:¢
Sectdi. @n Were used to isolate compogadBtho wsf t he
t he out put pcefr ftohimedpromcessvri nkle. The top fig
map before data analysis was perfor med. Il n th
has been isolated from the emission figmrehe
Notably, the spectral pattern shown in the to

twisted hBN | ayer s[ Iplrjlcdggedti mgothat worsk mil a
naturally here. I n this icaalkighbe aBN { bgef 80
were twisted relative to each other at the bo

wrinklIl e.
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75 w - u
Emission from wrinkle
50 A

25 A
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Wavelength (nm) component 1

Emission from flat regions

200 300 400 500 600 700
Wavelength (nm)

Fi gdb@GResulctonobfi naat iNergadfi veomMatri x Fact ompoznaetniton ar
Analogmiasn i ntersect i oinrAvecfr atgler eCd verpierck Ireusm aThodp )ma p
Mi ddiICemponent showing emission uniqgu@ommpomwemntnklI| es
showi ng rempiresiemn at i v el Tohfe tshuem boafs e hnea ttewoi ac omponent
average spectra in the top figure.

4. 2l.Advi si bl e Lines

|l nvi si ble Iines appear wFtihgéda bariateg alf wa:
associated with a redue2t20onnno)f ablaonndg etdhgien elminse
first column of bandpass iIimages. These | ines
correlate with featwemese uviheiibl enaime.SHMeiyma @ane
near band26esdgnem)( 2220gi on as shown in the third
620 nm) as shown in the first and third sampl

either rowtgohlonwepamnmalk helr as oshawn ai rditshoa dfeir resdt

shown in the second and third sampl es. I n the
wavelength ranges, it i s not <cl erart lwéhyetdae re miht
these wavelengths but their emission is washe

8 6



true, their emission could potentially be ext
showcased4i anBiegdf emhi ch i s reserved for futur
former is true, the |l attice structure of wvari

through technigues such as TEM.
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FigdiExamples of CL maps that showed dAinvisible |
and the first image in each row is an SEM i mage o
bandpass i magesg ctrtreeat@ld emi sssuinom nwi t hin a range of
the average CL spectrum from each map with the ba

200 400 500 700
Wavelength (nm)

Average CL Spectrum

Intensity (a.u.)
=~

8 5 3

8 8 8

@
3
3
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Wavelength (nm)

To gather structur al i nformation about the
ekoli ated and deposited on perforatkidgurieN mem
4a2a. CL maps of this sample showd@rthahiievilil&€M
i mages revealed |Iines of | ocal strain visible

i Fi g@sade Edge dislocationsi,nwaitcddtakeet hrei hoer
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the 0001 planes FnghBN weul dloaausatkedt hnl ocal
emi ssion along the |Iines of their boundari es,
More detailed TEM work is needed to classify
pefectly hexagonal diffrRicgda@dmn ipmaditceatne soft hate

pl anes dondét disturb its crtydtoaltlhienihtByN drad tarc

219.0 nm - 248.0 nm

Fi gar@pti cal i mage of hBIN omeynbtralheor aga pdSEMDO i anta @ &
bandpas(sc) mafgeone region on this crysteardi tehaovwgi ng e
the rab4& ddmH¥ @ineEeM | mage and diffraction pattern (
| ocal strain a)lodDgagham bifimamBN nserted pl ane
4. BorrelCatyisng@l Quality to Solvent
Crystal quality is a broad term that encom
defects, and impurities, each of which affect
guanti fyiing mMaogtuadtntgyidoght forward. Still, sever:

guality between samplespé&bhlk psakhwi thobt o€ omm

gual ity metric for hBN, where any di shiosrti on

8 8



gives a simple way to judge how defective the
into what defects are present. Phot ol umi nesce
judging hBN crystal qual i tcyanwhbeer eu stende tiontjeundsg e
abundance of the defects associated with thos
the same way as PL but can also be simultaneo
in sdc®RiTin s section presents how each of thes

hBN crystal guality is affected by the solven

4. 3Rdman Spectroscopy

Raman speicst rao sccoonqpnyon met hod for analyzing t

Typically, the full widthgpatakhaloftamablismum e @B W
to qguantify crystal quality rellatsi we ntso detr lear
qgual ity by current standards. This is deter min

showhi g#a8 e using the equation bel ow:

‘0t 0 Q¢ | Qo
o

Wheies t he pweiak thlee ghme alOw|Dd ssi ttihcen ,f udnnd wi dt h at
maxi mum. This was done for a seu, -G¥i, 5€r s@mpl e
solvent wusing a Raman nHicgdddsecschpoewswibtohx g | 5032 mo
measurements for each of the four sglWHewnmt s. N

|l ess thiandi8 actm o al haty hiBdhcan be grown from e
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FigdB8a) Example.pfeak RamanaB hBN sample generated
of the ranggee ok wWiadtams Eof samples grown from four

4. 3PRl2ot ol umi nescence Spectroscopy

Phot ol umieescescepgpprovides another way t

(@]

rystals. As di.fc ks esdiiom Seotm an fferent regi

can belaoced to two broad caté&gdriee/g @fndd e@foe vt

(<5 eV). The intensity of emission in these r
corresponding defects, but thecdmapar enuisnt &®s in
The absolute intensity of PL spectra can depe
components, the temperature of the sampl e, an

vary from measurementi 2@ tmeasiumteeneRnitt i 9, nam mi
usually chosen as the normalization factor. S
of experiment al and sample variability (e.g.
from seplheaateasamp compared by using the rati
work, the intensity of the TO phonon replica

most i ntense phonon replica.
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Fi g@4de shows an example of acRBUigsgactwiurm di
excitatdmd marmM&Kl i zed to its TO phonon peak. T
used as the metelatitvergepamrtsieny othestacking f
intensity at 4.16 eV was used at the metric t
was done for five samp/l e&€rof r aimd) e lshicsh Fsshgodwdne n tn  (
b and c. I n both regCronaspC sGoap| ¢ ®wgrowmr fmad i z

intensities on average (shown Iblyy dparsohdeudc el ihniegsh

guality crystals, thwan those grown from Fe or
(b) Point Defect Peak
30
525
'E;ZO
(a) €1 Stacking Faults ng
e § S0 -
51 g
ERE N e . . -
EREE 0 [ | | . e e
E Fe Fe-v Co-Cr Ni-Cr
Q
e TO Phonon (C) Stacking Fault Peak
T 24 Line a5
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-
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-
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Normalized PL Intensity (a.u.)

v
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Energy (eV) —= -
I I lll
Fe

Fe-v Co-Cr Ni-Cr

Figdda) Example of a hBN PL spectrum normalized b
intensity at 5.47 eV correlates to the relative a
4.16 eV correlates to theThedetiinvtee mshiutnideasn cfer coni spe
grown from eaeWh -€wml valwd) NaFe, sthewn for point defec
(c) Dashed | ines are the average intensities fro
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4. 3C8t hodol umi nescence Spectroscopy

As di stmuSeséetdPdr. provides a way to identify
emi ssion between samples and | ink emdeéfechs t
bet ween samples, the data must be normalized.

on a wide variety of factors stemming from ex

parameters, alignment of t hien Itihgehte |ceocltlreocnt iboena
or from physical characteristics of the sampl
substrate. All these factors can change from

accounted for.

As with t hley zPeld diant at hainsa wor k, the CL data w
phonon replica. However, in CL spectroscopy, |
def ectFipgeBatkes mMaki ng normali zation this way mor
wavelengths below 215 nm is aFmg4& Feédnonsireéehyg f
intensity of the phonon replica peaks can be

of the spectrum. The code written to accompl i

To compare differences i n deffectthse b5e tswoel evne n
tested, the normalized emi ssi onFiwg4sb dsnhtoewgsr at e
boxplots of the integrat®2dnmntwmisch yemed weans ¢

intrinsic emission and pdalgdidesbowisabedpwiot is
integrated intensityn, bbevthwedn eh@®D mprasared pr@Ks
point defects and color centers. I n bGt,h rang
CeCr, awdweree roughly equal, indicating that t

contrast, hBHEHndr €@wngetnemaFéy had higher defec
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ofCrt,AGEONIdr sédlevents should be useduaMoreov

domains as exfol i-merefdedt atkBN @i epeératyi ene awi t h

edge dislocations and point defects.
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samples grown from each solvent. d) Box pl ot
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