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ABSTRACT !

Hexagonal boron nitride {BN) has attracted increased interest as a dielectric material to
graphene electronics. Traditiondlelectrics, such as SiQor various highkk materials,can
introduce scattering from charged surface states, impurities, surface optical phonons, and
substrate roughness; significantly degrading the transport properties of graplesagonal
boron nitride boasts several key advantages oves &i@ highk dielectrics. Most notablyit
exhibitsan atomically smooth surface that is expected to be free of dangling bonds, leading to an
interface that is relatively free of surface charge traps and adsorbed imp@Auitigsonally, h
BNO6s hi gdurface rogticalgphonon modes lead to reduced phonon scattering from the
dielectric. Using FBN (grownvia CVD on copper foil) as a gate dielectric to gufasestanding
epitaxial graphene (QFEG) devices, a >2.5x increase in intrinsic current gaiff trtlquency
and a >3x increase in mobility over Hf@ated devices is obtained.

In addition, this thesis presents the tranffee deposition of boron nitride on sapphire
and silicon for use as a supporting substrate to @%iwn graphene. This is accompkstvia a
polymekrto-ceramic conversion process involving the deposition dibpoazylene at low
temperature (O400AC) and subsequent annealing
(AFM) confirms the deposition of an ultra smooth (RMS roughness <13048MN) fim without
the need for a solutiebased transfer process. Howeveray photoelectron spectroscopy (XPS)
shows that the stoichiometry is dependent on the initial polyborazylene deposition temperature.
Despite a turbostratic structure and a benich stoichiometry, CVD graphene transferred to
boron nitride films depositedn Al,O; at a polyborazylene deposition temperature of°@08
nearly straidree andresuls in an improvement in mobility 0#1.5x and >2.% compared to
CVD graphene transferred to bare,@d and SiQ, respectively due to a low impurity density

and rediced surface optical phonon scattering
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Chapter 1

Introdu ction / Literature Review

1.1: Fundamental Properties and Characterization of HexagonalBoron Nitride

Boron nitride (BN) is a IHV compound that can exist in hexagonal, cubic, or wurtzite
crystalline structures, as well as in amorphous foi@f. particuar interest for this thesis is
hexagonal boron nitride {BN), which isan insulating isomorpko graphite which consists of
sp hybridized bonding resiiftg in layered hexagonal basal planes with lattice constants of
a=h=2.502.51A and §=2.662.67A and having a space group of@8mc? In contrast to
graphite, which displays an AB Bernal stacking, the stackingpf\h s equence i s AAN,]
atoms of one plane are directly above the N atoms of the underlyinggteBN. has been
synthesized through various methods, such as metalorgapir phase epitaxy (MOVPE),
pulsed laser depositidhatomic layer deposition (ALD),plasma enhanced chemical vapor
deposition (PECVDY,and various other thermal chemical vapor deposition (CVD) methi3ds.
Contrary to graphite, which is conductive;BN is electrically insulatingwith dielectric

properties similar to Si© Variouselectricalpropertiesof interest forh-BN are shown in Table

1.1.1.
Table 1.1.1:Various properties of hexagonal boron nitride films prepared by
cvD.M

Property Value

Reractive Index 1.7-1.8

Band gap (eV) 5.8

Dielectric constant 3.7

Electricalresistivity( ecm) 10"- 10"

Dielectric Breakdown Strength (V/cm) 5x10°
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In addition to its insulating propertiesBN is chemically inerin a wide variety of acids,

solvents, and oxidizerdn fact, only heated phosphoric acid has been consistently shown to etch
h-BN, where etch rates of ~8nm/min have been reported for a solution of 1:1 deionized (DI)
water : phosphoric acid at 130*€Additionally, dry etching with a CJO, plasma has been
demonstratedf. Owing to its high chemical resistanared thermal stabilityn-BN is an attractive
material for use as a chemically inertating in hazardous environmernifsin-plane thermal
conductivity has been reported as high & B83m-K at room temperature, 280 times higher than
Si0,, making hBN an attractive dielectric material for heat generating electronic deVices.
Perhaps its most common application is as a dry lubriaantjthgraphite, due to its weak inter
planar van dr Waals bonds.

Similarly to graphiteh-BN has a strongly anisotropic coefficient of thermal expansion
(CTE) due to its anisotropic bond strength. The CTE in td&extion (inplane) is negative- (
2.90x10°K™* at room temperature), while the CTE in thdirection (intefplane) is over ten times
larger and positive (4.05xP8™" at room temperaturéf. The change in lattice parameters as a
function of temperature has been studied in detail by Paszkawie$'®> The large positive
thermal expansion in ¢hcdirection is due to weak van der Waals bonding between planes, and
leads to the potential use 6N as a temperature calibrdnt.

The most commonly acceptepghase diagram of boron nitrideas calculatedfrom
thermodynamic properties of boron nitrideasedy Solozhenket alin 1999 after refining their
original work from 1988° It was found that the cubic phase of boron nitrid®&k¥), rather than
h-BN, is thermodynamically stable at ambient condititfiiEhis is in contrast to the carbphase
diagram where the hexagonal pha&gaphite)is the stablephaseat ambient condition¥. The
phase diagram of boron nitride is shown in Figure 1.1.1, where the dashed lines indicate the

original calculations by Solozhenled alin 1988 and the solid lineadicate the refined diagram.
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The hBN/c-BN/liquid triple point occurs at 3480+10K at 5.9+0.1GRwhile the h

BN/liquid/vapor triple point occurs at 3400+20K and 400+25Pa.
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Figure 1.11: Pressurélemperature phase diagram of boron nittftle.

Interesingly, the above phase diagram indicates thBiNcis favorable at temperatures
below ~1®0K (~137°C). However, as detailed subsequently in Section 2, the growth
temperature of 8N on transition metals has been reported extensively well below thetgtabili
region of RBN, typically between 750 and 1050°This may be explained by the sensitivity of
the transition temperature with slight variations in @ibbs free energy of the system, where
Kern et al demonstrated significant shifting of theBiN/c-BN transition temperature as a
function of Gibbs free enerd§ Figure 1.1.2 shows the range of the transition temperature when a
shift in free energyof £10meV/atom isimplemented When this change of free energy is

considered, the transition temperature gary between 1200800K (9271527°C), where the
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lower value is in range of typicatBN growth temperature’.Small variations of the free energy

may be caused by grain size, defects, or contamination or interaction with other elements (such as

interactian with a transition metal substraté)’
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h-BN
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Figure 1.12: Pressurélemperature phase diagram of boron nitride at low

pressure and temperature. The shaded region indicates the range over which the

transition temperature varies depending on the shifeia énergy of the phase.

Additionally, experimental attempts to gromBN on nontransition metalsubstrates at
low temperature$<1000°C) and pressurésve been difficult, where boron nitride either forms
exclusively as BN or as a mixture of 8N and ¢BN.?° This observation haseen explained
qualitatively bytwo empirical chemical rueknown as the Ostwaldnd Ostwalevolmer rules.®
The Ostwaldrule proposeghat when energy is withdrawn from a system with multiple energy
states,the system wi not reach thestable ground state directly, but insteadnust first pass
through allintermediatestates?’ Therefore, for the case of BN, the metastable hexagonal phase
will often form despite the fact that the cubic phase is thermodynamically pref€hisdrule is

also apparent in the low pressure CVD synthesis of diamond, where the metastable cubic
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(diamond) phase forms despite the fact that the hexagonal (graphitic) phase is thermodynamically

preferred Even further, the Ostwaldolmer rule stateshiat the lesslense phase (i.&.h-BN) is
formed first?®® For the case of diamond however, where the hexagonal (graphitic) phase is less
dense, this rule is circumvented due to the preferential etching afiaoondcarbonphases by
hydrogen and the OstWehrule (rather than the Ostwaltblmer rule) dominates. For boron
nitride however, both rules are satisfied, leadoften to the formation of themetastable
hexagonal phasever the stable cubic phada. addition, eBN growth may be complicated by
differences in the atomic attachment kinetics during growth along the (111) direction due to
anisotropy of the (111) planes; where they are eithtaridinatednor B-terminated, in contrast

to diamond which is always-@rminated? Also, the bonding energiesié bond lengths of B,

B-B, and NN bonds are dissimilar in the cubic phase of boron nitride, further conipdjcav/D
synthesig?

Therefore, many factors come into play that can influence the experimentally obtained
phase of boron nitrideDeterminatbn of the boron nitride phase can be easily accomplished
through Raman spectroscoplypical first-order Raman spectra for cubic and hexagonal boron
nitride are shown in Figure 13L.Cubic boron nitride has one optical phonon mode that is Raman
active. Ths mode splits into a transverse (TO) and longitudinal (LO) optical phonon due to the
ionic character of BN, where the TO mode is located1@55cm" and the LO at-1304cnt.**
Hexagonal boron nitride, on the other hand, has one Raman active phonsmrbéeilocated at
~1364cm’. This optical phonon mode is anitane, doubly degenera(@Q/LO) mode with a

E,c symmetry where the B and N atoms move in opposite directions.
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Figure 1.13: Firstorder Raman spectra of (a) cubic and (b) hexagonal boron

nitride 2

In summary, Bxagonal boron nitride has dielectric properties similar t0,,Si®
chemically inert, and has a high thermal conductivity. TherefeB\ lappears to be a suitable
material fordielectric integration with microelectronics. Degpithe fact that widely accepted
phase diagrams indicate thaBbl is the stable phase at ambient conditioAlBNchas proven to
be difficult to attain experimentally due to variation of the Gibbs free energy of BN synthesis.
This therefore leads to the teatial to easily synthesis the metastable hexagonal phase. Finally,

Raman spectroscopy can be easily employed to determine the deposited phase.



1.2: CVD Growth of h-BN on Transition Metals

1.21: Bonding of h-BN to Transition Metal Surfaces

It has been well documented th#tasthin (often monolayerjilms of h-BN readily bind
in a hexagonal structure tansition metals such as RhRu? Pt?® Ni,** Pd?® and Cy?® through
a catalytic thermal CVD growth proces®ne of the first examples way Nagashimat al®*
who demonstrated-BN layers on Ni(111)Pd(111) and Pt(111) substrates throutjte thermal
decomposition of borazirfé. They found through angiesolved ultraviolet photoelectron
spectroscopy (ARUPS) that the bonding feBM films on Ni was stronger than for the other two
substrates. This same group later realized through high resolution electron energy loss
spectroscopy (EELS) that there was a level of hybridization between transitiordraathBN”
states that was responsilfite the differences in binding strendthThrough Xray photoelectron
diffraction (XPD) and scanning tunneling microscopy (STM), Auwaetenl showed that the
structure of the BN film on Ni(111) surfacds a commensurate (1x1) structure tigamost
stable when N atoms are bound directly over Ni atoms and B atoms over fcc hollow sites,
leading to a slightly compressed fifthThis same structure was also found to be the case for h
BN on Cu(111Y® Through cordevel spectroscopies, Preobrajenekial studied the role of 3d
states of Ni(111) and Cu(111) and found that the bonding strength ofBtNéntetal interface is
dependent mainly on the strength of the metal 3B N ofbital hybridization? It was found
that hBN is strongly chemisorbed on (4i11) while only weakly chemisorbed on Cu(11%).
Through density functional theory (DFT) calculations, Laskoweskial investigatedbinding
energies of BN on various transition metalas shown in Table 1.2.&nd found a trend across

the periodic tablé’ Going across the 3d, 4d, and 5d rows of the periodic table, the binding energy

of h-BN on transition metal surfaces decreases from left to right, with noble metals having the
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lowest binding energies. Additionally, it was found that the highest bindimeygies were

obtained for the 4d elements and the lowest for the 3d eleRi¢ntgas found that for all cases a
repulsive force acted on the N atoms while an attractive force acted on the B atoms, leading to

vertical buckling of the BN lattice that islependent on the binding enefgy.

Table1.21: Lo c al density approximation- (LDA) of
BN on various transition metals, vertical met@hitrogen distance (), and

vertical bororto-nitrogen distance Z,).%

Element mE Zun (A) Zen (A)
3d Co 0.32 2.14 0.11
Ni 0.27 2.12 0.11
Cu 0.19 3.10 0.02
4d Ru 0.98 2.13 0.14
Rh 0.61 2.16 0.13
Pd 0.47 2.21 0.11
Ag 0.19 2.55 0.04
5d Ir 0.49 2.20 0.14
Pt 0.34 2.26 0.12
Au 0.16 2.95 0.02

Therefore, the binding energy ofBN on transition metaldecreases witkthe filing of
the valenced-band & the metal. This binding energy was found to play a critical role on the
structure of BN films on various transition metals. High binding strength on transition metals
with close lattice matches, such as on(Bl4%) has ben shown to result in eommensurate
(1x1) h-BN structure often with large lBN domains’®*! However, a high biding strengttcan
complicate the BN structure when the lattice mismatch between film and substrate is
significant. For example, strong -3dhybridization was found for Rh and Ru leading to high
binding strengths, but the lattice mismatch betwedNhand these substrates is ~79% To

compensate for the induced strain, th&M film forms a highly ordered corrugated bilayer
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structureconsising of an array of 2nm diameter holesi t h a peri odi city of

n a n o meehoda strong splitting of theBIN G ¥ Intdrestingly, other metals with
large lattice mismatches, such as Pt(10%8%)d Pd(~9%} resulted in complet&-BN films
rather than a nanomeshn these casegshe RBN film on these substrates accounted for the
induced strain by forming two disth structures a 10x10 commensurate structure and an
incommensurate structure rotated by,3@ere the rotated strure allowed for a reduced lattice
mismatch® On the contrary, a low binding energy has different effects on -8 ktructure.
Growth of BN films on Ag(111) substrates led to arbitrarily oriented nanocrystaliB&l h
domains® This is due to the ineased filling of the 4d band of Ag and is expected for other

noble metals. Therefore, both the binding energy and lattice mismatch must be taken into account

when choosing a suitable substrate fd@Nh deposition.

1.2.2: CVD Growth of h-BN on Cu

Coppe, having a lattice mismatch withBN of only 0.9% % is one of the most common
transition metal substrates for CVD synthesis eBNh and, like Ni, forms strictly 1x1
commensurate-BN layers In this thesis, Cu substrates aised almost exclusivelpr synthesis
of h-BN via CVD. Therefore, current resulfsr CVD h-BN on Cu will be presented in detéil

this sectionTable 1.22 details the growth parameters used in several examples from literature.
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Table 1.22: Growth parameters for CVD-BN on Cusubstrates from various

references.
Growth Growth Growth Additional
Reference Precursor | Temperature (°C) Pressure | Time (min) | Treatment
Ammonia
Songet af*® Borane 1000 | N/A 30-60 N/A
Preobranjenski 2000L
et af® Borazine 750 | (exposure) | N/A N/A
PostAnneal at
Kimet af’ Borazine 750 | Ambient | 10-60 1000°C
Ammonia AB sublimation af
Kimet af®® Borane 1000 | 350mTorr | 10-120 60-90°C
Ammonia Chemical polish
Leeet af* Borane 1000 | Ambient | 30 of Cu foils
Varied ABwveight,
Ammonia Cu foils in quartz
Guoet al® Borane 1000 | 675mTorr | 120 enclosure

Growth of BN on Cu generally results in a polycrystalline film with domain sizes
<10nm?®*®"“° Therefore, the crystallinity is not as high a8 films grown on Ni, where
domains >1umhave beembtained®™ However, it was found that-BN films grown on Ni foils
are generally more leaky as a dielectric layer due to incomplete regions present at Ni grain
boundarie$! Therefore, growth of 8N on Cu foils represents a more realistic and suitable
approach for largscale devicalevelopmentAdditionally, growth of RBN on Cu is not a self
limited growth process, unlike graphene growth on Cu, where the film thicknesBNifgnown
on Cu can be easily controlled through tailoring of the growth paraniéfrshe corrol of
layer thickness is critical for gate dielectric applications, where the tunneling currents were found
to be excessive for-BN films less than four layers thi¢k?®

Kim et al revealed the nucleation behavior eBN on Cu foils through varyinght
ammonia borane (AB}ublimation temperature and growth tifileAt an AB sublimation

temperature 060°C, BN formed as small triangular domains that were randomly oriented due
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to the weak chemisorption (low binding energy) @8 on Cu. Unlike graphen which forms as

hexagonal domains, triangles are more energetically favorable-Bdt browth as nitrogen
terminated edges have lower edge energy than deronnated edges and hexagon formation
would ultimately lead to Berminated edge$. At higher AB sublimation temperatures, the
domains became more asymmetric, presumably due to the increased concentratigphatgas
precursors at higher sublimation temperatures. Additionbifystudying the effects of growth
time, it was found that monolayers farthrough the calescence of triangular domains, as shown

in Figure 1.2.1Here, a complete monolayer is formed after ~40 minutes, as evidenced by the
formation of wrinkling as shown in Figure 1.2.1@/rinkling naturally occurs in CVD grown-h

BN (and grapene) on CuduetoBNOs negati ve coefficienBN of t he
to expand upon coolinty.After the initial monolayer is complete, additional (smallerladrs
nucleate over the original monolayer, as shown in Figurelfl.Zhis indicaes a growth
mechanism similar to StransKirastanov growth, where growth proceetis a surface mediated
layerto-layer mechanisrbefore changingo anislandlike growth. This is most likely due to the
strong adatorsurface interaction on the Cu surfeared sharp decrease in the surface reactivity
after the first BBN layer?® This alsoverifies that, unlike similar graphene growth on Cu, the

growth of kBN on Cu is not a selfmiting process.
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(a) 10 min (b) 15 min

Grain Boundary ~

(d) 60. min

Figure 1.21: (ae) Nucleation behavior of-BN film on Cu substrate as a
function of growth time from 120 minutes. (f) Higher magnification image of

(e)®

The surface morphology of the copper foil also plays a significant role in the nucleation
and growth of HBN. Often, impurity particles and unwantedbgu BN and amorphous BN
allotropes can fornas 3D particulates in theBN film, possibly forming through a Volmer
Weber nucleation along defe¢sich as vacancies, dislocations, and grain boundarietkle Cu
surface® Lee et al demonstrated a signifinit reduction in the density of such 3D particulates
through the use of an extended-grewth anneal and a pgrowth chemical polishas shown in
Figure 1.22.%*° Thermal annealing was performed at 1020°C for 2 hours in an Ar atmospttere
resultedn anincrease in the starting Cu grai@esfrom ~30um to ~120um and a reductiarthe

RMS roughness from 2.42nm to 1.57fhChemical polishingvas performed by rubbing the
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copper foil with Cu etchant (Transcene, Typefdllowing thermal annealing and reted in a

further improvement in RMS roughness (from 1.57nm to 1.10nm) over the thermally annealed
samples? These results show that the starting Cu foil surface is essential for the suppression of

3D nanopatrticles that form on surface defects.

Figure 1.2.2: Optical images of (a) untreated, (b) thermally annealed, and (c)

thermally annealed and chemically polished Cu foilsf) @ptical images of h

BN films grown on the respective Cu foil and transferred to, Sistrated’

To further elucidate # improvement in 8N growth when using aenhancedstarting
Cu morphology, Raman spectroscopy was used and showed a suppression of defect peaks arising
from boron carbon nitride (1304¢thand amorphous BMsoob (1336cnt) when the thermal
anneal and cheical polishing steps were employ&dAdditionally, a reduction in the full width

at half maximum (FWHM) of the & peak (1367ci) from 22.9crit to 14.8cnit was observed
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for the wntreated and thermally annedigtemically polished sample, respectivelisTindicates

improved crystalhity and increased domain size, whiefas verified with transmission electron
microscopy (TEM)*?®

Similar 3D nanopatrticles werdsoobserved on BN films grown on Cu foil by Kimet
al.*® However, here the nanoparticlesre/g@ostulated to form in the gas phase upon sublimation
of ammonia borane. It was found that when a carrier gas flowed through the sublimator, a high
density of nanoparticles (up to-A00nm in diameter) were formed on the surface. The density of
these naoparticles increased with sublimation temperatures above 100°C. Therefore, the
sublimation temperature was reduced te960C and no carrier gas was used (allowing the
precursor to naturally diffusato the growth zone¥ Again, using an electrochemicpblishing
(ECP) step improved the nucleation of-BN on Cu foils where nucleation was found on
unpolished samples to occur preferentiallyrolting lines (induced during manufacturing) of the
Cu foil. The ECP step resulted in a more uniform nucleati@r te Cu surface and a reduced
density of nucleation sites. This ultimately led to an increaseBN domain siz&®

Despite the well documented research eBN growth onCu substratesthe growth
mechanisms of CVD grown-BN are not fully understoochd several growtnelated issues exist
which can impact graphene device performance such ampliyity scattering from dangling
bonds of 3D nanoparticle®) surface roughness scattering from wrinkles induced during growth,

and 3) current leakage throughnocrystallinelomain boundaries.

1.3: Sublimation Properties of Ammonia Borane

Ammonia borane (BENH3) is a white solid that is isoelectronic to ethamel contains a

highly polarizedelectronpair dative bond? The BN bond results from a donaticof the lone
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pair electrons of ammonia to the ,2prbital of boraneand has a dissociation energy of

130kJ/mol***> Ammonia borane (AB)being nodlammable and noexplosive under ambient
conditions,has attracted considerable interest as a potentthabbgn(H,) storage material for
automotive applications due to its high hydrogen content, having a gravimetric hydrogen density
of 19.6 wt% and a volumetric hydrogen density of 145 Kgiwhich can be extracted through
various processes, such akermolyss, hydrolysis,hydrothermolysis, and methanoly&isOf

these, thermolysis (thermal decomposition) is the most common and practical method for
generating hydrogen from AB, which can result in a generation of >9 wt% hydrogen at moderate
temperature$ The thermal decomposition of AB proceedgia multiple exothermic
decompositionsteps that correspond tmth a weight loss and aelease of hydrogen and/or
various boromitrogen speciePreceeding the exothermic decomposition steps, an endothermic
process ocurs near 101°C that can be attributed to the melting of®A4& shown in Figure

1.3.1, the exothermialecompositiorsteps occur at ~11G, ~130C, and ~1178C.*" The first

weight loss step at ~110°C results primarily in the release, @fitd smalltraces of monomeric
aminoborane (BENH,), leaving behind a solid polyandborane (PAB). This is followed by a
second weight loss step at ~130°C, which results in a second hydrogen release from the PAB
accompanied by a release of boraziBgNgHs), which is a bronnitrogen analog of benzefi®.

Other reports have shown that additional beniinogen species are released at the 130°C weight
loss stepas well includingmonomericaminoborane andiborane (BHg).***° The second weight

loss step results in residuablid polyiminoborane (PIB) that remains stable until further
hydrogen abstraction begins at temperatures alddw#°C, which ultimately result in the

formation of a sematrystalline P§mmc (hexagonal) boron nitride phdse.
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Figure 1.3.1 Experimentdy observed decomposition pathways for the thermal
decomposition of ammonia borane to boron nitridabelled species argi]
Ammonia Borane; [2] Moleculaaminoborane; [3] Polyaminoborane (PAB); [4]
Borazine; [5] Polyiminoborane (PIB); [6] Seimiystaline hexagonaboron
nitride; [7] Hydrogen abstraction by the evolution of molechlmirogen at high
temperature, is assumed, but other possible pathways*&kistersible reaction

between molecular aminoborane, [2], and PAB.{3]

Mass spectmmetryresults corroberate well with the above thermal decomposition model.
As shown in Figure 1.3.2, the intial weight loss at ~110°C (Figure 1.3.2A) shows a large release
of hydrogen (m/z = 2)accompanied by additional m/z values located at 27, 28, and 29
corresponding to aminoborane fragments. The second weight loss step (Figure 1.3.2B) also
results in a hydrogen release but is accompanied by several additional species at higher m/z
values!’ When compared to the mass spectrum of pure borazine (Figure 1.@2€h, has
distinct m/z peaks at 81, 80, 67, 63, 53, andr28ny similarities are observeddicating the
generation of borazine at the second AB decomposition*SHEpe complete mass spectrum is

given in Table 1.3.%®
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Figure 1.3.2 Mass Spectrum:A) pyrolysis gases generated at dd4caledto
impurity levels; (B) pyrolysis gases generated at’C38caled tompurity levels;
(C) pure borazine. The m/z = 2 signal intensities iar&l B are each about 2

orders of magnitude above their respectiyadig scales'’
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Table 13.1: Mass spectrum of the gas phase aboveNBH at elevated

temperature&
Mass Number | Assignment Mass Number | Assignment
2 H," 27 HBNH,", "BNH;", "'B,H:"
11 g+ gH* 28 HBNH,", BNH,
12 HBH*, 1%BH," 42 HBH,NH,, 'BH,"
13 HBH,*, 1%BH," 53 HB,N,H5"
14 HBH,*, N* 62 HB,N,H*
24 lOBN+, lleH2+, llBlOBH3+ 63 llB3N2H2+
25 HBN*, BNH+, 1'B,H," 78 HB,N;H5"
26 HBNH*, I%BNH,", B,H," 80 HB,N;H:"

Additionally, it was found by several groups that the decompasiifoAB is strongly
dependent on the thermal history and heating conditfofislt was found that the onset
temperature for the first decomposition step is a function of the heating rate, thestarting
temperatureof decomposition increases from-837°C as heating rate increases from 0.05
1°C/min® Additionally, the weight loss of the solid phase of ABdependent on the heating
rate. It was found thadhe first and secondecomposition stepsorresponded to an 8 and 15wt%
loss, respectively, foa heating rate of 1°C/mirHowever, when the heating rate is increased to
5°C/min, the weight loss increasesltdand23wt% for the first and second decomposition steps,

respectively’?

Interestingly, it was observed through mass spewtry that the eviution of
hydrogen is independent of heating rétmstead, the increased weight loss was found to be due
to the increased yield of boranitrogen species such as borazine, monomeric aminoborane, and

diborane® Table 1.3.2 shows the increase in prodield of these boromitrogen species with

increasing heating rate.
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Table 13.2: Yield of gaseous products of the thermal decomposition of ammonia

borane at temperatures up to 500K calculated on the basis of thermogravimetric

and mass spectrometric ddor different rung®

Heating Rate Product Yield (mol product/mol AB)

H, BH,NH, Borazine Diborane
0.5 K/min 2.2 0.12 0.035 0.020
1.5 K/min 2.2 0.16 0.050 0.025
5.0 K/min 2.2 0.21 0.065 0.040
Iso 363 k1 K/min | 2.2 0.12 0.040 0.020

Pressure waslso found to be an important factor in the decomposition of AB.
Sublimation of AB at ~90°C under an Ar background pressure ranging from ~35 Torr to
atmospheric pressure resulted in an increase in the total weight loss (from 7 to 24wt%) with
decreased presee*® The induction period of hydrogen evolution was also found to decrease with
decreasing pressure, from 7 hours at atmospheric pressure down to 4 hours at low “pressure.
Additionally, mass spectneetry shows a dependence of the evolved species witbspre. Near
ambient pressure, the primary emission was hydrdagen = 2) with little detectable nitrogen
boron specieddowever, when the Ar background pressure was reduced to < 650 Torr, additional
m/z values began to appear at 78 and 80 (borazine29 Zaminoborane), 103 and 2326
(diborane), and 42 (aminodiborane). It was found that the intensity of these-rimogen
species increases with decreasing pressure, as shown in EigB# It is reported that the
increase in the borenitrogen speies upon sublimation of AB at swmbient pressures may be a

result of the increased breaking of dihydrogen bonding networks at higher sublimatidh rates.
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Figure 1.3.3 Mass spectrometry results a function otime duringthermal
aging at 363K fmpressures ranging from 82039 mbar. Mass spectrometry data
is given forhydrogen (H), m/z = 2 unknown, m/z = 41; borazin®{NsHg), m/z

= 78 andm/z = 80; monomeric aminoborane (B¥H,), m/z between 27 and 29;
diborane (BH¢), m/z between 10 and 13,né m/z between 23 and 26;

aminodiborane (BENH,BHs), m/z = 42;andboron (B) m/z = 11%°

The mechanism for the thermal decomposition of AB was studi@dn in-situ 'B

magic angel spinninguclear magnetic resonance (MABIR) techniqueat a decomposon
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temperature of 88°@nd external fields of 7.1T and 18.8TThe decomposition pathway can be

described by induction, nucleation, and growth mechaniamshown in Figure 1.3.4

Induction: Disruption of dihydrogen bonding Nucleation: Formation of DADB
NH3
BHz_ _.H. _BHj BH,
NHy~ H  NHj — | NHs (H NH; e BH; BH,4
2AB HyB NH3
AB* DADB
NH{BHz“*NH;’BHS dimer

Growth: Reaction of DADB with AB

/BH:_\ /BHz\
NHS”'BHz“NHS NH3 Tl'lz Growth NH3 f]*le Growth
BH4 f : BH, /BHz ; ;] BH4 /BHz
i DADB + AB Hz2 H3N + AB Hz HzN + AB Ha
H;
HzN—BH <
2| ? 2 cyclic dimer HaN
HzB—NH:

Figure 1.3.4: The proposed dehydrogenation pathway of ammonia boran

proceedwia induction, nucleation, and growth steps.

The induction period results in little to no hydrogen release but yields a mobile AB phase
that is caused by disruptions of the dihydrogen bonding network, which are composed of bonds
between anmie protons and boron hydrides of adjacent AB molectl@slditionally, it was
found that preheating of AB can result in a decreased induction périoEhe nucleation step
then yields a reactive species from the mobile AB phase, identified as diartenoingadborane
[(NH3),BH,][BH.]" (DADB).** Growth then proceedsa a bimolecular reaction between DADB

and AB to release the stored hydrogen and additional gas phaseniiomgan species. In other
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words, hydrogen bonding is disrupted upon heating &flatvs for increased motion of AB

groups during the fAinductionodo step. The mobil e
Anucl eationo. Once the DADB phase is formed,
figrowt hd st ep, whliamitoboyanéeThis studyrhgweverp anlg examanas the

time-resolved hydrogen evolution at temperatures below the melting point of AB. However, these

mechanisms give insight into the possible pathways for formation of {nitrogen species at

higher tempeatures, which may include additional breaking of the dihydrogen bonding network.
Sublimation of ammonia borane has been shown to occur in two distinct weight loss

steps, where the first step results in evolution of hydrogen and the second resultsionahddi

hydrogen along with various borantrogen species, such as borazine. Therefore, ammonia

borane appears to be an excellent source for production of precursors for BN growth. However,

the sublimation behavior of ammonia borane is highly sensitipatameters such as heating rate

and sublimation pressure. Therefore, significant attention must be placed on a maintaining a

consistent control of the ammonia borane sublimation process.

1.4: Polyborazylene as a Precursor to Boron Nitride

It was discused in the previous section that ammonia borane can readily decompose to
yield, among othegasphase specieborazine (BNsHg). Fazenet alhasshown that borazine can
dehydropolymerize to a yield a soluble polymaolyborazylene (BNsH-4), in yields ¢ 81-91%
at temperatures as low as-T00°C>? Polyborazylene, which is soluble in ethers such as glyme
and tetrahydrofuran (THF), can be thermally converted to boron nitride in yields-@§%9
through a twedimensional croskinking reactiom?? Polyboraglene is composed of linked

borazine rings, as shown in Figure 1.4.1 in two configurations.
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Figure 1.4.2 Chemical structure of Polyborazylene consists of linked borazine

o

rings in the J* or G configuration

The chemical compositiorfhydrogen contentwas found to be dependent on the
temperature that borazine was heated to, as well as the reaction timegétydontent was
found to decrease with increased reaction times and temperature. At a maximum temperature of
500°C, an insoluble white powder was obtained with a chemical formula of, BNH).>? The

general thermal conversion reaction atG® shown in Equation 1.4.1.

of 33 ol da)ereq

Equation 1.4.F°

Polyborazylene was produced from liquid borazine atC7@r 4860 hours. The
remaining polymer was soluble in ethers such as glyme and THF and wdstdob@ moisture
sensitive, readily decomposing in #irThe average chemical formula for the polyborazylene
made this way was BN; Hs 622 Diffuse reflectance infrared fourier transform (DRIFT)

spectroscopy was used to identify the presence of fdesBetch mode near 1460¢rand BN-B
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bending mode at ~900¢characteristic of borazine ringddditionally, *'B nuclear magnetic

resonance (NMR) was used to identify thatliborazine structe wasresponsible for the Bl
bonds connecting adjacent bora rings, indicating that the polymerproceedsvia a
dehydropolymerization reaction that forainkedborazinering structure’?

Polyborazylene is expected to be an ideal chemical precursor to boron nitride, only
having to lose hydrogen to form boranitride. Fazenet al found that through pyrolysis of
polyborazylene at 900450°C in argon or ammonia, boron nitride powder could be obtained at
chemical yields of 8®9% with B:N ratios near 1}. Equation 1.4.2 shows the ultimate

conversion of polybomylene to BN through pyrolysis at temperatures 2800

(I 45)° [4+ 4

Equation 1.4.2°

X-ray powder diffraction (XRD) showed the presence of turbostratic BN. Increasing the
pyrolysis temperature resulted in an improvetriarthe crystallinity, as shown in Figure 1.4.2,
where a temperature of 1450AC | (608 orletatimarsihar p X
a dspacing approaching 3.33A, consistent with bulkM>*Ad di t i onal |l y, peaks n
54 A 2 de réflectionscaasbciated with the (001) and (004) orientatrespectively” Not
only did the increased pyrolysis temperature lead to enhanced crystallinity; the density of the BN
films increased from 1.7 to 2.0 g/@nfor pyrolysis temperatures of 900ndc 1450°C,

respectively?
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Figure 1.4.2: XRD spectra of boron nitride pyrolyzed from polyborazylene

under an Ar environment at various temperatcfes.

The conversion of polyborazylene to boron nitride procegadwo-step weight loss
process, ashewn with thermogravimetric analysis (TGA) in Figure 1.4.3. The first weight loss
occurs between 125 and 300°C and corresponds to a 2% weight loss. Over the range of 300
700°C, little weight loss is observed. From 700°C up to 1100°C weight loss continues,
corresponding to an additional 4% weight I688ombining mass spectrometry with TGA shows
that hydrogen is the primary species evolved at both steps. However, small concentrations of
boronnitrogen species were found to evolve from the polyborazylertgeirfirst weight loss

regime below 300°¢
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Figure 1.4.3: Thermogravimetric analysis (TGA) of the polyborazylene to boron

nitride conversion?

One sample was heated to a temperature of 400°C, which lies just outside of the first
weight loss stepElemental analysis of this sample showed a empirical formulaNfHB,. The
1:1 B:N stoichiometry and reduced hydrogen content from polyborazylene indicates that
hydrogen loss is primarily responsible for the observed weightioss.

Figure 1.4.4 showshe possible pgborazylene to boron nitride conversion process.
Following the formation of polyborazylene thermally from borazine at 70°C, two algined
(idealized) linear structures may then undergo an interchain dehydrocoupling at intermediate
temperature which results in the loss of hydrogen through the formation ofNacBosslinked
structure’® The second hydrogen loss occurs only at higher temperatures fraligned (nor

idealized) chain branched structures, forming boron nitfide.
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Indeed, polyborazylene has been shown in literature to be an excellent candidate for

boron nitride coatings. BN has been produced from spin coating polyborazylene on a variety of

substrées®* dip-coating on metallic substratés,and through CVD on transition metal

substrated' Spin coating polyborazylene on silicon substrates and subsequent pyrolysis at 900

1250°C was performed by Chaet al>® The thickness of the spin coated paydrzylene was

found through optical ellipsometry to be ~950A with a refractive index of 1 Bvas found

that thepyrolysistemperature played a significant role in the stoichiometry and morphology of

the obtained BN films.Table 1.4.1 details the cmécal composition (obtained through

Rutherford backscattering spectrometry (RBS)) of the films studied by €hah Samples

prepared at 90 resulted in a uniform and smooth morphology, but were bocbnin fact, the

samples prepared at 9@ were nore boromrich than the starting polyborazylene film.
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Unfortunately, no explanation for the observed differences in B/N ratios between samples is

provided by Charet al. When the pyrolysis temperature was increased to°Q25be B/N ratio
became closer tanity and the hydrogen and oxygen content decreased compared to the sample
prepared at 90C. The pyrolysis step led to the incorporation of oxygen, which was not observed
in the original polyborazylene film, for both pyrolysis temperatures. This wabuitid to
possible contamination during transfer to the annealing furnace, or from incorporation during

anneahg due to oxygen impurities in the furnace.

Table 1.4.1:Composition and thickness of spin coated polyborazybensilicon

and boron nitride mpared from pyrolysis of polyborazylerie.

Sample Description B/N o/B Atomic fraction of H | Thickness (A)
Polyborazylene 1.18 N/A 0.33 1500

BN prepared at 90C 1.37 0.21 0.10 800

BN prepared at 125C 1.09 0.14 0.09 900

Interestingly, the samplesgpared at 125C showed the presence of surface features,
unlike the samples prepared at 90@vhich were visually smooth. The surface features witse
covering ~15% of the film surface and were ~0.5um in diameter afdr2deepg? Figure 1.4.5
shows anSEM image of the surface features resulting from the A25@yrolysis of
polyborazylene on silicorCrosssectional SEM revealed that the surface pits did not correspond
to a void in the BN film, as the BN was found to be present at the bottom of th€hgitsurface
pitting was attributed to the decaposition of the native silicomxide at high temperaturé$
Upon removal of the native oxidea a hydrofluoric (HF) acid solution prior to polyborazylene

deposition, the pitting was reduced by nearly 75%.
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Figure 1.4.5: Top-view SEM image of a boron nitride film prepared on a silicon
substrate through pyrolysis of polyborazylene at 2€5howing the presence of

surface feature¥.

In another study, borerich films were obtained by pyrolysis of spinated
polyborazylene on Si and SiSi by Khoet al® These films were produced by pyrolysis at
5°C/min in a quartz tube furnace in vacuum or an Ar atmosphere up to 900 6C1Wdre the
final pyrolysis temperature was defor 2hrs, resulting in BNilms with thicknesses of 0.15
2.0um> The morphologyof the films pyrolyzed at 90C, studied by AFM, indicated RMS
surface roughness values of 0.213 and 0.415nm for films pyrolyzeéer an Ar atmosphere or
under vacuum, respectivelyThe increased tmghness under vacuum was attributed to a more
aggressive evaporation of volatile species during pyrolysis. Increasing the pyrolysis temperature
to 1100C resulted in rougher surface and pyrolysis above Q208sulted in the formation of
pitting, due to tk vaporization of the native silicon oxide at high temperatures, similarly to those

observed by Chaet al.



X-ray diffraction XRD) was used to investigate the crystallinity of the films prepared by
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pyrolysis of polyborazylenand is shown in Figure 16l.It was found that at 90C, the BN

(002) peak near 262 d was very broad,

indicatingCa

however, the BN (002) peak became narrower and stronger in intensitgtingdithatthe film

pyrolyzed at 110TC is more crystalline than the film pyrolyzed at 900A d-spacing of 3#8A

was found, which is slightly larger than thespiacing of well ordered hexagonal boron nitride

reported at 3.33A&" indicating a turbostratic structure.

| = ": '
* W
z H“\WM\ |\
3 A (b)
L P YA A, S A e et
ar
>
s |
ar
W
AN ]n
N"Lamw,"‘*’w\ﬁ |
e ]
e mﬂmﬁ'wwﬁwww!‘gl«aﬂ
15 ' 30 ' 45 60

20

Figure 1.4.6: XRD pattern of BN film pyrolyzed from spicoated

polyborazylene indicate an imgwement in crystallinity upon increasing

pyrolysis temperatuers froa) 900°C to (b) 1100°C.>®

near
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Secondary ion mass spectrometry (SIMS) was used to study the chemical composition of

these films. For the sampglpyrolyzed at 908C, N/B ratios of ~0.75 we obtained, showing a
boronrich stoichiometry. Additionallyit was found that the silicon and boron atoms were 4inter
diffused in a region of thickness ~0.15\for the 900C samples, and a very broad region of
thickness ~0.90um for the 10TD films.>® It was found that films deposited on the $&
substrates did not have the intkffusion region Figure 1.4.7 shows the SIMS depth profile of a
900°C sample and the crossctional TEM image of an 1180 sample. From the electron
diffraction patterns olined during crossectional TEM, the film was verified to be

turbostratic®

Secondary lon Counts
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Figure 1.4.7: (a) SIMS depth profile of BN film prepared from spin coated
polyborazylene film at 90 on Si shows a borerich stoichiometryand inter
diffusion of Si and B ®mms (b) Crosssectional TEM image dBN film prepared
from spin coated polyborazylene film at 13@0on Si showing intediffusion of

Si and B atoms over a ~0.9um thick region.
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Growth of boron nitride from a polyborazylene precursor was also deratatston

nickel substrates by Shit al®* Here, borazine was used as the precursor to polyborazylene
deposition at 40T on polycrystalline Ni foils in an ambient background pressure of*N
Following deposition of polyborazylene at 4@) a posigrowth anneal was performed to
facilitate dehydrogenation of the polyborazylene to yieBN1 The samples were heated at a rate

of 5°C/min to a temperature of 1000 and maintained at this temperature for 1 hr. Thickness
was dependent on the polyborazylene déjmm time and the flow rate of borazine into the tube
furnace, where a borazine flow rate of 1 sccm for 30 minutes and 10 sccm for 1 hour resulted in a
final h-BN thickness of 5nm and 50nm, respectivelfigure 1.4.8 shows the XRD afEM

results froma 50nm andbnm, respectivelyh-BN film prepared by polyborazylene deposition and

subsequent annealing.
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Figure 1.4.8: (a) XRD spectra of an-BN film grown on a nickel substrate
showing a sharp (002) peak indicating high crystallinity. (b) ®law TEM of a
wrinkle shows a crossectional view, providing the -sbacing and layer

thickness. (c) Plamiew TEM showing BBN surface and crystallinity.
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XRD analysis shows a sharp (002) peak with high intensity, indicating that-Bite h

films are highly crywlline. Some areas of theBN film transferred to the holey carbon grid had
tears or wrinkles which folded upwards to reveal the esession of the film. Here, a-sbacing
of 3.50A was found, which is slightly greater than that reported for b@lk t§3.33A), although
the dspacing found from the XRD analysis was 3.38&nview TEM shows a single crystal h
BN domain with a high degree of order and arpleme lattice spacing of 2.50A, in good
agreement with the reported bulk valfier h-BN.>* XPS was used to characterize the
stoichiometry of the 5nm thick sample and indicates a B/N ratio of 1.12. A large oxygen peak
was present in the XPS spectra, indicating high oxygen content, although the exact concentration
was not reported. Fourier transfer ingdr(FTIR) and Raman spectroscopy of the 50nm thick
sample (sed for astronger signal) also show indicative peaks associated vti.ft

In summary, through dehydropolymerization procegsolyborazylene has been shown
to be a suitable precursor to boramitride films on various substrates. Growth has been
demonstrated to proceed from spin coating substrates with polyborazylene directly as well as
through CVD methods where polyborazylene is deposited from a borazine vapor sobuaté.
cases, boron mide films of excellent chemical yield have been obtained. However,- inter
diffusion of silicon and boron remains an issue for growth on Si substrates,-acitl fBms

appear to be a common problem in synthesisBRNHrom polyborazylene.

1.5: Fundamental Propertiesand Snythesisof Graphene

Graphene is a zemgap semiconductor composed of a single monolayer obapded

carbon and is a material of increasing interest to the scientific and technical communities. Due to

its linear electronic band struce, charge carriers behave as relativistic particles having zero
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effective mass!® Consequently, graphene demonstrates many exceptional properties including

high electron and hole mobilities (theoretically >20M00 cmiVs")**% high thermal
condudivity (>5x10° Wm*K™),®* and high saturation current/velocity (>3%&@/s)** Proven
applications includeradiofrequency RF) field-effect transistors(FET9 and transparent
conductor$>** Additionally, graphene exhibita symmetricambipolar field &ect that makes it
attractive for use as an RF miXéTable 1.5.1 details various electronic properties of graphene

compared teeveral commonly used semiconductors.

Table 1.5.1: Comparison of various electronic properties of graphene and

common semicaductors®

Property Si Ge GaAs AlGaN/GaN 2DEG | Graphene
Eg at 300K (eV) 1.1 0.67 1.43 3.3 0

m*/me 1.08 0.55 | 0.067 0.19 0

He at 300K (cr/V-s) | 1350 | 3900 | 4600 15002000 ~200,000
Veat (X10” CcM/S) 1 0.6 2 3 ~4

Synthesis of graphene is accomplished dyesal methodsThe earliest report of isolated
graphenewas obtained by Geim and Novoselov in 2004 throtighmechanical exfoliation of
highly oriented pyrolitic graphite (HOPG) This technique produces the highest quality
graphene, resulting in thedhiest reported mobilities. However, due to the size limitations of
these flakes (usually no more than 10um across), this technigue is not suitable for large scale
industrial applications. Large area graphene of high quality has also been achieved through
chemical vapor deposition (CVD) on transition metals such as Ni(111) and CGO{111).
However, the interaction with graphene and the conductive substrate results in a high level of n
type doping and degradation of e@mrsauyidndaedds el e

transferof the graphene filnfirom the transition metdb an insulating substrate is required and
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caninduce pinholes, tears, and wrinkling into the final graphene @hemical vapor deposition

of graphene onto sapphire has also b#emonstrateff This method however usually results in

thick graphitic films. Finally, graphene can be formed on silicon carbide (@&@)e sublimation

of silicon at high temperatures and the subsequent rearrangement of the remaining carbon atoms
intogr aphene. Known a gEG) thiptechniguei hasl beeg shawm tioeproduce

uniform, large area, and high quality graphene for high frequency applications with an intrinsic
current gain cutoff frequencyf;] approaching 300GHZ. However, degraation of epitaxial
graphenebds el ectroni c -gdges gf the $iC suisstrateos this thedisy c ed f r
h-BN integration with graphene is confined to guasestanding epitaxial graphene (QFEG) and

CVD graphene transferred from transitiontaige. Thereforethis literature review will only focus

on these two synthesis methods.

1.51: Growth of Epitaxial Graphene

Graphene growtlvia sublimation proceeds through thieermal desorption of silicon
atoms and the subsequent rearrangement ofesidual carbon atoms. The carbon required to
produce one layer of graphene is equivalent to approximately thrgebs of SiC?
Sublimation is generally performed at high vacuum or in a backgrainthert gas at
temperaturedetween12001800°C. Gra h e nstatesibegin to appear in photoemission spectra
at growth temperaturess | ow as 1 tbar@Add,not appearuugtih 125600°C°
Epitaxial graphene synthesiga the thermal desorption of silicon from SiC is generally
performed in eithean ultra-high vacuum JHV) chambervia direct current resistive heatingr
in a RF induction furnace. The benefit of the UHV chamber is thaitincharacterization

techniques, such as LEED and scanning tunneling microg&3yl) can be easily incorpored
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with the system tanonitor graphene formatioh The RF furnace, on the other hand, is useful

because hydrogen etching (which is universally used prior to graphene synthesis to remove
polishing damage) can be performed in the same chamber witleonted for a second systefh
In addition, van der Pauw Hadiffect measurements indicate that graphene produced in the RF
furnace generally show higher carrier mokghthan UHV produced materi& Typically, SiC is
etched at atmospheric pressure fe8Bminutes at 1500600°C under 0% hydrogen and 90
95% argor’-"?Similar basic growth mechanisms are observed from group to gBguthesisof
graphene from the sublimation of SiC can be done on either the silicon terminated face
(SiC(0001)) or the cadm terminated face (SiC(00) of SiC. The mechanisms of graphene
formation on these two polar faces are significantly diffef&fit™

Graphene growth on the -fice is much slower compared to thefa€e, and is
considered to limit itself to one tofew layers’* The number of graphene layers grown on the
Si-face is sensitive to the growth temperature and relatively independent of the growthitime
addition, graphene grown on the-f8ce is rotated 30° relative to the substrate whilac@
grown graphene may have multiple orientational ph&s@sccording to Trompet al’* when
heating theSiC substrate, the Sace goes through a sequence of surface reconstructions as
shown inEquationl.5.1

o )

e o o wT e w Ve iy rhedrm

Equation 1.5.1*

These surface transitions have beerified through STM and LEED’ " Upon heating
above 1200AC, the (6&843x6a83)R30 reconstruction

appears. Tis layer is believed to contain a mixture of apd sp bonded carbon (and up to 30%
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Si adatoms) and is the precursor to graphene formation on faeeSi">">"®Graphene grows

epitaxially, rotated 30A an@Subsgmenigraphane layere t o t
then follow a regular AB Bernal stacking sequence, i.e. two graphene sheets on top of each other
with one rotated 60° about theaxis, which is the most commonasking arrangement of

graphite™

The interaction between tlseibstra¢ andthg 6 83) reconstruction res

of tbhnels tHat induce a band gap° As aresultt hi s 6 & 3ayefigrown dnehe 8i
face does not show the relativistic properties of graphene. The linear dispersion of the band
structure (charactistic of isolated graphene) only appears when the second layer is fdtrised.
believed that the silicon atorbeundtot he (6&83) reconstruction have
which influencesand degradeshe electronic properties of the initial grapbelayer and also
explains the high degree of order between the substrate and grapHaies layer is covalently
bonded to the SiC substrate and induces charge into the subsequent graphenwHajers,
become heavily-doped (fi1x10%cni?).” Therefoe, graphene on the-8ice tends to have lower
mobilities compared to €ace growth, where the graphene layers are weakly bound to the
substrate and do not exhibit Bernal stacking (discussed.fater)
There is significant evidence that suggests thaplyene nucleation on the-face occurs
along the 1100) plane, which is the terrace step edge on the SiC(0001)*fddée amount of
carbon required to produce one layer of graphene is contained in approximately-thyeesbof
SiC®®In additon, different steps of SiC have differ
bunchingodo effect that results in a rddwehened

receding step mechanism is shown in Figugel
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Figure 1.5.1 Formation pocess (from left to right) of graphene via the retraction
of 3 bilayer SiC steps. Steps having different retraction speeds lead to step

bunching and consequent.® graphene islands an

Robinsonet al showed through TEM analysis thgtaphene gws significantly thicker
on the {100) step edgeand does not seem to have a thickness lasihown in Figurel.5.2"°
The graphitic Bernal stacking at these locations would compromise the 2D properties of
graphene, causing local areas of decreasedility. In addition, these areas are believed to
contain a higher density of structural defects compared to growth on the (0001) plane. Therefore,

these local areas of thicker material degrade the electronic properties of the enfite film.
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Figure 1.5.2. TEM micrographs of graphene on tHeLQO) step edge of SiC at
1425°C. a) Layer thickness appears to not belisgiting from this face. b)
Graphene layer termination suggests that the formation of graphene from step
edges is the result of step ewmsi c) Growth defects which produce

discontinuous regions within a graphene Idyer.

Unlike graphene growth on the -fice, Gface (SiC(00@)) sublimation is not self
limiting and occurs at much faster rates where the thickness increases with bothntime
temperaturé’ C-face surface reconstruction is not well understood and the surface is believed to
contain a mixture of domai npsiorto grapbene peoductiffi2 x 2 ) ,
Above 1200°C, the hexagonal graphene LEED pattern lig fleveloped, and like Sace
growth, is rotated 30° relative to the SiC surfdcélowever, there is no evidence of a
(643x643)R30 di"PDueactoonhhe@athaeknof the (6&3)
interaction between the graphene and 8iC(00Q) face is much weaker than the respective

interaction on the Sfiace’” In addition, the stacking between graphene layers does not follow the



