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DEDICATION

-- To the unquenchable thirst for wonder --
that leads us to truth

like a desert wanderer chasing a mirage

the closer we step the more it dissolves

leaving only the thirst to guide us forward

the more we find, the more we slip

the harder we grasp, the more it slips away
yet here we walk-

while others turn back

unwilling to follow a road with no end

...Well then...
Let this be for the stubborn
The fools the relentless

the ones who keep walking
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SUMMARY

Ballistic  transport was observed in a novel hBN/epigraphene/SiC
heterostructure. Such structures are of interest as graphene requires a dielectric coating for
gating and protection in any optoelectronic graphene-based device architecture. 1 will
present a new method to grow graphene fully encapsulated at the interface between a SiC
substrate and a deposited BN film, ensuring that the graphene is never exposed to the
environment. The technique utilizes the epigraphene growth mechanism through
decomposition of the SiC interface under the BN film capping. During this process, BN
crystallizes into h-BN, forming a monolithic heterostructure suitable for top-gating. I will
discuss the electrical connections of epigraphene devices to external leads, with or without
seamless graphene interconnects. The measured charge density is typical for epigraphene,
however remarkably, significant ballistic transport is observed with a mean free path

exceeding the device scale.
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CHAPTER 1. INTRODUCTION

1.1 Motivation

Condensed matter physics explores how the collective behavior of particles gives
rise to emergent phenomena, particularly as systems are confined to lower dimensions. At
reduced scales, finite-size effects dominate—surface and edge contributions become
significant, altering material properties in profound ways [1-7]. One reason, these
properties appear is there are more atoms that are at the edge of the material, so the edge
to bulk ratio is higher, such as in nanoparticles [8]. One could define the edge as the atoms
whose bonds are terminated differently than the bulk. For instance, SiC has a variety of
Si-C bonds; However, at the surface of the Si side, Si-O bonds form. This 2-D sheet of
SiO forms the edge of this 3-D material. If we scale down to 2-D materials such as
Graphene, the edges can be Oxygen terminated forming C-O bonds. This 1-D line becomes
the edge. In some other cases, confinement of electrons also contributes to emergent
properties [9, 10]. Narrowing the width of a material restricts the available electronic

states, increasing energy level spacing [11].

One method to confine electrons is by transitioning from 3-D to 2-D systems.
Graphene, a 2-D material, offers a novel way of investigating the properties of the edge.
The edge of graphene, in some situations, could operate as a 1-D material [12]. In addition,

graphene has a rare band structure that could enable novel electronic states [13-15].

One common issue in graphene research revolves around the treatment of the edge

and interaction with the environment [16-20]. In this thesis, we will present evidence that



covering the graphene in boron nitride (BN) using a novel technique offers a unique

method of investigating the edge state by protecting the edge.

1.1.1 Drude Model

In 1900, Paul Drude introduced a new way to explain Ohm’s law. This model

considers the scattering of electrons as the explanation for resistivity and other transport

properties.

II.

III.

IV.

It has 4 main assumptions:

Independent Electron Approximation and Free Electron Approximation: We ignore
interactions between electrons and long-range electron-nucleus interactions.
Therefore, the electrons are only moved via an electro-magnetic field according to
classical physics.

Collisions are instantaneous events between electron and static ions. While this
assumption is often good enough and what Drude did, it is not true. We can just
assume there is some scattering process and keep this assumption for now.

The probability of having a scattering event between a unit of time is 1/7 where
the time 7 is the relaxation time, the collision time, or the mean free time. Whatever
you call it, this time is the average time between collisions in the Drude model and
any electron we choose will on average have had time 7 since its last collision and
T until its next collision [21].

Electrons are in thermal equilibrium with their environment only through
collisions. Where, immediately after a collision the electron is ejected with a speed

appropriate with the temperature despite what its speed was before the collision.



We begin with electrons behaving like balls in a pinball machine where electrons
travel between scattering centers via the Lorentz force. The scattering centers are the
immobile positive ions of the solid. We can call these electron-nucleus interactions Drude
scattering. There are other interactions, such as electron-electron interactions, but those are
assumed to be small compared to Drude scattering. The time it takes to scatter off of these
positive immobile ions is assumed to be zero as well. These immobile ions are given charge
eZ, with a surrounding charge arround the atom of Z, — Z where Z is the number of
weakly bound valence electrons which contribute to conduction. From this we can derive

a whole host of properties [22].

The Drude model considers an ideal metal where the scattering is exclusively at the
atoms in the solid. In reality, there is scattering from phonons and crystal defects as well.
Impurity scattering is independent of temperature, while phonon scattering depends on
temperature. For many systems, phonon scattering may need to be minimized, so

researchers go to cryogenic temperatures to reduce this effect [21].

1.1.2  Landauer Equation

With the advent of quantum mechanics and the Pauli exclusion principle, it became
evident that there were serious problems with the classical Drude model [21]. When we
reduce the size of wires to the nm scale, we can limit the number of channels available to
the electrons [11]. The Drude model has broken down because of these limited number of

states. As we increase the number of states, we recover the Drude model, as expected.

The Landauer equation explains this:
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Where N is the total number of channels with transmission probability Ty [21].

If the mean free path, A, of a channel is much longer than the conductor length, then

2
the resistance is Ry = Gi = 25.6kQ where G, = % is the conductance quantum [21]. For
0

any single channel ballistic conductor, the resistance tends to R at zero length. The energy
from the resistance is deposited into the contacts as heat, while the conductor does not

receive any energy from the current.

In the presence of scattering, the transmission probability for any conductor of length

AN
L+An

LgoesasT = where Ay is a characteristic length or the mean free path. Note, for long

. L : .
conductors with many channels, we recover R = % where A is the cross sectional area of

the conductor and p is the resistivity of the material [11].
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fig 1 Diagrams showing a combination of diffusive and ballistic conductors. Left)
Resistance vs length for different ballistic conductors. In orange 1 channel with a mfp
of Imm, in blue 500 channels with a mfp of 50nm. And grey shows the addition of the
two. Right) Conductance of twice the length divided by the conductance from graph
la (or, in other words, G(2L)/G(L) vs. L). For ballistic conductors this should always
be 0.5, while for ohmic conductors this should be 1 due to Ohm’s law.



We could have a system where a ballistic channel and a diffusive channel are in
parallel. In such a system, the resistance will trend towards 0 ohms at 0 length; however,
the resistance will scale differently with length. If we compare the conductivities of length,
L, and length 2L, we will notice that this conductivity ratio will not equal 1 as in a
completely diffusive channel and it will not equal 0.5 as in a ballistic channel. Instead, it
will be somewhere in between. In this way, there is a smoking gun for systems made out
of these two channels in parallel. Now, we can talk about a system that displays such an

effect, graphene.
1.1.3  Ballistic Transport in Graphene

Since graphene lacks a bandgap and most electronics require a bandgap for digital
electronic applications, some researchers seek to open the gap [23-33]. One method is by
confinement of electrons in a nanoribbon. When graphene is cut, there can be two principal

edges, the armchair edge and the zigzag edge. For a graphene of width w, we can quantize

the motion of electrons such that, k, = ngwhere n is an integer. For the nth electronic

subband the energy is [11].

h2m?
En =520

2 2

In a 2014 Nature article [15], de Heer’s team at Georgia Tech reported results on
etched trenches 20nm deep in the (1100) direction of single crystal SiC and annealed
samples at 1600°C for 15mins. This forms a natural-step EG ribbon that leads can then be
connected to. Samples were characterized using AFM, EFM, SEM and conducting AFM.

Finally, ARPES was performed and showed a Dirac cone with an angle consistent with the



(2207) facet and in conjunction with STM, researchers show charge neutral graphene on

the sidewalls on the zig-zag edge. Where fig 2 shows graphene grown on the sidewall of

SiC.

] S R SN

fig2 Graphene on the (2207) facet of SiC. Carbon in black, silicon in yellow[34]

Later, a top gate of Al on 20nm Al>O; was added as well as graphene leads for 4-
point electron transport measurements. Ry, (the 4-point resistance) converges to Ro which
we define in this proposal as h/e? (not accounting for 2 spin states). This convergence to
Ry is shown in fig 4. In addition, R4p/R2p (the 4-point resistance divided by the 2-point
resistance) is close to 1 showing near perfect invasive contacts [21, 35, 36]. Later , sharp
tungsten probes were used instead of graphene and in situ variable-geometry transport was
performed [15]. The Omicron nanoprobe system is shown in fig 3 with the right image
being an SEM image of the probes. Initially only two probes were connected to the sample.
If a third probe is added between these two probes, R2, changes from Ry to 2R indicating
the transmission probability is 0.5. For ballistic conduction, invasive probes cause a

change in conduction just like what we see here. Side-wall ribbons show this unique edge



state, where exfoliated graphene ribbons do not because of disorder at the edge of the

exfoliated and etched graphene.

fig3 4-point sidewall graphene nanoribbon measurement Left: The Omicron
nanoprobe system showing the four probes and the sample from above. Right: A

4-point measurement being taken where current is injected from I+ to I- and
voltage is measured from U+ to U-[15].

R,=h/e?=26 kQ

R=R,(1+L/A) A=4.2 um

0 1 2 3 4 5
Inner probe spacing L(pm)

fig4 Ry, showing convergence to R, at 0 length[15].



1.1.4 Ballistic Transport on Graphene Hall Bars

Samples on the 1105 face (a non-polar face) on 4H SiC were grown using
Confinement Controlled Sublimation (CCS) method and Hall bars were created with an
alumina gate. During processing, the etched edge does not have a well-defined chirality
and is not necessarily straight. ARPES shows charge neutral graphene and Raman shows
a small D peak with a 2D FWHM of 28.8cm™. In de Heer’s team, it was found that an
edge state is created via two methods [37]. Using ICP etching, high energy ions cause high
local temperatures which fuse the EG edges to the SiC. Via cross-sectional electron
microscopy [38], these acene edge atoms are believed to be bonded to the substrate with a
single unoccupied state at E=0. The large density of states pins the Fermi level at the edge
to E=0. Another method of bonding the edge to the substrate involves RIE etching the
graphene then annealing at high temperature to remove the C-O bonds allowing relaxation

bonding to the substrate.

The conductance was measured vs. gate voltage and at CNP the conductance reaches
a minimum but does not vanish. The point being, as the calculated diffusive part of
conduction is removed the single state at the Dirac point remains. This is easily explained

by the Landauer equation [21].

-1
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Where Ay is the mean free path of each path; however, for Ay < L with only one

ballistic channel you obtain:

L )‘1 oW

G = Gpauistic + Gdiffusive = Gy (1 + + - 4)

Aballistic
Where at CNP, sigma goes to 0, we are left with only the ballistic

contribution, which turns out to be localized to the edge. Solving for A we found

experimentally Az, > 50 um and A4, = 5 um. And plugging in the diffusive part, we find

Adif fusive™~ 10mm [34].

dispersive
delocalized |

Energy (meV)
Energy (eV)

20 0 20 4 2 4 0 1

Gate electrode

FHNAVN,

graphene
SiC substrate

Ener

L N —hvp/mn

fig5 PBand diagram showing the flat band of the edge state. a) At 0 Fermi energy b) At
a Fermi energy above the band gap of the diffusive contribution. c) field lines for
a gate. d) Fermi energy as a function of distance from edge. [34]



At CNP, voltage measurements on opposing sides of the Hall bar lineup exactly with
magnetic field showing both sides of the Hall bar contribute equally to electron transport.
Furthermore, at high magnetic fields, conductance of edges scale with the number of
junctions that function as scattering centers adding 1 Ro per junction. This has been seen
in the armchair and zigzag directions. These samples also had no Hall voltage despite
current flowing through the sample. This means electron and holes are contributing to the
conduction at the edge state. Furthermore, as temperature increases a second ballistic state
begins to conduct with an energy 10meV above the Fermi level. This is believed to be spin
splitting of the edge state, which lifts the spin degeneracy. This suggests that electron-hole
pairs are traveling at the edge in a state that is a spin %2 Fermion [34], perhaps similar to

that proposed by Majorana [39-42].

This effect is created via the unique band structure of this system. The graphene edge
is composed of an edge localized flat band pinned at zero energy combining with two
hyperbolic delocalized linearly dispersive bands, while the hyperbolic sub-bands exist in
the bulk. This edge state is not only isolated in space. It is isolated in energy as well. Due

to this separation, the ballistic channels and the diffusive channels do not mix [15].

1.2 Graphene

The 2010 Nobel Prize brought much interest to graphene, but the story of graphene can

be traced back to the to the 19" century.

We go back to Benjamin Brodie in 1859 where he exposed graphite to strong acids the

resulting mixture he called “carbonic acid” which can be seen in fig 6a. While he believed

10



he had made a new form of carbon he called “graphon”, he had actually made a suspension

of graphene oxide [43].

d

fig6 Graphene from history a. Recreation of graphene seen by Brodie in 1859.
Graphite oxide is at the bottom which dissolves into graphene forming a
yellow/orange suspension of graphene flakes. [44, 45] b. Electron microscope
image of a graphene oxide suspension showing creases/pleats indicative of a 2-
D material [46].

Skipping to 1948 Ruess and Vogt performed TEM on a droplet of graphene oxide
suspension where they saw creased flakes at a few nm in thickness.[46] The electron
microscopy image of these results can be seen in fig 6b. This research continued when in
1961 (some manuscripts say 1962) Ulrich Hofmann and Hanns-Peter Boehm identified
thin films with integer level spacing, clearly showing single layer “graphitic lamellae”[47]

TEM will be discussed in Chapter 2.

The thickness of graphene can be easily measured today using STM, AFM, or TEM.
That being said, although it is claimed that the methods used by Ruess and Vogt would not

stand up to modern scrutiny[44], Ruess and Vogt measured an average of 4.6 Angstroms

11



while graphene on SiO> has a thickness of 3.5 Angstroms. In fig 7 you can see the original

table showing the quantization of thickness, a clear sign they achieved single atom

thickness.

TARLE I1I
Thicknesses of Extremely Thin Carbon Lawellae

a0 | THBA | 124A | 16TA | 238 A
3.3 | 83 12.4 1.0 | 230
3.3 .7 | 12.6 [

3.8 0.1 131 |

3.9 9.2 13.6 |

4.0 08 13.9 |

45 09 | 1486 |

4.5 11.5 15.1

4.6 { 15.3

46

49

5.2

8.0

6.1

6.1
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fig 7 Table of thickness of thin layers of graphene created from graphite oxide
reduction seen in 1961[48]

1.2.1 Graphene Properties

Graphene consists of carbon atoms arranged in a honeycomb lattice consisting of sp?
hybridized atoms. We may define such a lattice by defining a basis of two atoms in a unit
cell with a triangular lattice, where any two neighboring atoms are separated by a length
a=0.142nm. We can then obtain the reciprocal lattice space from this definition. In the
first Brillouin zones, there exist points K and K’ where near the K and K’ points we can
approximate with a linear dispersion relation. The lattice, reciprocal lattice, and band

structure are shown in fig 8. At these points the valence band and conduction band touch
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each other at zero energy, a point called the Dirac point. This linear dispersion relation
shows that near the Dirac point the Fermi velocity is constant just like zero mass photons.
Because of this property, we see properties such as the anomalous quantum Hall effect,
plateaus in the Hall resistance that show a Berry phase of . There are two orientations we
can cut graphene in such that if we cut in the al+a2 direction we have an edge that we call
an armchair edge direction (horizontal in fig 1); if we cut in the al-a2 direction we have a
zigzag edge direction (vertical in fig 1)[49]. Finally, there are various structures made up

of graphene such as carbon nanotubes which were studied in this lab previously[50].

fig8 Graphene lattice and band structure (a) graphene lattice structure showing A and
B atoms in the Basis and lattice vectors al and a2 (b) Reciprocal space and the
first Brillouin zone. Dirac points located at points k and K’ (c)tight binding
calculation of the band structure showing the linear dispersion relation at the
Dirac point/[9].
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1.2.2  Graphene Band Structure

We can write the Hamiltonian of graphene and include the 3 nearest neighbors, tight

binding approximation.

H(R) = —tZ[lR)(R +b|+ |RXR + b+ as| +|IRXR + b + a,|] (7)
R

Where R is the state at position R of the first atom in the lattice and b is the direction
to the second atom in the basis [13].The eigenenergies of this Hamiltonian can be solved

for:

k,a V3k.a kya
|E(k)|=t\/1+4cosz%+4cos 2x cos 32/ (8)

Where k, and k,, are components of the reciprocal lattice and t is the hopping

integral ~2.7eV[49]. Expanding around the K points we find

E = hwsk ©)
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Where vrrepresents the Fermi velocity[13]. Now that we know the properties of
graphene and why it is of interest we can talk about different production methods for

graphene.

1.2.3  Graphene Production Methods

Graphene can be produced in a variety of ways for electronic research applications.
Exfoliation via scotch tape is one example [51]; however, more sophisticated methods
exist. Exfoliation via sonication of suspended graphite followed by a jaunt to the centrifuge
yields multilayer graphene flakes that are oriented in random directions. There are also
various other transfer methods using polymers to help hold the graphene together during
the transfer process [1]. For many applications that seek to exploit the mechanical
properties of graphene, micrometre sized flakes may be enough, but for electronic
applications where crystal orientation, cleanliness, reproducibility, and wafer-scalability

matter, these methods may not be an ideal solution [52].

Chemical Vapor Deposition (CVD) [27, 53], growth is another method of producing
graphene. In CVD growth, a carbon-containing molecule such as methane is pumped into
a chamber onto a reactive surface leaving carbon that reorganizes into graphene on the
surface. The resulting graphene can then be transferred to a useful substrate such as Si,

Si0; or SiC.

Another form of graphene of interest is graphite oxide (GO) [54]. GO can be used
in a variety of applications. Of note it is used as a component of Lithium-ion
battery(cathodes). GO and graphene resist plating compared to their graphite counterparts

[55] [54]. We have been interested in GO because it can be reduced to produce graphene.
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GO is commonly produced using the Hummer method which consists of treating graphite
with sulfuric acid, sodium nitrate, and potassium permanganate in that order [54]. This was

studied previously in this lab [56].

1.3 Why Epigraphene

The key difference is that this lab works on epigraphene (graphene grown
epitaxially on silicon carbide) exclusively. Furthermore, this lab has seen the edge state
with a fair amount of consistency; however, other labs do not see this ballistic edge state.
The key difference is that this lab works on epigraphene exclusively. This makes the
graphene edges unique [57-63].  Graphene edges in other systems are exposed to the
environment and are oxygen terminated [9, 64, 65]. Epigraphene edges can be terminated
in oxygen or terminated into the SiC. We can anchor the graphene to the SiC by annealing
at high temperatures, 1200°C, or by using dry etching techniques which effectively weld
the graphene to the SiC. These methods pin the edge state to zero energy, which preserves
the flat band at the edge of graphene. In addition, SiC is commercially available, relatively
cheap, and compatible with conventional electronic fabrication methods [13, 66]. Now
we’ll discuss SiC and hBN which will support our investigation of the edge state and

sandwich our graphene.

1.4 The Heterostructure Materials

SiC comes in a variety of different polytypes [67]. Four common ones are 3C, 4H,
6H, and 15R. The number corresponds to the number of SiC bilayers to repeat the pattern
while the letters correspond to the crystal type: Cubic, Hexagonal, and Rhombohedral. A

representation of the most common polytypes is shown in fig 9. In this lab, we use
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hexagonal SiC, because it is available commercially in large single crystal wafers (up to
150mm in diameter) and grows high quality graphene at the surface. Of note, hexagonal
SiC has two polar faces, a Si face (0001) and a C face (0001). These faces are called polar
because there is a slight asymmetric charge distribution in the C-Si bond. Since C has a
smaller atomic radius, it has a greater electronegativity than Si and causes polar bonds [68,

69].

fig 9 Representation of four of the most common SiC polytypes 3C, 6H, and 4H, from
left to right. where the vertices of the grey triangles represent Si atoms with no C
in the middle, while the white triangles do have a carbon atom within them. With
the Z axis pointing up.[70]

Since SiC is already a substrate used in advanced electronics, single crystal SiC
wafers are commercially available with high purity [13, 34, 71]. It is a semi-conductor with
a bandgap of around 3eV (varies based on the polytype) [69], which makes it ideally suited
as a substrate for our graphene. In addition, SiC is compatible with conventional nano-
electronic fabrication methods, such as Electron Beam Lithography (EBL) and Atomic

Layer Deposition (ALD).

There are a variety of ways to grow SiC; the method I will discuss here is sublimation
growth. A SiC source is heated in a graphite crucible to around 2300°C. A SiC seed of
the desired polytype is then held at a temperature 50°C less than the seed. Si and SiC
species are then sublimated and are deposited onto the seed crystal forming a boule of the

same polytype as the seed [72].
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fig 10 SiC Sublimation growth schematic[73]
The difference in temperature creates a difference in vapor pressure that causes
matter to transfer from the source to the seed in this non-equilibrium state. A schematic of

this process is shown in fig 10.

This process also occurs on a smaller scale in our furnaces. As a temperature
gradient is kept between the seed chip and the source chip, SiC subspecies can be deposited
onto the surface. Controlling the temperature gradient will determine the rate of deposition.

This method is used in our lab, but will not be expanded about in this thesis [73].

1.4.1 Epigraphene on SiC

SiC, when heated, decomposes such that a single layer of graphene can form if
enough Si atoms escape the surface. This process is a function of the silicon vapor pressure
at the surface of the chip. To control the growth, one may grow graphene using

confinement-controlled sublimation growth (CCS)[74, 75]. CCS involves placing a SiC
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chip inside a graphite crucible inside a vacuum chamber. The graphite crucible is then
heated using an induction coil outside the vacuum chamber to a temperature which
sublimates Si from SiC, leaving behind a single layer of carbon atoms which reorganize
into the most stable crystal for the carbon which is graphene. For 6H and 4H, 3 SiC bilayers
results in about one graphene layer[76]. Induction heating prevents impurities being
introduced from a heating element and temperature is monitored by a pyrometer using the
black body radiation from the graphite crucible. Controlling the growth rate requires
tuning of the Si leak rate of the crucible, the temperature-time profile, and the crucible
condition [72, 77]. A diagram of a typical CCS method and an ultra confined CCS method
is shown in fig 11. When the Si sublimates, it escapes from the surface via planar diffusion

across the surface and step edges[78].

Crucible

fig11 CCS graphite crucible(a) schematic for the graphite crucible. A cylindrical
graphite crucible is constructed and placed in a vacuum chamber. (b) schematic
for annealing SiC without growing graphene. Si pressure from a donor chip and
Ar pressure suppresses graphene growth at high temperatures.

Calibrated Leak

Graphene on the carbon face is rotationally stacked, and the morphology shows
pleating indicative of the negative thermal expansion of graphene compared to SiC;
however, graphene on the Si face starts with a layer, called the buffer layer, which is

strongly bonded to the SiC surface [79, 80]. The next layer is monolayer graphene and
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instead of pleating like C-face graphene, the layer is strained in a way that causes a change
in the Raman signature shifting the 2D peak [81]. In addition, the orientation of the buffer
and graphene layer are fixed by the lattice of the SiC making the graphene epitaxial to the

SiC.

EG has several interesting properties compared to idealized graphene from
models. For instance, SiC has a bond length of 1.87 Angstroms, while graphene has a
bond length of 1.42 Angstroms. Due to the hetero epitaxy, there is quasi match for 13
cells of EG between graphene and Si face. The buffer layer is heavily bonded to the SiC,
and this bonding changes the band structure of the graphene turning it into a
semiconductor, which is why we do not call this layer graphene, but rather buffer or
buffer layer [80, 82]. The electronic properties of the graphene layer above the buffer
layer remain unaffected; however, the graphene is doped when on the Si face. On the Si
face, the buffer layer is n doped and then the next layer which is graphene is n doped but

can be easily p doped by the environment [83, 84].

If we cut SiC at an angle, we get a mix of carbon and silicon at the surface of SiC.
We call this class of faces “non-polar faces.” The resulting graphene is closer to charge

neutral and displays faster growth [85].

1.5 hBN Graphene Heterostructures

Hexagonal boron nitride (hBN) and graphene have been used in hBN/graphene
heterostructures thanks in large part to the nearly identical lattice constants of hBN and

graphene [86, 87]. This lab also investigated hBN and graphene previously using MOVPE;
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however, RF sputtering is simpler and has the added benefit of creating environmentally

protected graphene.

Boron nitride comes in a variety of different polytypes. Amorphous(a),
hexagonal(h), cubic(c), and wurtzite(w) are the most common types. BN is a
semiconductor, though not a great dielectric for gating. Its low frictional force coefficient
in its amorphous and hexagonal form makes it a great lubricant, just like graphite. In
vacuum, we find a-BN transitions to hBN above 1550°C. We can exploit this property in

the creation of hBN/EG devices [87-90].

hBN is a honeycomb layered structure with similarities with graphite, that stacks in
an AA’ configuration with the boron and nitrogen over one another. The intralayer bonds
are made up of sigma bonds, while the interlayer bonding is mostly Van der Waals
interactions. This gives rise to a negative thermal expansion coefficient in the in-plane
direction and a positive coefficient of thermal expansion in the out of plane direction. hBN
can also be intercalated with carbon forming boron nitrogen carbon materials, which is
especially important to note since we will be combining graphene and BN to make devices

[91].
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Reducing or eliminating substrate effects have been a goal for researchers ever since
graphene was discovered. While graphene on SiO» can be identified easily via optical
contrast, Si0; has its own problems as a substrate. Charge puddles in the oxide layer of Si
lead to charge localization in graphene that cannot be removed by a global gate. Instead,
researchers used exfoliated hBN as an interstitial layer between SiO; and graphene. This
heterostructure showed Moir¢é patterns in the STM topography [92]. Moiré patterns of hBN

on graphene are shown on fig 12.

fig 12 Real space and Fourier transforms of Moiré patterns a) STM topographic images
ofa Moiré pattern produced by graphene on hBN with a scale bar 2 nm. The inset
is a 2 nm region with a scalebar of 0.3 nm b) Fourier transform of (a) with scale
bar of 10 nm! inset is one of the lattice points with a scale bar of 2 nmc) Same
graphene flake on hBN as (a), but in a different location showing a different Moiré
pattern with a scale bar Znm. The inset is a 2 nm region with a scalebar of 0.3 nm.
b) Fourier transform of (c) with scale bar of 10 nm! inset is one of the lattice
points with a scale bar of 4 nmr1[93].
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1.6 Thesis Outline

Past work showed a very long mfp in sidewall epigraphene nanoribbons, but it was
believed that this mfp was still being degraded and reduced by environmental factors. This
thesis outlines my work to protect epigraphene nanoribbons from environmental
degradation using hexagon boron nitride. In chapter 2 I will discuss the experimental tools
and techniques used to create my samples and the Hall bar discussed in later chapters. In
chapter 3 I will discuss the characterization performed on these heterostructures and the
process through which I optimized the hBN/EG devices. In chapter 4 I will present the
electrical characterization I performed on an hBN/EG Hall bar that demonstrates a mfp of
over Imm, A = 1080 um + 228 pm. Finally in chapter 5 I will discuss the importance
of these results and suggest further experiments to continue exploring the epigraphene edge

state.
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CHAPTER 2. EXPERIMENTAL METHODS

In this chapter I will go over various techniques and equipment which are used later
in chapter 3. I present these as ways my thesis as done. Many times, there is an alternative
way to do certain tasks. In some instances, we do not have the capabilities or expertise in
this lab to perform the technique. However, in most instances, it is because I am already
an expert in this task and know the process completely. For instance, while I can do
photolithography, I am not an expert and do not know how the different masks will affect
my sample. Electron beam lithography is something I have been trained in and can do
readily. Furthermore, I know how to remove the mask very well. To that end, I choose e-
beam lithography rather than photolithography despite my device sizes being an ideal size
for photolithography. I will later find out, perhaps the undercut caused by the secondary

electrons aided my process.

2.1 Cleaning of SiC

SiC comes in large wafers which need to be diced for testing purposes. The dicing
process we use involves putting the wafer on an adhesive and cutting with a thin diamond
saw. This process requires immense patience and technique, and the Marcus Cleanroom
staff graciously offers that service to us. Once we have the diced wafer we need to prep
it for graphene growth, sputtering BN or whatever the process will be. First, we mark the
chip by chipping one corner. Without this step we would not know the orientation of the
wafer was. This is important for knowing the miscut of the chip as well as the crystal

orientation.
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Getting the adhesive off is the first step to the process and a necessary step. The
glue will immediately burn in our furnaces and can alter our results. This removal is done
with an acetone sonication, followed by removal of the adhesive with a Kimwipes and
acetone followed by an acetone sonication to an IPA sonication. This whole time we must
make sure to use Teflon tweezers as metal tweezers can cause the edges of the chip to

crack.

If that is not enough, we can even remove all the adhesives by oxygen etching using
RIE. Which brings us to our next hurdle for prepping the SiC surface. Whether we oxygen
etch or just leave the SiC chip in air. The surface of the Si face will be covered in SiO-
bonds. There are other methods to use, but our method is to bake the SiC chip at 1250°C
for 20 minutes. This is probably overkill to remove SiO, but graphene growth happens

at even higher temperatures, so this is not a problem.

2.2 Optical Characterization

Since Ruess and Vogt had difficulty in 1948 to find single layer graphene, it may
come as no surprise that finding graphene would be difficult. AFM and Raman
spectroscopy, while reliable, are dreadfully slow if you are looking for features. Indeed,
Geim found graphene was completely invisible optically with a SiO; thickness of 300nm,
which is notable because standard wafers have a thickness of 300nm; However changing
the thickness to just 315nm made the graphene visible [1]. This is thanks to interference

effects reflecting off the Si wafer.

All these problems we do not have to worry about, because insulating SiC is

transparent to visible light. This makes finding graphene on the surface extremely easy
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and quick. When using an optical microscope, we can even differentiate between areas
of overgrowth such as the bilayer graphene and areas of undergrowth such as buffer layer.

Combined with AFM and Raman, we can quickly categorize any patches we see.

BN is a different matter. Thin films of deposited BN are extremely difficult to see
and there are no growth patches from the sputtering process. Sputtered BN is a white color
and does not give as much contrast as the black of graphene. Instead, we must rely on

other methods to find BN.

Once BN is annealed, it is a different story. After annealing BN on SiC pleats.
These pleats are easily seen as they scatter light in other directions making them a darker
shade. Differentiating thicknesses of BN is still not possible, but the presence of hBN is

extremely obvious in an optical microscope.

2.3 Polymer-Assisted Growth

Polymer growth was found to produce more homogenous high-quality graphene
across the surface of SiC. In addition, polymer growth results in little step flow and less
bilayer/buffer inclusions on the surface[37, 94]. Polymer growth works by donating carbon
by carbonizing the polymer with heat. The resulting carbon then reorganizes at high
temperature to form graphene without carbon contribution from SiC. In this method. SiC
acts as a template for the graphene to later form. The process starts by making a mixture
of 50mL of AZ and 40mL of IPA. This mixture is then quickly spin coated at 4500RPM
onto the sample. This must be done quickly as AZ will quickly separate from IPA. This
process results in an AZ layer that is a few nm thick with an optimum thickness of 10-15

nm. AZ is typically used as a photoresist with a minimum recommended thickness of 1
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pm where a negative profile is desired[95], but here we are just using it for its carbon
contribution. Since the IPA evaporates, there is no need for a post bake to remove the [PA
compared to other spin coating methods. Next the sample is annealed at 1250°C. In
addition to removing SiO, this step removes all the O and H in the polymer leaving only
C. Next, we heat up the sample even more, which sublimates a few layers of Si, and the
carbonized polymer reorganizes itself into monolayer graphene. One obvious question, is
does this process work with other polymers? The answer is a definitive yes. Graphene has
been produced from a variety of materials from petroleum waste to manure. Since we seek
monolayer graphene, we need to have the same amount of carbon per unit area in our

polymer as monolayer graphene. A diagram of the PTCDA deposition process is shown

in fig 13.
Step 1: Spin coating of Step 2: Nucleation of carbon sites
polymer/iso-propanol Polymer
solution adsorbates
.i. Solvent evaporation
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fig 13 Process for polymer growth where 0 is the miscut angle for low miscut angle and
high miscut angle[94].

While this is an innovative way to grow graphene on SiC, it is not compatible with

sputtering as the sputtering process destroys graphene and the polymer; however, after BN
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has been annealled to hBN, this polymer becomes an excellent interstitial layer between

hBN and Alumina.

2.4 BN Sputtering

Since BN is an insulator, RF sputtering is a standard method to deposit such an
insulator. Like many thin film methods, careful care needs to be taken to make sure the
BN will adhere to the SiC. To that end, the SiC chip needs to have all the Si-O bonds
removed leaving a bare SiC surface for the BN to attach to. If one does not remove all the
Si0, the BN will not adhere and annealing or rough handling of the sample will exfoliate
the BN from the surface. There are a variety of methods to remove SiO. This lab removes
Si02 with a 1250°C anneal in vacuum for a minimum of 30 minutes. Other methods are
available such as wet etching with an acid like HF or a brief dry etching of SFs or BCls.
Dry etching roughens the surface of SiC and wet etching is not in situ, so it is less desirable
as the sample must be put in vacuum immediately else the SiO reforms. However, the
surface is prepared, next the sample needs to be brought to 400°C and equal parts Ar and
N2 need to be introduced at a total pressure of 2*10° mbar. This combination ensures
stoichiometric BN[96]. Next, the plasma is ignited with a burst of N> at a power of 100W.
In addition to the plasma, the BN target gets bombarded by electrons accelerated by the
DC bias. This knocks boron and nitrogen atoms from the target, which are ionized and
accelerated downwards toward the sample. The DC bias is between 220V and 300V and

controlled via the RF generator.

Some complications arise from this configuration. The mounting screws made of

steel and the target holder and the heating coils made of copper are also deposited onto the
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sample. While this is in only tiny amounts, higher purity is needed. We have a solution.
All exposed components are coated in a thin coat of BN spray such as that sold by ZYP

coatings.

In addition, if you want the sample to be baked in the chamber and then immediately
sputtered, the crystal monitor must be removed. The high radiant heat from the crucible
melts the solder inside the crystal monitor. Increasing the distance between the crystal
monitor and the sample increases the lifetime of the crystal but decreases the accuracy of
the thickness measurement. Instead, we estimate the thickness by the time of deposition

and confirm the thickness with an AFM scratch test which is outlined later.

Finally, unlike the annealing of SiC to make EG, this sputtering process
requires the induction heater to be inside the chamber. This adds complications such as
needing a feedthrough, making sure the AC EM fields do not interact with the chamber

and the sputtering system is kept cool.

2.5 hBN Annealing

We know from Raman and AFM that well-ordered hBN does not sputter onto the
surface. Instead, we need to anneal our sputtered BN to hBN. This requires us to go to
high temperatures. Fortunately, SiC can handle these extremely high temperatures and our
crucibles that we use to make EG also can withstand these temperatures. The trick is to
find the critical temperature with which hBN forms. We measure the crucible temperature

from the outside.
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As seen in the crystal diagram in fig 15, there is a critical temperature where hBN
forms. At atmospheric pressure the critical temperature is 1300°C; however, we find the
critical temperature for our BN for a 10-to-60-minute bake is about 1550°C. Higher
temperatures also anneal BN, but risk growing more graphene than we want. At lower
temperatures than this critical temperature, we find incomplete crystallization of BN.
Fortunately, this temperature is also near the temperature where graphene grows. In this

project, we tune the time, temperature, and crucible condition to grow EG and anneal BN

to hBN.
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fig 15 Pressure vs Temperature crystal phase diagram for BN. cBN stands for the cubic
BN polytype. L is liquid [97]

In fig 15, we see the crystal phase diagram for BN. We work in the 0GPa range in
the figure, therefore the critical temperature for hBN is minimized. Incomplete

crystallization can be confirmed by Raman, outlined in a later section.

We notice a reduction in the thickness of the BN after annealing of about
20 percent. The exact value is difficult to know due to the uncertainty in measurements
between two thickness measurements. We know that a small amount of hBN is sublimated

in the annealing process which contributes to a reduction in the thickness of the BN. While
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one may expect hBN to sublimate at around 3000°C, some literature has shown it can
sublimate at 10 mbar [98].Some of the other contributions are the change in density from
sputtered BN, which is made of some aBN, to hBN. aBN density is 2.28g/cm*[99] and
hBN is 2.1 g/cm® which means if mass were conserved, we should see a 8 percent increase
in the thickness of hBN compared to our sputtered material. Though, we have not

measured the density of our BN films.

fig 16 Cartoon of different types of pleating and their heights. Larger pleats are three
times the height of the thickness, t, of hBN while smaller pleats are about double
the thickness. Orange is SiC. Black is EG, Dark blue is hBN

The measured thickness is also not considering pleating of the hBN film. If pleating
is about 7% of the surface, as measured from a large 50x50um scan, and the pleating is a
tripling of the material in that region due to three layers of hBN being located at these
pleats. Where a diagram of the different types of pleats are shown in fig 16. I estimate that
aBN to hBN should result in a 5% reduction in the thickness of the material. The rest of
the change in thickness, we suspect, is due to the sublimation of BN, which can be reduced
by annealing in an environment already saturated with BN. Such as using a closed crucible

that has been saturated with BN and in an argon atmosphere.
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2.6 Characterization Methods

2.6.1 Atomic Force Microscopy

AFM is a method of analysing surface characteristics of a sample. AFM uses a
cantilever, with a sharp tip, and approaches the surface of a sample. A laser is directed at
the surface of the cantilever reflects then hits a detector. This detector then compares the
intensity of the signal across its 4 sections which gives a measurement of the cantilever

position.

In contact mode, the tip feels Coulomb-Coulomb interactions between the tip and
sample surface which tilts the cantilever up. In this mode, a feedback loop monitors the
deflection of the cantilever and adjusts the absolute height of the tip as the surface is
scanned to keep a constant deflection of the cantilever and therefore a constant force. The
absolute height of the tip, we call the topography measurement, and the adjustment from
the feedback loop, we call the error signal. In addition to moving up and down, the
cantilever can twist. This twist can be caused by the surface topography or the surface
frictional force. Careful subtracting of the left and right scans can remove the topographical
data, and we obtain the frictional force. Contact mode has drawbacks. When scanning high
frictional force materials such as SiC, wear on the tip is high. To have a scan that completes
before the tip is completely destroyed, the scan rate must be decreased, or we can use
variable scan rate mode. Variable scan rate mode monitors the error signal and reduces the
scan rate when the error signal is high enough. The error signal is used so that when the
sample has large topographical variances the tip will slow down at large steps. The

drawback of this method is that we lose frictional force data when we do this.
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In non-contact mode, the cantilever is driven by a piezoelectric, just off its resonant
frequency around 250kHz. As the tip approaches the surface, Van Der Waals interactions
cause induced dipoles, which dampen the cantilever’s driven oscillation. This dampening
changes the resonance frequency of the cantilever and is related to the force on the
cantilever which can be related to the tip height from the surface. Then, again, a feedback
loop monitors this dampening and adjusts the height accordingly. We can obtain the
topography and error signal as in the contact mode, but we also can read the amplitude of

the oscillations, and the phase offset from the driven frequency.

The phase offset can be used to differentiate materials. The phase offset is
extremely sensitive to the hardness of the material namely Young’s modulus. In this way,

differing hardness of materials can be differentiated in the NC-AFM and C-AFM.

A new method to this lab to measure thickness is a scratch test. After sputtering
BN, the thickness needs to be measured accurately. This can be done with a variety of
methods; however, since the exact properties of this recently sputtered BN are not known,
the most accurate method is with a scratch test. Ellipsometry has also been tried but does
not give accurate results as we do not have the exact physical properties of the sputtered
BN to make a good model. For the scratch test, a very sharp razor blade is brought towards
the surface, and an “S” pattern is made into the sputtered material. Because SiC is harder
than the steel of the razor blade while the sputtered BN is softer than the razor blade, the
SiC is left untouched while the pattern is marked in the sputtered BN. Like how a
snowplough moves material to the side, the razor blade plows through the BN leaving a
large edge of deposited BN. Comparing the height of the lowest point in the scratch (which

corresponds to a change in phase in NC-AFM) to the height outside the scratch gives a
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good measurement of thickness at that spot on the sample. The “S” shape gives some areas
of less deposited material on the inside of the curves of the “S” giving better results than a
straight line. The difference in the “S shape pattern is shown in a diagram in fig 17. Careful
consideration needs to be given to the sharpness of the blade, the downward force made
during the scratch, and the position of the scan to give good results. The uncertainty of the

height is about 0.5nm at worst, which is about the variance in the height of sputtered BN.

height
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fig 17 Cartoon of an AFM line scan for a scratch test. The thickness, t is measured from
the average of the sides of the scan which corresponds to the deposited material
and the lowest point which corresponds to the surface of the SiC. Black is
representative of a straight slice with a razor blade. Red is representative of
regions of an “S” shaped slice.

2.6.2 Raman Spectroscopy

Raman spectroscopy is a well-known non-destructive method we have of verifying
the quality of the graphene. Raman involves exposing the surface to a laser and observing
the reflected spectrum. As the 532nm laser interacts with the material the electron is excited
to the Conduction band. As the photons are absorbed different processes occur inside the
material. Phonon and electron transitions can occur inside the material which are

determined by the structure and band structure of the material. In this way, a fingerprint
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can be made for different materials allowing very quick identification of materials and
certain properties. The main transition for EG is called the 2D peak, which commonly
occurs at 2700 cm™![100]. The other peaks are the G and D peaks. The energy, FWHM,
and relative intensities give us valuable information on the quality of the graphene on the
surface of SiC [101]. What makes this extra valuable in our case, is that the system uses a
standard microscope. Meaning we have control over the focus point. By adjusting the focal

point, we can change the relative intensities of SiC, BN and EG to our need.

For graphene the D peak (1350cm™) corresponds to the boundary between different
crystals of graphene and is not a first order Raman effect and only appears in defected
graphene [100]The G peak (1570cm™) corresponds to the in plane vibrational mode.[102]
The 2D peak (2700cm™) corresponds to a different in plane vibrational mode

corresponding to two phonons in opposite directions.

For pristine graphene, the picture is simple. A single 2D peak and a G peak[101].
But in bilayer graphene the picture is more complicated because of interactions between
the layers. There are now pi and pi* orbital modes available, that interact to form 4 modes
[101]. These modes have different relative intensities and energies, but altogether they
make the 2D peak appear broader in bilayer samples compared to monolayer graphene. In

this way, we can differentiate monolayer from few layer epigraphene[103].

2.6.3 Cross Sectional TEM

TEM uses an electron beam to create images of a sample image resolution is on the
order of Angstroms and typical energies are around 80keV. Electrons either pass through

the sample or are reflected onto a detector. Energy Dispersive X-ray (EDX) spectroscopy
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and analysis can also be performed in many systems to obtain the chemical composition of
the sample. Cross-sectional TEM involves cutting a slice of the sample and arranging it
head on such that a cross section can be measured. Images give information far into the
sample and can give information on dislocations, grain boundaries, and stacking faults in
2-D materials. The cutting process is extremely difficult, time consuming, and performed

by our collaborators in France, Annick Loiseau at ONERA/LEM .

2.6.4 Low Energy Electron Diffraction

Low Energy Electron Diffraction (LEED) is performed in UHV. An electron gun
is directed at the sample, and we record an image of a phosphor screen of the diffracted
electrons. For graphene on SiC, we expect to see diffractions from the SiC and the graphene
in a hexagonal pattern. For hBN the crystal structure is almost identical to EG. Similar to
previous results, we show that there is no secondary peaks corresponding to hBN for my
samples indicating that the BN is either aligned with the graphene or not crystalline[18,

104].

One open question is the orientation of the BN crystal on top of SiC. This may be

able to be confirmed with LEED. More testing is needed.

However. Because the EG and hBN should overlap with one another, it is not
possible to distinguish between the two definitively[87]. However, if the lattices are
mismatched this will be obvious in LEED. There is no characteristic halo of an amorphous

material.

2.6.5 X-Ray Diffraction
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X-ray diffraction uses an x-ray source to investigate the crystal structure of
materials. In addition, it can quantify strain, dislocation density, and type of material. It can
even measure the volume fraction of different crystals polytypes. The process uses Bragg’s
law, where rays from one layer interfere constructively with a parallel layer. We use x-rays
because the wavelength of x-ray’s is of the same order as the interatomic distances we seek

to measure.

In 6-20 mode, the sample is held static, and the detector and source are held on
opposite ends of the sample. The detector and source are the same, but opposite angle above
the plane of the sample. The resulting data is a shown in angle vs counts. Peaks in the data
correspond to the angle from Bragg’s law. Models can match unknown materials to the

data, assuming the model is in the database.

Thin films are exceedingly difficult for XRD to measure. There is simply so little
material for the detector to measure, and the substrate dominates the signal. There are
solutions. Increasing the area measured, increasing the thickness, and increasing time are
all ways to increase the count rate of the detector. A small scan can take an hour, though

can easily go for 8 hours for a sample of typical thickness(5nm).

2.6.6 X-Ray Photoelectron Spectroscopy

X-rays can also be used to identify the chemical makeup of a material. The process
uses the photo-electric effect. X-rays irradiate the sample and cause electrons to be ejected
from the sample. These electrons have an energy related to the elements and the bonding
energies inside the sample. While there is a penetration depth of the x-rays of 20 to 100

ums, we are limited by the photo-emitted electrons going through inelastic collisions inside
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the sample and not reaching the detector. For this reason, XPS is sensitive to the surface of
the material, typically the first 5-10nm. The emitted electrons must be collected, so UHV

is typically used for XPS.

XPS can be a destructive measurement because of the heat and electrons
emitted changing the molecular bonding inside the material but is non-destructive in
general. However, XPS is sometimes used with ion etching, which can give a chemical

composition as a function of height.

2.7 Fabrication Methods

2.7.1 Electron Beam Evaporation

E beam evaporation involves heating a metal with an electron gun till it evaporates
metal onto the sample. In a typical setup, electrons are emitted by a filament and redirected
to the target using permanent magnets. Electromagnets provide fine adjustment of the
beam onto the target. Furthermore, the electromagnets sweep the field in a pattern such
that the electron beam moves smoothly over the target surface to enable even heating of
the target. There are a variety of complications that must be accounted for. This process
must be done in high vacuum minimum 1*10° mbar to increase the purity of the materials,
to increase the lifespan of the filament. Ideally, we want the pressure of the chamber to be
much less than the vapor pressure of the target during heating. Furthermore, the sample
should be sufficiently far away from the target such that material from the target such that
rays from the target to the sample are parallel. There is always a crystal monitor and a
shutter to enable precise and accurate film thickness, on the order of 0.1 nm. In our setup,

we have multiple crucibles with different metals, typically, Pd, Au, and Al. Al should
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always be kept in vacuum otherwise a thick Al>O3 layer forms that has a much higher
melting point than Al, and evaporating Al would prove difficult if not impossible without

enough heating power.

In addition, while evaporating Al we can begin to evaporate, with the shutter closed
and introduce oxygen to a pressure of 5¥107> mbar. As the Al atoms travel towards the
sample the mean free path of the atoms is such that once the Al atoms reach the sample,

we are depositing Al>Os.

When depositing very thin layers <50nm the wetting of the materials needs
to be considered. At small amounts of deposition, nanoparticles of the deposited material
form, instead of a thin layer. For very thin layers other methods such as ALD might be

able to be used.

In addition, depending on if the previous step introduced an undercut. The sample

should rotate at an angle to get material in all the undercuts.

Then there is the issue of Aluminum. Aluminum forms an oxide layer on the
surface upon being exposed to the atmosphere. When this happens, the Alumina layer
blocks the incoming electron beam from heating the Aluminum. There are many ways to
avoid this, but our homebuilt system suffers from this condition leading to previous results
having a lower-than-expected dielectric constant for the alumina layer. Due to a design
error in the water-cooling system, crucibles could not remain in the chamber between
depositions with different materials. This resulted in the aluminum becoming oxidized

more than desired and leading to low quality dielectrics. Fortunately, this has been fixed.
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2.7.2  Reactive lon Etching

RIE Reactive Ion etching is a form of dry etching used commonly in the
semiconductor industry. The sample is placed on an electrically isolated holder, such as
Alumina. Low pressure reactive ions are introduced into the vacuum system and a plasma
is generated using an RF source. The plasma used changes depending on the material to
etch. Our lab uses O2 or SFs depending on the material. As electrons move inside the
chamber some are lost to the sides of the grounded chamber, and some are donated to the
sample surface. The more massive positively charged ions then migrate towards the
sample surface from the Coulomb effect and react with the sample surface where they are
then pumped away by a rotary pump. The ions have enough kinetic energy to overcome
the potential energy of the surface bonds. The energy of the plasma ranges from as little
as 10 Watts to hundreds of Watts of power. By controlling the time, energy, pressure, and
gas flow rate, researchers can control the rate of etching to just less than the nanometer size

scale.

In addition, we can increase the directionality of the etch by adding an external
electric field to accelerate ions to the sample surface. In this regime, we do not rely on
donating electrons to the sample to migrate ions to the sample surface. This process is
known as ICP and can be done in the Marcus cleanroom. This type of etch is more

directional than RIE and etching happens in a normal direction to the sample surface.

We can use RIE to build novel devices using oxygen and Sulfur hexafluoride
plasma. The three materials in our devices, BN, graphene, SiC, have differing properties

for etching. BN and SiC are etched by SFs; however, graphene is not etched by SFg, but
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rather fluorinated. In this way, graphene terminates the etching process when we have a
BN/EG/SiC stack, exposing the graphene and giving us an electrical contact to adhere to.

A table of measured etch rates is shown in fig 17.

Material (4.0cc/min) (4.0cc/min) (3.2 cc/min)
SF6 100W 02 16W SF6+(0.8 cc/min)
02 100W
SiC 4H Si face ~0.1nm/sec 0* 1.4nm/sec
BN sputtered 1.4nm/sec 0 1.4nm/sec
hBN 1.4nm/sec 0 unmeasured
Epigraphene 0** Etched in <2sec Etched in <2sec

fig 18 Table showing different measured etch rates in our RIE machine. *an oxygen etch
on the surface of SiC Si face results in a difficult to remove SiO layer which may
roughen the surface. **Epigraphene which is exposed to SF6 becomes fluorinated
which can be removed by annealing.

2.7.3 Atomic Layer Deposition

ALD is a method to grow thin films with a uniform coating onto a sample. In
ALD, a gas precursor is introduced to the surface where a monolayer of the precursor is
formed. Then, the gas is purged, and the next precursor is introduced which bonds to the
previous layer. The growth is self-limiting giving conformality and uniform thickness
across the sample. It is used in a variety of industries including the microelectronics
industry, photovoltaics, as well as biotechnology. The uniformity of the coating makes it

an ideal case for gate dielectrics.

There is one difficulty when combining ALD with 2-D materials. Since many 2-D
materials such as hBN and graphene do not have available bonds for the initial precursor
to latch onto, deposition is either impossible or centered at defects in the surface. Other
solutions have been found to allow for ALD to be used on 2-D materials such as a seed

layer using e-beam deposition or an intermediary dielectric such as PTCDA.

2.7.4 PTCDA Deposition
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2-D materials like graphene and hBN are difficult to perform ALD on to achieve a
high-quality dielectric for a gate. One method of combating this issue is to coat the 2-D
material with a thin interstitial layer, such as PTCDA. PTCDA 1is an organic
Semiconductor with a bandgap of 3.3eV depending on the depositing conditions.[105, 106]
While not a high « dielectric by itself, PTCDA adheres extremely well to graphene thanks
to its similar hexagonal structure. PTCDA has been used previously as an anchoring layer
and has shown reliable results on graphene. [105-107]When deposited correctly, PTCDA
forms layers on top of the graphene. The time of deposition, the temperature, and the
temperature gradient can be tuned to achieve a consistent number of layers on the surface.
The process can be controlled to deposit 1-8 monolayers of PTCDA. Fortunately, PTCDA
gives a strong Raman signal. Raman done on PTCDA shows a strong fluorescence,

indicative that the PTCDA is not ordered when deposited on SiC as shown in fig 19.

Raman Spectrum of PTCDA on Graphene Raman Spectrum of PTCDA on SiC
for Various Deposition Times for Various Deposition Times
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fig 19 PTCDA Raman signal on Epigraphene and SiC. Fluorescence is indicative of a
nanocrystalline or amorphous material, while the sharp Raman peaks on
Epigraphene indicates crystallization on the EG. Credit: Marygrace Fagan

After coating with PTCDA, ALD creates a homogenous layer, with complete

coverage over the surface of the sample.
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Since PTCDA is intended to directly contact graphene, earlier work in this lab has
shown that PTCDA reduces the charge carrier density. PTCDA on hBN on graphene needs

to be researched. Preliminary results are presented in 3.2.

2.8 Low Temperature Transport

©

fig 20 Schematic of Hall bar measurement V. for Voltage across sample, Vy for Hall

Voltage, and V,, and V,, for voltage across the 10 um and 20 um lengths. The
series resistor, R, is chosen to be much greater than the resistance of the Hall bar
such that we have a measurement of the current through the Hall bar.

Electron transport measurements are done using Stanford Research lock-ins with a

large resistor (10MQ typically) in series with the sample. The lock-ins have a 10MQ to
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ground resistor at the inputs. The lock-ins are connected via BNC connector to switchbox

equipped with noise reduction and then connected to cryogenic wires to the sample mount.

A diagram of the Hall bar is shown in fig 20. The devices are made to measure
some key properties of the material. A Hall bar is made to measure squdte resistance,
mobility, and charge carrier density. When the resistance of the series resistor is much

greater than the sample, we can say:

Iiy = Vin/Rin (10)
Vi w

Ro=—x— (11)
Iy L

Where L refers to the 10 or 20 um lengths and w is the width across the Hall bar.
R should be constant for a diffusive conductor. If R is not constant something else is
going on such as the existence of ballistic transport from the edge state, assuming the

graphene is homogenous across the sample.

Va _ Ry
= ] 12
" Iiye e (12)
%4
= x R (13)
I,yB

Where n and p are the charge carrier density and mobility, respectively. Here we
consider ungated graphene. To get to these low temperatures we use a He* Cryostat. The
concept is like how a typical refrigerator works. By compressing the He to high pressures,

typically 250PSI, we can pump the He into a small chamber which is then rapidly allowed
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to expand which decreases the Helium temperature which then absorbs the heat from the
environment. This process repeats over and over making a characteristic expanding gas
sound and a bang from the piston. This cryostat is a 2-stage cryostat which will take the

gas to its lowest temperature of just less than 4.2K. But we can go lower.

We can achieve lower temperatures via evaporative cooling. By injecting cold He gas
through a needle valve and pumping of the outer space we can get to temperatures around

1.5K near the boiling point of He.

To go to these temperatures is quite easy. The next sections will go into more detail.

2.8.1 Dip Stick

Switcher box High pressure
Cryostat He lines

/

\
Communication
connection

Needle valve — |

— 15t stage

Super
insulating
material

| —— OuterVacuum

L 2nd stage

| —— Surround
Superconducting
magnet

Sample Mount

Sample Space
Liquid He P P

fig 21 Block Diagram of cryostat, Not pictured: thermal connection between Znd stage
and magnet pumping system for outer vacuum, temperature sensors, sample
heater and heater control.
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A cartoon of the cryostat is shown in fig 21. The sample must be mounted securely to
stay in place while we ramp the magnet to 9T and handle thermal shocks. To that end
phosphor bronze cables connect the sample to the switcher box above. These wires are
coated in an insulator specifically designed to withstand the vibrations and thermal stress
a cryostat can create. Despite this, they still fail. So, we must always test the wires before

and after a run to make sure they are still working.

Next the sample is wrapped in a super insulator foil. The inside is a thermal and
electrical insulator while the outside is conductive to reflect radiation from the environment
away from the sample. In addition, the dip stick must be passed through a series of baffles
which further restrict blackbody radiation and convection from reaching the cryogenically
cold areas. The dipstick also is equipped with a thermometer and a heater which together
can control the temperature of the sample via a PID controller. In addition, every time we
cool down, we build a small Kapton tape cage which prevents the superinsulation form

touching the wires of the sample.

The switcher box is just as it sounds. It takes the wire through a filter to a switch. In
this way we can isolate individual samples while we are testing, and we can have samples

grounded when we are not testing them.

2.8.2 Cryostat

The cryostat consists of a body and the head. The body is outside the chamber and is at
room temperature. It houses a 2-phase motor which is controlled by the He gas compressor.

Having rebuilt a cryostat myself, most of the heft of the cryostat comes from the windings
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of this motor. The motor is held separately and couples with the piston assembly which

moves us to the head.

The head has a lightweight piston which is connected to a rotational to linear
mechanical converter. The incoming gas goes up inside of the piston and goes to the first
stage chamber. On the next cycle, that same gas will flow up the 2" stage piston, which is
mechanically connected to the first, where we reach its ultimate cooling capacity before
being pumped away or rather pushed out due to the difference in pressures. This whole

assembly is then covered with a stainless-steel body and secured using a high-pressure seal.

The cryostat has two common metrics. Cooling power at 300K and cooling power at
4.2K. The cooling power at 4.2 K determines how much we need to protect the cryogenic

area from the environment.

2.8.3 Lock-ins and Measurement

A 9—} =l
AGorDC Aor input b input 62) | outout »  Xsignal
B CB ooupling N A8 [ fillers filters > filter in pﬂasesignal
-~

ext. reference in e Al M s harmonic reference
generalor phase shift 1
90° phase output ¥ signal
— @ 3 shift flter out of phase signal
= Jocal quadrature signal
oscillator
reference out @

fig 22 Block Diagram from Lake Shore Cryogenics showing a typical lock in amplifier.
[108]

While some systems can benefit from DC measurements, we typically use Lockins
which measure an AC signal against a reference AC signal. Where a lock in is designed

like fig 22 and a setup with BNCs is shown in fig 23.
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fig 23 Typical setup for measuring a Hall bar. The series resistor, R, chosen to be much
greater than the sample resistance.
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CHAPTER 3. BN/EG/SIC DEVICE FABRICATION

3.1 Heterostructure Preparation

3.1.1 BN Anchoring

NC-AFM is the preferred method to look at hBN heterostructures as there may be
exposed SiC which would damage a C-AFM tip, NC-AFM reveals that sputtered BN is
inhomogeneous as expected from a sputtered material. After annealing the BN becomes
atomically flat except for pleats in the surface, which is indicative of recrystallization of
BN into a 2-D material namely hBN. Line scans of the pleats reveal that the height of the
pleats are about two times or three times the thickness of the hBN. hBN has a negative
thermal expansion coefficient in the in-plane direction and SiC has a positive thermal
expansion coefficient. When hBN is annealed at high temperature and begins to cool, the
SiC shrinks, while the hBN expands outwards. If the BN is pinned at certain places on the

SiC, pleating is inevitable.

This brings us to an interesting consequence of the pinning of BN. When there is
no pattern on the BN when annealing, the BN becomes extremely likely to flake off during
transport. There were several times when preparing an hBN sample for XPS or XRD the
hBN would be able to be seen in AFM and Raman; however, in the process of transporting
from the Howey physics building to the Marcus nanotechnology building, the hBN would
disappear. Similar samples shipped to France would lose their hBN layer during transport.

For transporting it is necessary to make sure the hBN is adhered to the SiC via etching. A
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grid pattern can be etched into the BN/SiC samples before annealing to make sure the hBN

is well adhered to the SiC so transport can happen. The exact mechanism is not known.

Pleating is a consequence of the pinning effect at high temperature. As the hBN
cools it expands along its plane resulting in pleats that are determined by where the edges
of the BN are. In fig 25, the pleats are clearly determined by the shape as the pleats are
perpendicular to the edges of the Hall bar, while in fig 24, the pleats are allowed more

freedom as there is less restriction from the edges.

That being said, hBN has no out of plane dangling bonds and the B-N bonds do not
cause polarization between either side of the sheet. At the edge of hBN there are bonds

available to bond to SiC perhaps forming Si-N bonds.

fig 24 NC-AFM scan showing 6nm thick hBN square with pleating at edges. 90X90 um
scans with 10 um scale bar
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fig 25 NC-AFM scan showing 10 um and 20 um leg Hall bar hBN with pleating at edges.
8 um scale bar.

3.1.2 SiO

One issue we face is getting sputtered BN to stick to SiC. As SiC is exposed to the
atmosphere, SiO forms on the surface in a matter of minutes. During annealing, the BN
will disappear from the surface of the SiC, leaving only EG/SiC. This mechanism is
attributed to the SiO on the surface of the SiC on the Si face. The exact mechanism is
unknown, but we suspect the oxygenated surface prevents bonding with the substrate.
There are a couple of ways to combat this. The first is to have a high temperature vacuum
annealing to remove the SiC. Annealing for 30 minutes at 1250°C and then immediately
depositing BN in situ normally causes the BN to stick. While a longer time should give
more reliable results of the BN adhering, due to size of our chamber 30 minutes at 1250°C

is the longest we can feasibly bake for.

The second solution is to gently roughen the surface of the SiC, via SF¢ RIE. And
then remove any remaining oxygen with a high temperature anneal. While this method
does adhere the BN to SiC, the roughening of the surface would cause disordered graphene

to grow when annealed.
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3.2 Heterostructure Characterization

3.2.1 BN Raman
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fig 26 Typical Raman for various samples. A) 6nm Sputtered BN B)50nm annealed hBN
with EG C) 4nm annealed hBN with EG showing a small amount of broadening of
the 1350 peak D) monolayer EG thanks to Yue Hu

Representation Raman spectra are shown in fig 26. For hBN the only observable
peak is at 1366cm™[109] and corresponds to the in plane vibrational mode analogous to
the graphene G peak. The cBN peak at ~1050cm™ overlaps with strong SiC peaks and is
impossible to see on our samples. Other Raman signatures we see is BN fluorescence after

sputtering whose FWHM >1500cm™'. This signal goes away after an annealing indicating

crystallization of the BN.
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One fundamental problem in identifying hBN is the small Raman signature at our
thicknesses. There is almost no response from hBN[109], and the main peak of hBN
overlaps with the D peak of graphene. This overlap is being investigated, and we are
investigating a method to differentiate the contribution from h-BN vs. graphene in the

Raman data.

3.2.2 XRD and XPS

A sample of BN was sputtered on SiC and annealed in such a way where we anneal
the hBN, but do not grow graphene. We then compare this XRD data against bare SiC and
unannealed BN to observe the hBN peaks. hBN has a characteristic peak at 26.4° (002) as
shown in fig 27 and a smaller one at around 40° (100) which is unobservable in our
samples. The Lorentzian fit is centered at 26.44° which verifies our BN has been annealed

to hBN when compared with literature.
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fig27 X-ray 6-20 spectra for hBN (Cu Kal - KaZ2 source) for red. A Lorentzian fit is
shown as a blue line. Unannealed BN in black and bare SiC in blue. The vertical
lines are the 6H-SiC peaks (0001) (multiplicity m=4, 5).

In XPS, we see boron and nitrogen peaks which we compare to a commercially
available sample in fig 28. Our smaller FWHMs are due to our samples being much thinner

than the others and as such we have fewer attenuated electrons from deeper in the sample
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resulting in less scattering from the x-rays that penetrate deeper into the material [110]. In

addition, we see a small peak which corresponds to n-n* as seen in hBN.

1s6  38B 400 402 404 406 408 188 190 192 184 198 198 200 202
E gV} E (V)

fig 28 XPS spectra for hBN thin film. Which agrees with single crystal hBN commercially
available. The m-m* satellite peaks confirm sp2 bonding. The annealed peaks were
shifted by about 1eV to match the h-BN single layer crystal peaks; the shift could
be due to the different experimental conditions between measurement systems
or it could be that our sample is better able to conduct electrons away from the
sample quicker due to a buffer layer at the interface of the SiC and hBN leading to

less charging of the surface.

3.2.3 BN Cross-Sectional TEM
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fig 29 Preliminary results showing hBN on buffer layer on SiC. The right image is a
zoomed in guess of the stacking structure from a region in the left picture.
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The images in fig 29 were performed on samples with no graphene, but there is
most likely a graphene buffer layer. hBN normally exhibits AA’ stacking while graphite
is AB Bernal stacking. If we consider the Buffer hBN stack, we see ABAA’A on most of
this cross-sectional area, which is expected. More samples and thicknesses need to be
done. Thicker layers should be made to better see the stacking order Furthermore, we are
still waiting for the EDX results of this image, so more data will hopefully be made

available soon.

3.2.4 EBSD

To circumvent this charging issue from LEED, we can use electron backscatter
diffraction (EBSD) to measure the lattice constant and lattice orientation of annealed BN

samples.
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fig 30 EBSD results (performed by Yang Su). To the left is a sample Kikuchi pattern and
to the right is a fit to a model. The green regions are errors in the model. We notice
that all the hBN is in the 0001 direction.
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The above sample had BN sputtered then annealed in a highly confined environment
such that no graphene grew, while the BN was annealed. LEED was impossible as the BN
was insulating. We see in fig 30that the BN is lattice matched with the underlying SiC,

and thus would be matched with graphene, if graphene had grown on this sample.

3.3 Device Fabrication

3.3.1 Charging Issue

During e-beam lithography electrons bombard the surface and accumulate in the
material. If the material is a conductor, the electrons will be swiftly moved away from the
target area, eventually being redirected to the ground plane in the system. In our first
lithography step where there is unannealed BN on top of SiC, the electrons will accumulate

redirecting the beam which will cause erratic drifts in the pattern.

This charging issue is a well-known problem for e-beam lithography. There are a
variety of solutions that have been found. The use of a conductive layer above or below
the resist can be used. A product called ESpacer which is a conductive polymer solves the
problem. Another method is Variable Pressure EBL where a gas such as Ny is introduced
to the system and the use of differential pumping is utilized to maintain low pressure in the
beam column. While the exact mechanism is not known, there are two effects for
lithography that this can have; the positive gas ions created by the beam balance out the
negative charges at the surface; the gas scatters the electrons creating a beam skirt which

spreads the charge across the surface.
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While these methods work, they were not available to me at the time. A different
solution had to be found. The main factor to controlling the charging is amount of charge
deposited at a point in a given time. By changing the beam current to low values, 5-10pA,
we could eliminate the charging effect from the surface. This method is available to our
shared system on the fourth floor of the Howey Physics building but is not available to us
for the cleanroom e-beam system. For these relatively large structures, the time to make a

pattern is long, as we would typically use 6nA for this size of structure.

3.3.2 EG Contacts

A fundamental problem with EG under hBN is making electrical contact with the
graphene. In this section, I will present the 5 methods we have found to contact the EG and
the pros and cons of each. These are listed in fig 31. There is a common issue with all but

one of these contacts. They are capacitive junctions, except for EG to FLG connection.

Method 300K Contact 4K Contact
Resistance Estimated | Resistance Estimated
1. 02 RIE w/hBN mask +Pd/Au Inconsistent Not Tested
2. SFet02 RIE w/MaN mask 10kQ Insulating
+Pd/Au
3. BCLI:+Cl ICP w/Alumina mask | 10kQ Insulating
+Pd/Au
4. SF¢+Pd/Au 1kQ 10kQ
5. EGto FLG 70kQ 70kQ

fig 31 Table of different methods for electrical contacts

3.3.3 O RIE w/hBN mask +Pd/Au

Method 1 was the first and simplest method detailed infig 32. After annealing the

Hall bar structure, the hBN is used as a mask for RIE etching with oxygen. Then, a
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Pd/Au layer is deposited with e-beam evaporation such that the metal overlaps the hBN,

hopefully contacting the EG.

RIE 02 Pd/Au

deposition
o — i
fig 32 Process flow for the Oz RIE w/hBN mask +Pd/Au. Orange: SiC, Black: EG or FLG,

3
Blue: hBN, Yellow: Pd/Au

I attempted to make Van der Pauw measurements with this method; however, large
contact resistance coupled with low mobility <10 cm?/(V-s) made measurements
unreliable. Contact resistance ranged from 20kQ to 100s of MQ. This inconsistency was
attributed to over etching of the EG. To optimize the etch time, lower etch times were used;

however, we saw trivial improvement.

3.3.4 SFs+0; RIE w/MaN mask +Pd/Au

RIE O2 RIE
SFe+02
‘ —>
MaN Mask and Pd/Au
Removal eposmon

fig 33 Process flow for ‘SFs+0:z RIE w/MaN mask +Pd/Au” and “ICP etch and Pd/Au”
Orange: SiC, Black: EG or FLG, Blue: hBN, Yellow: Pd/Au Purple: Mask

Side contacts can be done by a variety of methods. Method 2, I outline here and in

fig 33 is a simplified method. After the hBN shape is etched and annealed we have
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graphene under the hBN and FLG (stacking order has not been confirmed yet) outside the
hBN shape. Next, we oxygen etch the entirety of the sample using the hBN structure as a
mask for the graphene underneath. Using e beam lithography and RIE etching we cut into
the hBN using MaN as a mask, hopefully exposing a graphene edge. Then, we deposit
Pd/Au in a 150nm/150nm stack such that the metal contacts will slightly overlap the hBN
shape. These shapes show ~10k€2 contact resistance at room temperature. However, when
these same samples were put into the cryostat, the contact resistance increased to over 10
giga-ohms, which we are not equipped to measure. This final contact resistance was
measured with a voltage divider, a 9V Alkaline battery, and a picoammeter, whereas the
temperature-dependent measurement was made with a 10MQ to ground lock-in amplifier

with all the error at high resistances that entails.

This behaviour is indicative of a capacitively coupled contact. One explanation is
that when we go to low temperature, the material shifts via thermal expansion. hBN is
expanding over the surface of graphene filling in more of the gap between gold and
graphene. TEM results would give more validity to this hypothesis. The change in
resistance is not due to the change in temperature changing the dielectric constant of hBN

as hBN has a stable dielectric constant as a function of temperature [111].

3.3.5 ICP etch and Pd/Au

Method 3 is another way to make side contacts that was perfected by Yue Hu. By
using ICP with BCl; instead of RIE a 90-degree cut can be made into the hBN/EG/SiC

stack. Using Alumina as a mask, ICP exposes the EG so that a Pd/Au contact will come
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into contact on the side of the EG 1-D contact. This method has been successful with EG

on SiC.

For hBN/EG/SiC the process is identical to the EG/SiC method except instead of
BCls, we use BCl3+Cl to better cut into hBN. The resulting contacts are acceptable at room
temperature but quickly become insulating as the temperature decreases to 4K mimicking

the behaviour of the RIE etch side contacts.

3.3.6  Why Do Side Contacts Work in Other Systems?

Many other systems have used side contacts to remarkable success. hBN/EG/hBN
heterostructures have remained conducting at low temperature. In addition, our lab has
used Al2O3/EG/SiC side contacts to remarkable success. The difference in our example is
the pinning of the graphene. The EG is pinned to the SiC. As the system cools after
annealing, the EG moves with the SiC, while the upper layers of hBN expand increasing
the space between the contact and the EG. In other words, it is the combination of SiC and
hBN and their differing thermal expansion coefficients which make side contacts
impossible. It is not clear where the bonding happens between the SiC, Au/Pd, hBN, and
EG, but the exponential increasing of resistance with decreasing temperature is indicative
of a capacitivly coupled contact. In addition, as the frequency was increased on the lock-

in amplifiers the side contact’s resistance increased as well.
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3.3.7 SFsRIE

MaN RIE 02 MaN Mask

Mask
‘ —

RIE SFs

Pd/Au
Deposition

— —

fig 34 Process Flow for SFs RIF Orange: SiC, Black: EG or FLG, Blue: hBN, Yellow: Pd/Au
Purple: Mask

Florine gas has proven to be effective at etching BN and is an effective method of
exposing the EG to the environment. Method 4, detailed in fig 35, exploits this. Upon being
exposed to fluorine EG becomes fluorinated graphene, which is a semiconductor.
Fluorinated EG may be annealed to become unflorinated EG, but that was not evaluated in

our system.

The idea becomes to etch hBN to expose the EG and use the EG as a etch stop,
where the etching self terminates as all the hBN is etched away. Unfortunately, SiC is also
etched by SFs very slowly, enough such that the timing of the etch must be carefully timed
and tuned such that the SiC underneath the EG is not etched away and the exposed

fluorinated EG flakes off.
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3.3.8 EGtoFLG

MaN ?g oval
- Mask _ RIE 0,

Pd/Au
iti
MaSk ep051 on MaN
* — L ﬁ removal

. —

fig 35 Process flow for EG to FLG contacts. Orange: SiC, Black: EG or FLG, Blue: hBN,
Yellow: Pd/Au Purple: Mask

Method 5, shown in fig 35, which is actually the second method tried and the most
successful way to contact EG under hBN was to use FLG to bridge the gap between EG
and the metals. During the annealing process, FLG forms outside the BN structure. This is
because that area has been roughened via SFs RIE etching. The greater surface area allows
more Si to escape the surface and leads to more graphene formation. Whether this carbon

outside the BN is FLG or graphite was not determined.
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CHAPTER 4. TOWARDS LARGE MEAN FREE PATH

In this chapter, I will discuss how we made sample X1CBA2, then I’ll show the
raw data from low temperature transport measurements. Finally, I’ll discuss how we do the

analysis of this sample and the results of this analysis.

4.1 Hall Bar

This sample was cleaned with acetone and IPA sonication and RIE O2 16W for 60s
to remove any residue left over. Next, the sample was brought to 1250°C for 20min and
then reduced to 400°C. The Hall bar was etched with RIE SFs+O2 100W such that the ZZ
was along edge of the body of the Hall bar. The Hall bar was etched such that there was a
20% over etch to make sure all BN was removed from outside the Hall bar. The sample
was annealed at 1600°C for 1 hour in a closed crucible. A typical AFM Hall bar at this step
is shown in fig 36. This particular image was taken with NC-AFM overnight. FLG legs
were etched using MaN and the hBN as a mask. Finally, Pd/Au was deposited on the FLG,

and the sample was wire bonded. The total process flow is shown in fig 36.

fig 36 AFM image of a typical Hall bar with 9.5 and 20 um legs
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Acetone and IPA

sonication RIE 16W O, Flip to Si-face up
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l 1250°C 20min BN depo 400°C MaN
1*¥10°mbar ~5nm in 10min Mask
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RIE SF¢+0; Closed Crucible1600°C
100W MaN bake recipe 10PSI Ar
20% over etch removal
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4 5 6
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litho RIE 16W 02 removal
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MMA/PMMA Pd+Au
Mask i MMA/PMMA
e-beam deposition
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fig 37 Process flow for Hall bar sample. Orange: SiC, Black: EG or FLG, Blue: BN, Dark
Blue: hBN, Yellow: Pd/Au Purple: Mask Red: Glue

4.2 Low Temperature Transport
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Current was injected from the top to bottom according to fig 23 and the four-point
resistance was measured at various temperatures. The charge density was measured using
the Hall bar and was found to be n=2.3x10'2cm™ at 4.2K where fig 38 right shows the
charge density at all temperatures measured and fig 38 right is the mobility at those same
temperatures. This charge density is about the same as monolayer epigraphene on the Si-

face in UHV previously showing the graphene is well protected.

Mobility versus T Charge density versus T
1440 . ‘ ‘ 45 T T '
L]

1420 - .

1400 4r 1

1380 -

1360 - 35k * 1

. g

1340 - S
N

1320 - - 3r . 7
(=}

1300 ® An

1280 - 25+ B

1260 - . o

1240 L L . . 2 . . . L

20 40 60 80 100 0 20 40 60 80 100
Temperature [K] Temperature [K]

fig 38 Mobility and charge density as a function of temperature.

All measurements made are 4-point measurements except for the 2-point
measurement described in 2.8. The measured resistance is shown in fig 39 and the Hall
resistance is shown in fig 40 b . Upon measuring the 10 pm (actually 9.5) and 20 um length
arms, we see that the resistance does not scale linearly with the length. Shown in fig 39 is
the cleanest data, for the 9.5 um length of the Hall bar as it had less noise, but it made no
difference which side of the Hall bar we used. Correcting for the size by looking at the
square resistance reveals that the 9.5um leg has significant higher square resistance, which
is unexpected and shown in fig 40 a. Using our previous knowledge, we can choose to

separate the measured resistance into two resistors in parallel.
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1 1 1
RL,measured (T) RL,Bulk (T) RL,Edge (T)

(14)

where L denotes which length segment we are referring to and bulk and the edge resistance

are defined as,

T)L

Ry gt (T) = Pupuk(T)L (15)

w
R (T) = ! -1 (16)

LEdge Gedge (T) Go (T) Tn
where T, is the transmission coefficient

L -1

T, = (1 + I) (17)

Assuming there is a diffusive channel of conduction made up of many states with
a low mfp and one ballistic channel with a mfp much greater than the bulk, we solve just
for the diffusive part with a ballistic transport resistance of Ry, we obtain fig 41 left. We

see that our estimated bulk square resistances become nearly equal at low temperature.
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fig 39 Resistance of 9.5 and 20 um legs thin lines are 20 um thick line are 9.5 ym
This leads us to suspect the conductance of the edge is changing with temperature.

We observe that at 4.2K the resistivities of the bulk are equal for both lengths when we

assume a single ballistic channel with T;, = 1.

o) e~
R 9.5,measured RO — R 20,measured RO ( 1 8)
9.5um 20um

We expect that our graphene is homogenous across the Hall bar at all temperatures

1 1
- == (19)
Pospuk  P20,Buik
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Pdiffusived.s and pdiffusive20 are the 9.5 and 20um leg, respectively.
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Square Resistance
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fig 40 Square resistance and Hall results a) Square Resistance of various temperatures
and Hall resistance as a function of magnetic field b) Symmetrized Hall effect at
different temperatures thin lines are 20 um thick lines are 9.5 uym

In fig 41 left, we see at low temperature the simple model of a single ballistic
channel fits well; however, at higher temperatures, the difference between the estimated
diffusive square resistance of the 9.5 and 20 um legs begin to differ. This effect is well
explained by the splitting of the flat band at the edge between 2 spin states as shown in fig

5.

If we continue and use the Landauer equation instead of assuming infinite mfp of

the diffusive part we can estimate the edge state conductance of our sample.

1 1
fminW = - - (20)
Pospuik  P20,Buik
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1 Gedge

f.inlG A)=1|—= —————— | *9.5um
mm( edge ) Rosmeasured i+ 9-5/{17” 3
(21)
1 G
- = ___‘edge |}, 20pm
RZO,measured 1+ 20#
setting the mfp, A, to infinity gives:
fmin(Gedge'oo) = Imin (Gedge) (22)
1 1
Imin (Gedge) = (3 - Gedge) *9.5um — (5
R9.5,measured RZO,measured (23)

— Geage) * 20pm

We can then minimize Imin(Geage) and fit Geqge to obtain fig 42.

If we use fmin(Gedge,/l) and fit Go4g4. and A we obtain fig 41 right and fig 43 left for the
mfp of the edge state. Because 4 is over 100 times the length of this sample, these mfp
numbers are not as accurate as they could be. Large changes in A will lead to small changes

in the fit, so we calculate A = 1080 uym + 228 um (1 standard deviation).

The result of the fit gives a mfp increase with temperature. This is unexpected as
normally an increase in temperature will lead to a decrease in the mfp as electrons have a
higher probability of transitioning to a new state. This increase is related to the second

edge state.
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There is a clear peak at zero field that is unrelated to the bulk as it does not scale with

length. It might be related to edge state, but the mechanism is not understood.

We know that the edge state resistance has a peak. The fact that this peak does not
scale with length means that it is not related to the bulk. So we can isolate this extra edge
interaction by taking the two conductances and subtracting them from each other, assuming

we scaled the lengths correctly.

Gedgetotal = Gedgedip + Gedge (24)

Where

fmin(Gedge: V) = Gedgedip
(25)

And Gegge 1s a constant.

At high fields the assumption that conductivity equals the inverse of resistivity fails.
So looking at zero field, we can plot the dip amplitude as a function of temperature to

obtain fig 43 right.

The Hall measurements are most likely shorted by the edge state. However, since
the legs of the Hall bar do not share the same ZZ edge direction as the body of the Hall bar
and have a more complicated geometry, it is unclear what the bulk measurements would

be.

This experiment can be improved on. Since this sample does not have a gate, we

were unable to completely suppress the bulk states by lowering the Fermi level such that
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there is no more contribution from the bulk states. Furthermore, the mfp of the edge state
is much larger than our sample size. Therefore, it would be interesting to have a sample
about the size of the mfp. We seek to improve this experiment by two methods. The first
is to make a Hall bar the same size as our observed mfp ~1 mm and we wish to add a gate

to the sample to adjust the zero-energy edge state to lie between the band gap of the bulk.

0.18 T

0.14 0.16

012 0.14 -
— 25K
— 10 K

25K

(R

e 50 K

0.08

0.06

0.04 - - + 0.06 L
10 5 5 -

fig 41 Bulk square resistance adjusted left)Square resistance with the ballistic portion
removed assuming mifp goes to infinity Geqg. = 1.06 right) Bulk square
resistance after minimizing fmin thin lines are 20 um thick lines are 9.5 um.
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N
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fig42 Edge state conductance with a Fermi-Dirac distribution fit of 2 states with one
state being 10meV above the Fermi energy and the other at the Fermi energy
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fig43 Edge state results left)mfp after minimizing finin right)Edge state dip amplitude
evaluated at B=0

This large mean free path leads us to wonder what happens to the edge state at these
extreme length scales. We can estimate the mfp from the Landauer equation to be greater
than 1 mm in length. Compared to ballistic transport in EG nanoribbon which have mfps

on the order of tens of pms, hBN preserves the edge state from the environment.

This method relies on a few assumptions, that can solved in future experiments. We
assume we can separate the edge state and the bulk state. In previous EG samples, we have
shown the bulk and edge states do not mix; however, we are not able to show that in this
sample since there is no gate. Furthermore, Since the calculated mfp is much more than
our sample length, a sample with legs on the order of the mfp will better show ballistic
contributions. In addition, since the contribution from the bulk depends on the number of
states available, we can add a gate and remove the contribution from the bulk leaving only

the edge state.
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CHAPTER 5. CONCLUSION

I have presented data and analysis showing an edge state Gp44. = 1.068 £ 0.005

with a mfp much larger than the length of the sample, 4 = 1080 pm + 228 um at 4.2K
The edge state consists of a single state at low temperature and as we increase the
temperature, the second edge state begins to appear as some electrons have enough thermal
energy to access it. The separation between these states is estimated to be 10meV. More

devices are possible, and more research is needed to determine the exact nature of the edge

state.

A process to easily make a gate on hBN was being worked on where PTCDA was
deposited on hBN such that Alumina could be deposited on top. Such a method will be
invaluable for all hBN/EG devices as we can come closer to the charge neutrality point

with a gate.

A sample with legs on the order of the mfp would be the final test to ballistic
conduction. Such a device holds some challenges. Long structures on the order of
millimeters with a small width on the order of 250 nm is possible with modern e-beam
lithography available at the Marcus Cleanroon. With a high bulk resistance, which is much
greater than Ry, we can expect to see evidence of the edge state without a gate and have a
more precise measurement of the mfp. A much longer Hall bar would allow us to confirm
the mfp of the edge state so that equation 21 can give a precise value for the mfp. Such a
large device has it’s own challenges. A device on that large of a scale must have graphene

which is homogenous across a large area. This is possible, but not trivial. Precise design
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and manufacturing of the crucible and large induction coils will be a must to achieve the
most consistant graphene growth on a single 1 mm terrace. Furthermore, characterization
will also present challenges. AFM measurements of the surface across such a large area
will be time consuming and Raman measurements would also take a while, but can be more

easily automated.

There are other device structures that would be interesting with this heterostruure.
A Hall bar with asymmetric legs would test exactly where the edge state exsts. When a
probe is placed on one side of the Hall bar, how does that affect the edge state? Does
manipulating one side of the edge affect the other side? Such a device might look like fig

44 left.

We would expect a single probe to still create a scattering center. Theory supports
this idea[21]. However, from a classical perspective, it is counter intuitive. Since there
are two sides of the Hall bar, it would make sense that there would be two states, top and
bottom. However, we observe only one state , and only at high temperature do we see a
second state. If we observe ballistic transport in both the left and right side of the Hall bar,
this would be a novel example of non-locality, where affecting one side of the Hall bar

affects the entire edge state.
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fig 44 Potential Devices Left) Asymmetric Hall bar schematic. Right) 60-degree Hall bar

Another novel device would be a 60-degree Hall bar shown in fig 44 right. 60
degrees is chosen such that the edges of the graphene remain with the same orientation.
Current would be injected at the tip of the triangle where edges angled at 60 degrees would
diverge away from each other. 4-point measurements would be made with a gate, where
we can observe the resistivity of the edge as a function of distance between the edges. Is
there some critical length where the edge state disappears? Finally, we would like to
observe if the edge state is preserved after a 120-degree angle. Perhaps, the angle acts as

an invasive contact, or perhaps nothing happens at all.

If the edge state persists throughout the triangular Hall bar, we show that the edge
state is independent of the width of the Hall bar. Namely, the two sides of the edge state
do not need to be parallel. The edge state may degrade and the mfp may decrease. These

are some of the questions we hope to answer with this device.

These new devices will give a more complete picture of the edge state of EG. If
the making of gates on BN can be perfected and a larger device is made, we can confirm
that the mfp is on the order of mms. This is the beginning of what the edge state has to

offer, and hopefully future researchers can discover the rest.
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