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Abstract

Two-Dimensional Boron Nitride and Related Materials:
Synthesis, Vacancy Formation, and Applications for Nanopores and Nanomachines

by
Stephen Matthew Gilbert

Doctor of Philosophy in Physics

Designated Emphasis in Nanoscale Science and Engineering

University of California, Berkeley
Professor Alex Zettl, Chair

Without changing a material’s chemical composition, lattice geometry, or orbital structure,
the physical properties of a material can be drastically modified by changes to its dimensionality.
Two-dimensional materials are therefore an ideal platform for exploring the role of reduction in
material geometry because they can be stacked to form three-dimensional structures or etched to
form one- and zero-dimensional features.

In this dissertation, I explore the methods for isolating two-dimensional hexagonal boron
nitride (2-BN) and related materials, for controlling their three-dimensional structural properties
synthetically, and for using irradiation to locally reduce their dimensionalities through vacancy
formation. After discussing these techniques and their underlying physics, I investigate the
applications of etched two-dimensional materials for nanopore sequencing and nanomachines.

In Chapter 2, I outline the techniques for isolation of two-dimensional materials by both
exfoliation from bulk crystals and by synthetic deposition. I delve into the mechanics of
chemical vapor deposition synthesis of #-BN graphene and establish methods for controlling
their three-dimensional stacking.

In Chapter 3, I investigate the effects of electron irradiation on 4-BN. I show that accelerated
electrons induce specific vacancy geometries in #-BN depending on its stacking sequence and
develop a method for creating atomically precise nanopores. I explore the application of these
nanopores for DNA sequencing.

In Chapter 4, I similarly characterize the effects helium ion irradiation on two-dimensional
materials. I explore the damaging effects on the lattice of #-BN and MoS; while assessing the
controlled use of these helium ions to etch one- and zero-dimensional nanostructures.

In Chapter 5, I study the use of patterned graphene for softened mechanical actuators. I show
that micron scale graphene can be used as an acoustic transducer and demonstrate a novel
electron beam driven rotational actuator.
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Figure 1.1 Graphene, #1-BN, MoS; — Atomic schematics and band structures. (a)-(c) The
atomic structures of graphene (a), 2-BN (b), and MoS; (c). (d)-(e) The band structures for
the Dirac zero-gap semiconductor graphene (d), insulating #-BN (e), and semiconducting
MosS; (f). Figure is reprinted from Solis-Fernandez et al in Reference *°. ............cccccoovvee.... 3

Figure 1.2 Electron microscopy examples. (a) An SEM image of triangular multilayer #-BN
flakes on iron foil. (b) A TEM image of a terraced #-BN region. The brightest contrasted
triangle is vacuum while the darkest contrast is approximately 10 layers. (¢) An HR-TEM
image of a holey single layer of graphene. (d) An SAED pattern from a region of #-BN. The
peaks are arranged in a hexagonal structure because the Fourier transform of #-BN’s
trigonal lattice is a hexagon. (a) & (d) are reprinted from our previously published work in
References *!' & ** respectively. (b), (d) are unpublished experimental data.......................... 7

Figure 2.1 The process flow of mechanical of exfoliation of two-dimensional materials. (a)
Single crystals are adhered to a piece of tape. (b) The tape is folded and peeled several
times. (c) Several thin flakes are observed on the tape. (d) The tape is carefully adhered to a
target substrate. (¢) The tape is slowly peeled leaving behind thin flakes.............cccccceeeneene 9

Figure 2.2 Optical identification of flake thickness. (a) An optical image of exfoliated #-BN
flakes on 285 nm SiO; on Si. The region indicated by the arrow is a monolayer and can be
distinguished by its color and contrast. (b) A reflectance versus film thickness and
wavelength plot on 285 nm SiO; on Si. This can be used to determine the color of a flake
based on /#-BN thickness. (c¢) An optical image of an exfoliated MoS; flake on PDMS as it
tapers from multilayer to monolayer. The thickness can be deduced by the grayscale
reflectivity under white light. (d) The reflectivity profiled of the MoS; flake in (c), labelled
with layer numbers. (a), (c), and (d) are from my unpublished work. (b) is reprinted from
Anzai et al in Reference */ ...........cco.covviveiveceeeeeeeeeeeeee e 10

Figure 2.3 A schematic (top) and photo (bottom) of an 2-BN CVD furnace. From left to
right, the schematic and picture show 1.) hydrogen and argon sources (tuned by a mass flow
controller) feed the carrier gases toward the reaction area, 2.) solid ammonia-borane
(BH3NH3) is thermally degraded and its gaseous byproducts are pushed by the carrier gas,
3.) a transition metal foil is heated in a quartz tube as #-BN grows on its surface, and 4.) the
gases are removed using a mechanical roughing pump (which is chemically isolated using a
liquid nitrogen cold trap as seen in the photo). Figure based on our previously published
WOTK i REfEIeNCe *'. . ......ooieioeeeeeeeeeeeeee e 12

Figure 2.4 Characterization of CVD A-BN and graphene. (a)-(b) Representative SEM images
of few layer CVD A-BN (a) and graphene (b). (a) In the #-BN sample, a dark triangle
(highlighted by the red dashes) can be seen on a light background. The light background is a
copper foil and the dark triangle is an #-BN monolayer. The concentric light triangle is an
h-BN ad-layer (a spot where the #-BN is locally multilayer). The arrow points to a line
along a region where multiple monolayers have merged. This line is a wrinkle in the 2-BN
and can be used to detect full coverage layers from SEM images. (b) In the graphene
sample, a dark hexagon (highlighted by the blue dashes) is seen on a light background. The
light background, again, is the copper foil, and the dark hexagon is a single layer graphene
flake. The concentric dark hexagon within the larger hexagon is a multilayer region of

il



graphene. (a) is reprinted from my previously published work in Reference *'. (b) is original
UNPUDLIShEd data. ........ooiiiiiiiie e 13

Figure 2.5 A cartoon illustrating the CVD synthesis of monolayer 4#-BN. (a) Initially,
triangular monolayer single crystals form as precursor molecules adsorb and react on the
transition metal catalyst surface. (b) As the monolayer crystals grow, their growth fronts
collide and the crystals merge, forming polycrystalline films. (c) Eventually, the catalyst
becomes fully covered by a polycrystalline monolayer film and the precursor no longer has
access to the foil. This terminates the growth with the single layer sheet of #-BN. Figure
based on our previously published work in Reference *'. ..........ccooovivimvieeeeeeeeeeeeee, 15

Figure 2.6 Growth progress of monolayer #-BN. SEM images are shown of three separate
CVD syntheses of #-BN on copper foil that are prepared under identical annealing,
temperature, precursor, and carrier gas flow (20 sccm H; and 80 sccm Ar) conditions. The
growth time is varied between 15 minutes (a), 30 minutes (b), and 60 minutes (c). (a) After
15 minutes, triangular monolayer 4-BN crystals have formed and some have begun to
merge. (b) After 30 minutes, a full coverage polycrystalline monolayer film has formed
from the merging of the 4#-BN crystals. Wrinkles (white lines) and ad-layers (white
triangles) are visible. (c) After 60 minutes, there has been no additional growth versus 30
minutes because the growth has terminated. There are no additional ad-layers versus 30
illlinutes. Scale bars are 10 pm. Figure based on our previously published work in Reference

............................................................................................................................................ 15

Figure 2.7 Schematics of the 5 high-symmetry stackings in bilayer #-BN. In the top half of
the figure, the rotationally aligned stacking configurations, AA and AB, are shown. AA is
formed by stacking B to B and N to N in two aligned layers. AB is formed by translating
one layer by a single bond length (1.4 A)"' to stack N to B as shown by the red arrow. In the
bottom half of the figure, the rotationally anti-aligned stacking configurations, AA', AB1',
and AB2', are shown. AA' is formed by stacking two anti-aligned layers B to N and N to B.
AB1' is formed by translating one layer such that the layers stack B to B while AB2' is
formed by translating one layer such that they stack N to N. Figure reprinted from our
previously published work in Reference *'...........o.coooviimoieiveoeeeeeeeeeeeceeeeeee s 16

Figure 2.8 Band structures of high symmetry 4-BN stackings. The electronic structure and
bandgaps of the five physically distinct high-symmetry stackings of bilayer hexagonal
boron nitride, AA, AA', AB, AB1', and AB2', are shown from left to right. The red (blue)
coloring of a band indicates the boron (nitrogen) 2s or 2p character of that band.
Calculations performed by Mehmet Dogan under the supervision of Prof. Marvin L. Cohen.
Figure reprinted from our previously published work in Reference *'.............c..ccccovvvvvenc... 18

Figure 2.9 SEM of AB-stacked /#-BN on iron foil. (a,b) SEM images of multilayer #-BN
crystals as-grown on iron foil for 1 hour under 100 sccm H,. The 4-BN single crystals are
bright contrasted concentric triangles on a dark background of iron. Concentric triangles are
additional layers stacked together. Brighter contrast indicates additional layers. (a) shows
>10 separate layers stacked together with a large variation in width (2-30 um) while (b)
shows a more continuous region of multilayer #-BN over ~40 um that is surrounded by
smaller thicker #-BN triangles. Scale bars are (a) 10 um, (b) 15 um. Figure based on our
previously published work in Reference *'...........o.oo.ooviiuiieoveieeeeeeeeeeeeeeeeeeeee s 22
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Figure 2.10 A comparison of representative SAED patterns in AA' and AB stacked /-BN.
(Top) A comparison of representative SAED patterns for a thick regions of multilayer
exfoliated AA' (a) and LP-CVD AB stacked #-BN (b). The diffraction peak indices are
written as <h k 1 > where ¢ = hb; + kb, + lb;. (Bottom) The ratio of the intensities of the
first-order <010> and second order <120> peaks are compared to determine the stacking
order of the #-BN. The ratios of ~1.1 on the right is indicative of AA' stacking and the
ration of ~0.3 on the right indicative that the stacking is AB, AB1', or AB2' as detailed in
the text. Figure based on our previously published work in *'. .........cccoooovviiiiiieieen. 24

Figure 2.11 Simulated Electron Diffraction in #-BN. (Left) A simulated diffraction pattern for
bulk AA' stacked #-BN using the Single Crystal software package. (Center) A simulated
diffraction pattern for bulk AB stacked #-BN. (Right) A simulated diffraction pattern for
bulk ABC stacked rhombohedral BN. For the AA’ stacked A-BN, the first-order <010> and
second order <110> peaks are approximately equal. For the Bernal stacked 4-BN the first
order peak is smaller and thereby less intense than the second order peak. For the
rhombohedral BN there is no first order peak. Figure prepared by Brian Shevitski and
reprinted from our previously published work in Reference *'. ..............cccooovvvrveieeriennne, 25

Figure 2.12 HR-TEM of AB stacked A#-BN. (a) An aberration corrected HR-TEM focal series
reconstruction of a region of Bernal stacked 4#-BN. (b)-(c) Two nearby mixed
bilayer/monolayer regions of #-BN as cropped from the full image shown (a). The red-
dashed triangles denote the boundary between the monolayer/vacuum(inner) and the
bilayer(outer) areas. (d) A schematic of the position of each atom in (b)-(c). The atomic
positions are deduced as described in the text. The opaque yellow lines in (b)-(d) trace the
line of stacked atoms in the bilayer region to highlight the alignment of the left and right
monolayer regions. Figure reprinted from our previously published work in Reference *'. 26

Figure 2.13 2-BN growth progress with varying hydrogen flows. SEM images of multilayer
h-BN crystals grown on copper with varying times (20 min and 1 hour) and hydrogen flows
(20 sccm and 200 sccm). (i) shows 3 um triangular 2-BN domains with small ad-layers
(white) that are representative of a 20 minute growth with 200 sccm Hs. (ii) shows that after
2 hours the ad-layers grow larger while the monolayer /4-BN triangle remains a similar size
under 200 sccm H,. (iii) shows 5 pm triangular #-BN domains that are representative of a
20 minute growth with 20 sccm H,. (iv) shows that after one hour with 20 sccm H,, the /-
BN crystals merge to a full-coverage film with only minimal multi-layer coverage. Figure
reprinted from our previously published work in Reference *'. ..............cccoooovvvrveereerinnnne, 27

Figure 2.14 A cartoon illustrating the growth mechanism for Bernal-stacked /#-BN. The top-
view is shown above and the side-view is shown below. (a) depicts the seeding and growth
of ~-BN monolayers. (b) shows the growth of the 2-BN monolayers and the seeding of ad-
layers underneath the original monolayer. (c) shows the 4-BN film achieving full coverage
thereby stopping the growth. Figure reprinted from our previously published work in
RETEICNCE ™. 29

Figure 2.15 Proposed mechanism for the alignment of multiple layers of 2-BN. (a)-(c) show
a chronological representation of the proposed mechanism for how an underlayer growth
can produce interlayer aligment and thereby Bernal stacking. (a) First, a single layer of -
BN forms on the surface of the copper catalyst such that the nitrogen atoms align to the
copper lattice as described in Reference ''*. (b) Next, a second layer forms below the first,



aligning to copper via the same mechanism. (c) Finally, as the second layer forms, the top
layer relaxes into the ground state for 0° rotation, AB stacking, relax by sliding 1.4 A due to
the elevated temperature (>1000° C). Figure based on my unpublished analysis of Reference
41

............................................................................................................................................ 29

Figure 2.16 £-BN synthesis by CVD with varied cooling rates. Two SEM images of #-BN
grown with high H; flow under identical annealing, temperature, precursor, and carrier gas
flow (100 sccm H») conditions. The first image (Left) shows an 4-BN sample cooled slowly
(30 °C/min) after growth. Thick multilayer crystals form and can be identified by their
bright contrast. The second image (Right) shows an 4#-BN sample cooled quickly (100
°C/min) after growth. The #-BN crystals are thinner (based on their darker contrast) except
for their ad-layer at their centroids and are only partial coverage. Figure based on my
unpublished experimental data. ...........ccoooieiiiiiieiiiieee e 30

Figure 2.17 SEM images of #-BN on Iron versus cooling rate. Two SEM images of separate
h-BN samples prepared on iron by CVD under identical annealing conditions, temperature
(1100 °C), gas flow, and growth time (1 hour) are shown with varied cooling rates. (Left)
The quickly cooled sample yields smaller (2-5 pm) and thinner (1-3 layer) flakes embedded
in a full coverage monolayer with visible 1-3 pm 3D crystals. (Right) The slowly cooled
sample yields larger (>20 um) and thicker (>5-10 layer) flakes. Scale bars are 2 pm (left)
and 20 pum (right). Figure based on my unpublished experimental data. ..............ccccueenneee. 31

Figure 2.18 Binary iron phase diagrams with boron and nitrogen. (Left) Boron in Iron
Binary phase diagram. (Right) Nitrogen in [ron Binary Phase diagram. a-phase iron is the
preferred room temperature body-centered cubic (BCC) phase, and y-phase is the high
temperature (>900 °C) face-centered cubic (FCC) phase. Phase diagrams reprinted from
References 7110 e 32

Figure 2.19 SEM images of graphene grown on Cu via CVD under varying cooling rates
and hydrogen flow conditions. (a) Graphene synthesized with low hydrogen flow (50
sccm) and a fast cool down (100 °C/min). A full coverage monolayer of graphene is visible
with low coverage of small (~5 pm) bilayer domains. (b) Graphene synthesized with high
hydrogen flow (1000 sccm) and a fast cool down (100 “C/min). A full coverage monolayer
of graphene is visible with moderate coverage of small (~5 um) bi- and trilayer domains. (c)
Graphene synthesized with high hydrogen flow (1000 sccm) and a slow cool down (30
°C/min). A nearly full coverage monolayer of graphene is visible with moderate coverage of
large (~20 um) two to five layer hexagonal domains. All growths occur at low pressure over
1 hour at 1030 °C with 2.5 sccm of methane flow. All scale bars are 20 um. Figure based on
my unpublished experimental data. ...........cccooviieiiiiiiiiiieiee e 33

Figure 2.20 CVD grown graphene/h-BN heterostructure on copper foil. (a)-(b) An SEM
image of CVD grown graphene/A-BN heterostructure shown in grayscale (a) and viridis (b).
A dark domain of graphene (six-fold symmetric flower highlight by a blue hexagon) is
embedded in a full coverage monolayer of #2-BN. Triangular ad-layers of #-BN surround
and overlap the graphene. The overlapping /#-BN triangles are outlined in the grayscale
image (thinner flakes in green and thicker flakes in yellow) and the Viridis color scale is
used to enhance optical clarity. The red lines indicate that the edge of the hexagon is
parallel the edge of the triangle. (c) shows the process flow for the synthesis as described in
the text. Figure based on my unpublished experimental data.............cccccoceereniiinienenncnnnn 35
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Figure 2.21 AA’-stacked #-BN grown by CVD with Borazine precursor. (a) A schematic of
Borazine precursor based #-BN synthesis technique. The furnace setup is identical to the
one shown in Figure 2.3 except a liquid borazine precursor replaces the solid ammonia
borane. The liquid borazine is chilled to control its vapor pressure and a leak valve is used
to control its flow into the reaction area. (b) An HR-TEM image of the resulting #-BN. The
h-BN honeycomb structures are clearly aligned across the monolayer (1L), bilayer (2L), and
trilayer (3L) regions. The inset zooms in on the boxed area of bilayer #-BN; the regular
hexagonal positions of the atoms with no additional atom at the center of the hexagon rules
out AB, AB1', and AB2' stacking. (¢) SAED of #-BN grown with Borazine. The first order
and second order diffraction peaks are of similar intensity. (d) An SEM image showing the
thick suspended 4#-BN produced in this way. (a-d) were prepared by Dr. Ashley Gibb based
on her experimental data. (a), (c), and (d) are from Gibb et al in Reference ''"................... 37

Figure 2.22 Energy landscapes for borazine adsorption on 4-BN. (Left) Energy landscape for
borazine adsorption on 4#-BN with a 0° rotation angle. The ground states are for boron
stacking on top of nitrogen (AB) and nitrogen stacking on top of boron (BA) at 0.09 eV.
(Right) Energy landscape for borazine adsorption on #-BN with a 60° rotation angle. The
ground state is at 0.09 eV for AA' stacking. Figure based on DFT calculations performed by
Mehmet Dogan under the supervision of Prof. Marvin Cohen...........cccccoceeveriieniinenicnnne 38

Figure 2.23 Wet Transfer Method. (i)-(ii)) PMMA is spun on /#-BN on copper foil. (iii) The
stack of PMMA on copper foil is floated on Na,(SO4), to dissolve the copper. The copper is
removed, leaving the #-BN on the polymer. (iv) The polymer/A-BN stack is scooped onto a
substrate (in this case Si/SiO;) and dried. (v) The polymer is removed by solvent or
annealing leaving the #-BN on the substrate. ..........ccccevieviiiiniiniiienieeeeeeee 40

Figure 2.24 Direct Transfer Method. (i)-(ii) a holey carbon TEM grid is adhered to #-BN on
copper foil using a drop of isopropanol. (iii) The stack of TEM grid on copper foil is floated
on Nay(SO4); to dissolve the copper. The copper is removed, leaving the #-BN on the grid.
(iv) The grid is removed from the water and left to dry. The 4-BN is suspended on the grid
and ready to be TMAZEA. .....ccviiiiiiiieiiee et 42

Figure 2.25 Aligned Dry Transfer Technique. (i) A polymer stamp on a glass slide is aligned
to a flake of layered material on a substrate. The stamp is then lowered on to the flake. (ii)
The stamp is lifted slowly bringing the flake with it. (iii)-(iv) Steps (i) & (ii) are repeated to
pick up the desired stack of two-dimensional materials. (v) The two-dimensional material
stack is aligned to a substrate and lowered to adhere the stack to the membrane. (vi) The
stamp is lifted leaving the stack on the desired substrate. Note: In each step, the temperature
and raising/lowering speed are controlled to determine if the flakes adhere to the stamp or
SUDSEIALE. ....eutiititetiete ettt ettt sttt ettt et a e bbbttt ne e 45

Figure 2.26 Aligned, Dry Transfer Results. (a)-(b) Three few-layered flakes of #-BN
transferred separately onto a silicon nitride TEM grid. (c) shows an 2-BN/MoS; stack
transferred onto a silicon nitride TEM grid. Two large separate regions and one overlapping
region are formed deliberately to study the materials both together and separately by TEM.
(d) The process of lifting an 4-BN flake from a silicon nitride TEM grid. (i)-(ii) A PDMS
stamp is slowly lowered onto the #-BN at 25 °C. (iii) After the flake is covered by the
PDMS the temperature is raised to 40 °C. (iv) After 5 minutes, the temperature is cooled
back to 25 °C, and the stamp is lifted. (v)-(vi) When the stamp is lifted, the #-BN flake is
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removed from the grid and remains on the stamp. Figure based on my unpublished
experimental data in collaboration with Gabe Schumm. .........c...ccccooiiiiniininiiniie 46

Figure 2.27 Cleanliness of the transfer methods. TEM images of suspended 4#-BN fabricated
by polymer wet transfer (a), direct wet transfer (b), and polymer dry transfer (c). Figure
based on my unpublished experimental data. ............cceeeveeiiieriiiiiienieeeee e 48

Figure 2.28 The mixed wet and dry transfer method for vacuum sealing. (i) A bilayer
graphene membrane transferred to a PDMS stamp is cut to 1 x 1 mm and aligned to an array
of conical titanium tips embedded in SiO, wells. The stamp is slowly contacted to the chip
at 50 °C. (i1) The stack is heated to 90 °C for 5-10 minutes then the stamp is lifted slowly,
leaving the graphene behind. (iii) After the transfer, the graphene is left suspended above
the titanium tips. The tips remain grounded as a voltage is applied to the graphene, forming
a conventional Fowler-Nordheim field emitter............cccoocevieiieiiiiiininininiiiececcene 49

Figure 2.29 I-V characteristics of bilayer graphene-electrode emitter devices. Gate (blue)
and cathode (red) currents after no pumping (0 hours), 15 hours, and 48 hours of pumping at
high vacuum. Figures courtesy of Nishita Deka. ..........ccccevvieniiiiiiiiiniiniineccccce 50

Figure 3.1 Electron beam induced vacancies in Graphene and 4-BN. Vacancies produced in
graphene (a) and #-BN(b) in-situ under diffuse electron irradiation using TEM mode on the
TEAM 0.5 aberration corrected HR-TEM at 80kV. The graphene nanopore has irregular
edges with no preferred termination whereas the #-BN pore has pristine zig-zag edges.
Figure reprinted from our previously published work in Reference *.............cc.ccccovvvvnnc... 54

Figure 3.2 Cartoon of electron beam induced vacancy growth in monolayer #-BN.
Vacancies in monolayer #-BN grow as quantized triangles to retain the nitrogen zig-zag
edge termination. For each quantized triangular pore size, an image shows the atomic
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respectively. The interatomic spacing, a,, is 1.45A. Figure reprinted from our previously
published Work in Reference “..............oooveveeeeeeeeeeeeeeeeee e 56

Figure 3.3 An HR-TEM image (left) of an 2-BN vacancy with one monolayer edge (the
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0.5 nm. Figure based on our previously published work in Reference *'.............ccccoocoon.... 57
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images of vacancies formed under 80 kV electron irradiation in AA'- and AB-stacked #-BN
respectively. (a) In the AA’-stacked #-BN, we observe anti-parallel triangular vacancies in
separate layers, highlighted by red and blue triangles. We also observe bilayer vacancies
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parallel triangles in every layer as highlighted by red and blue triangles. (c) A schematic of
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Boron is shown in gold and nitrogen is shown in blue. Figure based on my unpublished
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Figure 3.5 Growth of a bilayer nanopore in AB-stacked 4-BN. (i)-(iv) shows the growth of a
bilayer nanopore from a few-atom monolayer vacancy to a 6 nm bilayer pore. (i) Initially,
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Vacancies continue to nucleate and grow. (vi) After 600 seconds, a single vacancy has
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Chapter 1

Introduction

1.1 Introduction to Two-Dimensional Materials and to This Thesis

Without changing a material’s chemical composition, its lattice shape and spacing, or even its
molecular orbital structure, the physical properties of the material can be drastically modified by
changes to its dimensionality. Classic pedagogical examples illustrate this effect such as the
difference in phase between the one-dimensional and two-dimensional Ising model or difference
in energetic properties between a free electron, a ‘particle in a box’, and a ‘particle in a ring’. By
confining the number of spatial dimensions in these examples through hard boundaries, periodic
boundary conditions, or simply removing a dimension, new phase transitions and energy gaps
arise.

While there is not yet a straightforward path to experimentally increase the number of spatial
dimensions of a substance beyond three, lower dimensional systems are routinely realized. Low-
dimensional materials — defined as materials that have at least one physical dimension near the
atomic scale — have been the subject of intense research interest for decades. ' This class includes
zero-dimensional, one dimensional, and two-dimensional materials. These low-dimensional
materials can vary tremendously from their three-dimensional counterparts: effects like quantum
confinement can induce or increase their bandgaps, high surface-to-area ratios allow for
enhanced doping and field penetration schemes, and new electronic phases and other emergent
behaviors can arise.

A prototypical example of a system that can be used to realize zero-, one-, two-, and three-
dimensional geometries is sp>-bonded carbon. The three-dimensional phase of sp*-bonded
carbon is graphite, a commonly-used naturally-occurring mineral that is well known for its use in
pencils and as a dry lubricant. Three-dimensional graphite is what is known as a layered material
because it is comprised of atomically-thin layers with weak interlayer adhesion that stack to form
a bulk crystal. >” A single layer of graphite is known as graphene, the monolayer two-
dimensional phase of sp>-bonded carbon. Unlike graphite, graphene demonstrates strong
adhesive properties in ambient conditions and electrically is a Dirac zero-gap semiconductor in
which the electrons possess a linear energy-momentum dispersion relation (similar to photons).

There are two one-dimensional forms of sp>-bonded carbon, carbon nanotubes (CNTs) and
graphene nanoribbons (GNRs). CNTs are effectively a rolled-up sheet of graphene with a
diameter near the atomic scale (i.e. approximately 1 — 10 nm) while GNRs are narrow strips of
graphene with widths near the atomic scale. Unlike graphite and graphene, CNTs and GNRs can
be semiconducting or metallic depending on their width and chirality or edge termination. Unlike
graphite, graphene, and CNTs, GNRs are not strictly a sp>-bonded carbon due to their edges. The
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zero-dimensional geometry of sp>-bonded carbon is the fullerenes. These molecules are ball
shaped meshes of generally 20 to 90 atoms. The emergence of the sp*~-bonded carbon family of
low-dimensional materials began with the discovery of the zero-dimensional C¢ (known as
buckminsterfullerene due to its geodesic dome structure) by Curl, Kroto, and Smalley in 1985 *

and continued with the first synthesis and correct identification of carbon nanotubes by Iijima in
1991.°

While three-dimensional layered materials such as graphite have been used for millennia, until
2004 it was unclear if it would ever be possible for a single two-dimensional sheet to exist on its
own due to the Mermin-Wagner theorem. >'*!" This rule suggested that long-range ordering in
two-dimensions would be impossible, and this would prevent the stability of monolayers of two-
dimensional materials. However, upon the first isolation and identification of graphene (a
monolayer of graphite) by Novoselov and Geim and later upon the first preparation of suspended
graphene samples, it became clear that two-dimensional crystals could be stable in the monolayer
limit and that there would be a much larger family of them than just graphene. >'*"

Since the first isolation of single layer graphene, dozens of other two-dimensional materials
and vast literature to support them have emerged. However, beyond just their intrinsic properties,
the ability of two-dimensional materials to span different dimensionalities has become an active
research area. By patterning monolayers in plane, one dimensional features like nanoribbons or
zero-dimensional features like antidots or artificial atoms can be generated.'*'* Because these
sheets are only one atom thick to begin with, this is a shortcut to creating lower dimensional
structures. Moreover, because these features can be embedded in a larger two-dimensional sheet,
systems hybrid low-dimensionalities can be explored such as nanomeshes (two-dimensional
sheets of one-dimensional ribbons), '® antidot arrays (two dimensional sheets of zero-
dimensional wells), '” or van der Waals heterostructures (three-dimensional stacks of two-
dimensional sheets). '*'’

In this thesis, I focus on synthetically controlling the properties of two-dimensional materials
and understanding how electron and ion irradiation can be used to induce nearly atomically-
precise zero- and one- dimensional features. I also further explore the implementation of these
patterned materials for nanopore and nanomechanical applications

In the rest of this chapter, I introduce the three materials studied in thesis, graphene,
hexagonal boron nitride (4-BN), and MoS,, and the electron microscopy techniques I use to
characterize them. In Chapter 2, I describe my work to control the properties of #-BN and
graphene synthetically and provide a detailed account of how I prepare samples of these
materials. Specifically, I focus on tuning the interlayer geometry of these materials in order to
create an alternative stacking sequence for #-BN and to later understand how this impacts
vacancy formation. In Chapter 3, I explore the effect of electron irradiation under conditions on
h-BN and study how it is impacted by the stacking of the material. I also develop a method for
near atomically-precise fabrication of nanopores and outline our work to implement them for
DNA sequencing. In Chapter 4, I explore the how helium ion irradiation impacts and can be used
pattern two-dimensional materials and their heterostructures. Finally, in Chapter 5, I demonstrate
two new geometry for two-dimensional material transducers.



1.2 Introduction to Graphene, #-BN, and MoS,
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Figure 1.1 Graphene, #1-BN, MoS, — Atomic schematics and band structures. (a)-(c) The atomic
structures of graphene (a), #-BN (b), and MoS, (c). (d)-(e) The band structures for the Dirac zero-gap
semiconductor graphene (d), insulating #-BN (e), and semiconducting MoS, (f). Figure is reprinted from
Solis-Fernandez et al in Reference .

In using two-dimensional materials as a shortcut for the creation of lower dimensional
structures, the properties of the various of materials studied dictates the ingredients that can be
used. As of 2017, there had been two-dimensional materials isolated as monolayers comprised of
more than 23 different elements. These sheets range wildly in their chemical, electrical, and
mechanical properties.”'** However, as much of modern device physics is based only on the
availability of conductors, insulators, and semiconductors, in this thesis I will focus on one of
each: graphene, #-BN, and MoS,. These species represent the three most studied two-
dimensional materials; all three are air stable and can be isolated in monolayer form using
standard laboratory equipment.

Graphene (shown in Figure 1.1(a)), which was introduced in the previous section, is a single
layer of sp>-bonded carbon in a hexagonal honeycomb configuration. Monolayers of graphene
were first isolated in 2004 by mechanical exfoliation (explained in Section 2.1) of bulk graphite.’
As previously discussed, these monolayers were demonstrated to be Dirac zero-gap
semiconductors in which the band structure is comprised of two linear ‘V-shaped’ bands that
meet with no energy gap as shown in Figure 1.1(a). >”*° The Fermi level for intrinsic graphene
lies at the Dirac point where the two bands meet. Because of its linear dispersion, the charge



carriers in graphene possess a variety of peculiar effects for impurity scattering of charges, but
these are outside of the scope of this thesis. > Intrinsic graphene possesses a high-carrier
mobility of 200,000 cm® V "' s ** and gating can be used to tune the number density and type of
carriers.

Graphene is also notable for its mechanical and chemical properties. Graphene is the strongest
material ever characterized with a Young’s modulus of 1 TPa, comparable to only carbon
nanotubes, diamond, and 4-BN. * Like bulk graphite, graphene is stable in ambient conditions;
however, because of its high surface area and exposed edges, graphene can be readily
functionalized and chemically modified. *°

Hexagonal boron nitride (2-BN), sometimes industrially and colloquially known as white
graphite, is an sp>-bonded structural analog to graphite. '® Monolayer 4-BN, first isolated in 2008
by mechanical exfoliation, *’ is structurally similar to graphene but replaces a two-carbon atom
unit cell by alternating boron and nitrogen atoms as shown in Figure 1.1(b). Due to the
asymmetry of the boron-nitrogen unit cell, an ionic-covalent bond forms and induces a 4-6 eV
bandgap as shown in Figure 1.1(b). ***° Because of this wide bandgap and the relatively low
defect densities of #-BN crystal syntheses, #-BN is a popular dielectric substrate and
encapsulation layer for other two-dimensional materials. *'~** In this way, #-BN increases the
mobility/potential homogeneity of other two-dimensional materials and provides chemical
stability to air sensitive materials.

Of the two-dimensional materials, #-BN is possibly the most chemically inert. #-BN is stable
in air up to at least 1100 °C and in vacuum up to at least 1800 °C. ** Because it is so inert, it has
proven difficult to induce chemical functionalization to #-BN; 3 however, because it is so stable,
cleaning techniques such as high temperature annealing and UV/ozone can be used on 4#-BN.**"°

Unlike graphene and 4-BN, MoS, does not have an sp*-bonded honeycomb structure. As
shown in Figure 1.1(c), each molybdenum is bonded to six sulfur atoms, requiring d-orbital
hybridization. MoS, in both its monolayer and bulk form is a semiconductor with a bandgap of
1.8 eV as shown in Figure 1.1(c). As MoS; is thinned from multilayer to monolayer, this
bandgap changes from indirect to direct, leading to enhancement in the photoluminescence of
MoS, monolayers.’” MoS, has been demonstrated as an excellent transistor material with on/off
ratios of 10°, *® and gate lengths as small as 1 nm. *°

MoS; is a member of the larger transition metal dichalcogenides (TMD) family in which a
single transition metal bonds to two Group VI elements to form the unit cell of a layered
material.** This class includes charge density wave materials such as TaS,, superconductors like
NbSe,, and topological insulators such as WSe,. However, in this thesis, I will only consider
MOSz.

Samples of Graphene, #-BN, and MoS; are obtained through either mechanical exfoliation of

bulk crystals or by chemical vapor deposition. These processes are described in detail in Chapter
2.



1.3 Introduction to Electron Microscopy

While optical characterization techniques such as Raman spectroscopy and
photoluminescence or electrical characterization techniques such as low-temperature transport
are popular for studying the bulk properties of two-dimensional materials, higher spatial
resolution is needed for studying the local nanoscopic geometry. In this thesis, I primarily rely on
electron microscopy to characterize our two-dimensional materials. I primarily refer to two
distinct types of electron microscopy: scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).

In SEM, a condensed electron beam with energy generally ranging from 1-30 kV is scanned
across a sample. As the accelerated electrons collide with the sample, secondary scattered
electrons (SE) and backscattered electrons (BSE) are generated and measured by electron
detectors above the sample. Scattered electrons are counted at each pixel along the beam path,
and the number of electrons at each point defines the grayscale contrast for the SEM image.

When a conducting material is scanned, electrons are absorbed and dissipated through the
sample and into the stage. This produces a small number of scattered electrons and thus a dark
contrast. When an insulating material is scanned, charge cannot be dissipated into the stage. and
electrons therefore accumulate in the insulator. This produces a large number of scattered
electrons and thus a bright contrast. This is illustrated by the SEM image of a multilayer flake of
insulating #-BN on conducting iron foil shown in Figure 1.2(a).

The resolution in SEM is limited by the nominal probe size and aberrations of the electron
beam. In practice, the minimum feature size that can be resolved ranges from 10-100 nm.
Because SEM relies on secondary scattered and backscattered electrons measured above the
sample, the measurement is highly surface sensitive, depending on the electron penetration depth
in the material.

In TEM, an accelerated electron beam that generally ranges from 60 — 300 kV in energy is
transmitted through an electron transparent sample to generate image. TEM techniques can be
used to image materials with 0.1 — 5 nm resolution, perform electron diffraction, and study the
atomic composition and material band structure spectroscopically. Depending on which specific
instrument is used and in what mode it is operated, different underlying mechanisms are used for
TEM imaging.

The first mode (and the one which is generally referred to with the simple TEM acronym) is
bright-field TEM. In this mode, a diffuse, collimated electron beam illuminates a sample and the
unscattered electrons produce an image directly on a camera or phosphorescent screen. Bright-
field TEM creates a projection based image in the same way an overhead projector produces a
display on a wall; spatial variations in the electron transparency of the sample (due to thickness,
atomic mass, or density among other factors) results in a spatial variation in the number of
unscattered electrons in the image plane.

The number of electrons in each position along the screen or CCD camera detector defines the
grayscale contrast of a bright-field TEM image. Therefore, a less electron transparent (thicker,
higher-Z, higher density, etc.) region will produce darker contrast while a more electron
transparent region produces brighter contrast. For homogeneous two-dimensional materials,
brighter contrast generally corresponds to thinner areas of the material. Figure 1.2(b) shows a



representative bright-field TEM image of a terraced #-BN. As the thickness decreases from
approximately ten layers (along the edges) to vacuum (inside of the small triangle), the contrast
decreases.

While it is not strictly a separate mode of TEM, the way in which high-resolution TEM (HR-
TEM) produces contrast varies from bright-field TEM. As the resolution for a given TEM
approaches or exceeds the atomic size and spacing, individual atoms and the space between them
can be resolved. HR-TEM images are produced by combining both the scattered and unscattered
electrons to form a phase-contrast image. For this type of imaging, the wavelike nature of the
electron produces real-space interference patterns which lead to spatial variation in collected
electrons. Because of this, the contrast of a given feature depends heavily on the focus of the
microscope. However, as one example, an individual atom and the open space around it behave
analogously to the classic double slit experiment in the proper focus; this thereby produces a
local maximum electron transmission below the center of the atom and gives the atom its bright
contrast. This is shown in Figure 1.2(c)

TEM can also be used to perform electron diffraction and collect reciprocal space information
about a crystal. By rearranging the objective and intermediate lenses, the diffraction plane can be
focused onto the camera or phosphorescent screen of a TEM. An aperture is placed in the first
image plane (above the diffraction plane) to select a small area of the sample for diffraction,
giving this technique the name of selected area electron diffraction (SAED). The position,
intensity, and shape of a diffraction pattern can be used to understand the configuration of a
crystal in the TEM. Figure 1.2(d) shows a representative SAED pattern of 42-BN; the hexagonal
structure of the peaks arises because the Fourier transform of #-BN’s trigonal lattice is a
hexagon. Techniques such as dark-field TEM (DF-TEM) and high-angle annular dark-field
scanning TEM (HAADF-STEM) are used to collect the diffracted electrons to produce images.
These techniques are described in more detail in Sections 3.2.4, 3.2.5, and 4.2.



Figure 1.2 Electron microscopy examples. (2) An SEM image of triangular multilayer 4#-BN flakes on
iron foil. (b) A TEM image of a terraced #-BN region. The brightest contrasted triangle is vacuum while
the darkest contrast is approximately 10 layers. (c) An HR-TEM image of a holey single layer of
graphene. (d) An SAED pattern from a region of #2-BN. The peaks are arranged in a hexagonal structure
because the Fourier transform of #-BN’s trigonal lattice is a hexagon. (a) & (d) are reprinted from our
previously published work in References *' & ** respectively. (b), (d) are unpublished experimental data.



Chapter 2

Bulk crystal exfoliation, CVD synthesis, and sample preparation of
two-dimensional boron nitride and related materials

The methods used for sample preparation or synthesis of a material can vastly affect its
properties without disturbing its overall composition. Factors such as domain size and stacking,
defect density, built-in stress, and cleanliness can have major impacts on a material. In order to
better understand and control the properties of the two-dimensional materials, in this chapter, I
explore how single to few-layer graphene, #-BN, and MoS; are prepared and transferred to
arbitrary substrates. In particular, I take I deep dive to explore how the stacking sequence of /-
BN can be controlled during its growth, and I further draw a strong comparison between the
growth mechanisms for #-BN and graphene.

First, I start by introducing how high-quality, thin flakes can be isolated from bulk crystals by
mechanical exfoliation. Next, I explain how these materials are synthesized at large scales by
chemical vapor deposition (CVD) on transition metal foils; I focus on how my work towards
understanding how the growth mechanics of these processes can allow for the tuning of both the
thickness and interlayer stacking of these layered materials. Based on this understanding, 1
present an original method for the synthesis of the previously unobserved Bernal stacking of -
BN.

Finally, I present several methods used for the transfer of graphene and #-BN. I primarily
focus on three methods 1.) a polymer assisted wet transfer, 2.) a polymer free wet direct transfer,
and 3.) a dry aligned transfer. I show how each of these methods perform in the fabrication of
TEM samples and demonstrate how our dry transfer methods allow us to create large scale arrays
of vacuum sealed cavities.

2.1 Bulk Crystal Exfoliation of Two-Dimensional Materials

Due to their weak interlayer bonds, one popular method for obtaining single and few layers of
graphene, #-BN, and other two-dimensional materials is to cleave them from bulk single-crystals
of the layered material.'> This process, known as mechanical exfoliation, was the first technique
used to isolate single-layer graphene,” ~-BN,” and the several of the TMDs.'>*"%%

Because high-quality bulk crystals of these materials are either naturally abundant (in the case
of graphene and MoS,)™'**** or can be readily synthesized’>****** (in the case of #-BN and
several other TMDs), mechanical exfoliation generally yields the highest quality single crystal
flakes of two-dimensional materials as identified by high-carrier mobility in graphene,**~* and
narrow optical linewidths in the TMDs and A-BN.***
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Figure 2.1 The process flow of mechanical of exfoliation of two-dimensional materials. (a) Single
crystals are adhered to a piece of tape. (b) The tape is folded and peeled several times. (c) Several thin
flakes are observed on the tape. (d) The tape is carefully adhered to a target substrate. (¢) The tape is
slowly peeled leaving behind thin flakes.

The process flow for mechanical exfoliation is shown in Figure 2.1. First, a bulk crystal of a
two-dimensional material is fixed on an adhesive surface such that the basal plane is parallel to
the surface. Usually, the adhesive is either scotch tape or blue wafer tape, but others such as
PDMS can be used.

Next, a second piece of the adhesive (or a folded section of the first) is stuck to and carefully
peeled from the first. This results in an interlayer cleavage of the two-dimensional material and
thereby yields thinner crystals on both pieces. This peeling is continued until a high-coverage of
thin flakes are obtained; this judgement is highly subjective and still seems to rely heavily on
individual preference and experience. An important factor to consider in this step is the ratio
between the interlayer adhesion and in-plane strength. Repeated peeling is necessary in order to
obtain thin flakes of layered materials; however, if the crystal is too fragile in plane, the flakes
will break laterally, and the exfoliated crystals will be too small.

After thin crystals are obtained, they can be transferred to a substrate directly using the
adhesive. The adhesive is carefully applied to the substrate (while avoiding trapped air bubbles)
and slowly peeled off. Traditionally in this step, flakes are either transferred to SiO, on Si or
PDMS. To enhance the transfer, the substrate surface can be treated; for example, SiO; on Si
surfaces can be exposed to oxygen plasma, increasing the adhesion to graphene flakes. However,
plasma treating can make it difficult to remove the exfoliated flake later on using the methods
outlined in Section 2.3.3.
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Figure 2.2 Optical identification of flake thickness. (a) An optical image of exfoliated #-BN flakes on
285 nm SiO; on Si. The region indicated by the arrow is a monolayer and can be distinguished by its
color and contrast. (b) A reflectance versus film thickness and wavelength plot on 285 nm SiO, on Si.
This can be used to determine the color of a flake based on /#-BN thickness. (¢) An optical image of an
exfoliated MoS, flake on PDMS as it tapers from multilayer to monolayer. The thickness can be deduced
by the grayscale reflectivity under white light. (d) The reflectivity profiled of the MoS; flake in (c),
labelled with layer numbers. (a), (c), and (d) are from my unpublished work. (b) is reprinted from Anzai
et al in Reference

The size and thickness of exfoliated flakes can be identified optically. *"*° Figure 2.2 shows

representative exfoliated #-BN flakes on Si/Si0, (a) and MoS, flakes on PDMS (¢). The
thickness of the #-BN can be identified by color contrast; due to thin film interference, different
thicknesses of 4#-BN result in different colors. * Figure 2.2(b) shows a plot of reflectivity versus
thickness for 2-BN. *’ For monolayer samples, it shows only blue light is reflected with white
light irradiation. As the sample becomes thicker, higher wavelengths are reflected resulting in
teal, green, yellow, orange, then red flakes in order. Therefore, the monolayer region in Figure
2.2(a) (denoted by the arrow) can be identified by its faint blue color.

By contrast, the thickness of the thin MoS, flake exfoliated on PDMS shown in Figure 2.2(c)
can be identified by its gray scale contrast. From bottom left to top right, the intensity of the
reflected light decreases as the MoS; becomes thinner. In the few layer limit, the contrast falls
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off linearly with layer number. In Figure 2.2(d), the single layer contrast is approximately 10
counts; therefore, the thinnest region is monolayer, the next thinnest region is 4-layer, and the
next region is 6-layers.

2.2 Synthesis of 7-BN by Chemical Vapor Deposition (CVD)

Due to the relatively small size (tens to hundreds of microns laterally) of flakes of #-BN,
graphene, and other two-dimensional materials generally produced by exfoliation, it is not yet
practical to use this technique at scale. Therefore, despite the high quality of materials produced
by exfoliation, it is worthwhile to consider other synthetic methods that lend themselves to more
readily to producing high-coverage of thin flakes and films.

Chemical vapor deposition (CVD) is a process in which a catalytic target substrate is exposed
to a gaseous precursor, causing the precursor to react with or decompose onto the substrate
surface, thereby producing the desired film. These processes can range across a variety of
temperatures, pressures, and precursor volatilities.

CVD has been demonstrated to quickly produce full coverage of single to few layer films and
flakes of two-dimensional materials over large areas on a variety of substrates. Since the initial
demonstration of CVD synthesis of monolayer graphene by the Li et al in 2009, °' monolayers of
h-BN, °*> and MoS; and a total of 47 TMDs (including alloys), >*>® to name a few, have all
been produced by CVD.

In addition to producing a large number of materials, CVD synthesis also delivers on
producing material properties out of the range of bulk crystal growth. Full coverage monolayer
graphene has been grown at the meter scale, >"® single crystals of graphene and #-BN have been
prepared at the wafer scale, > and centimeter sized flakes of these materials have been
synthesized. ® Covalently and non-covalently bound in-plane heterostructures of various two-
dimensional materials have been prepared and pristinely stacked vertical heterostructures have
been achieved. ®' " While the quality of CVD material is not yet consistently equal to bulk
crystal growths (in terms of defect density, mobility, and optical properties), CVD two
dimensional materials can be prepared with high quality and properties unattainable in exfoliated
flakes.

In this chapter, I consider the low-pressure CVD (LP-CVD) syntheses of #-BN and graphene.
In these processes, relatively non-volatile precursor molecules (BH3NH;3 and CHj3 for #-BN and
graphene respectively) are catalytically decomposed on a transition metal surface at high
temperature (>1000 °C). °”* As the precursor molecules decompose, they react with one another
on the surface forming flakes or films of the desired two-dimensional material.
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Figure 2.3 A schematic (top) and photo (bottom) of an #-BN CVD furnace. From left to right, the
schematic and picture show 1.) hydrogen and argon sources (tuned by a mass flow controller) feed the
carrier gases toward the reaction area, 2.) solid ammonia-borane (BH;NH3) is thermally degraded and its
gaseous byproducts are pushed by the carrier gas, 3.) a transition metal foil is heated in a quartz tube as A-
BN grows on its surface, and 4.) the gases are removed using a mechanical roughing pump (which is
chemically isolated using a liquid nitrogen cold trap as seen in the photo). Figure based on our previously
published work in Reference *'.

Figure 2.3 shows a schematic (top) and picture (bottom) of one of the LP-CVD furnace
systems used in this work. Both are shown as configured for #-BN synthesis, but graphene
growth can be substituted by adding methane gas and removing the solid ammonia borane
(BH3NHj3) precursor. In this particular 2-BN CVD process, a copper foil is heated under low-
pressure mixed argon/hydrogen gas flow. In this first step, the sample is annealed (>1000 °C for
0.5 — 12 hours) to reduce oxygen defects, burn off hydrocarbons, smooth the foil surface, and
increase the domain size of the polycrystalline foil. After annealing, precursor molecules are
introduced. In the case of 2-BN synthesis shown, ammonia borane precursor is heated and
thermally decomposed at ~80 °C. Precursor molecules are then carried by the Ar/H, flow
towards the copper catalyst. The precursor then further decomposes on the catalyst surface and
reacts to form /4-BN.

After the growth, samples of #-BN and graphene are characterized by SEM, TEM, Raman
spectroscopy, and atomic force microscopy (AFM). In this chapter, however, I will mainly
consider only SEM and TEM imaging.
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Figure 2.4 Characterization of CVD A-BN and graphene. (a)-(b) Representative SEM images of few
layer CVD £-BN (a) and graphene (b). (a) In the ~-BN sample, a dark triangle (highlighted by the red
dashes) can be seen on a light background. The light background is a copper foil and the dark triangle is
an #-BN monolayer. The concentric light triangle is an #-BN ad-layer (a spot where the 4#-BN is locally
multilayer). The arrow points to a line along a region where multiple monolayers have merged. This line
is a wrinkle in the #-BN and can be used to detect full coverage layers from SEM images. (b) In the
graphene sample, a dark hexagon (highlighted by the blue dashes) is seen on a light background. The light
background, again, is the copper foil, and the dark hexagon is a single layer graphene flake. The
concentric dark hexagon within the larger hexagon is a multilayer region of graphene. (a) is reprinted
from my previously published work in Reference *'. (b) is original unpublished data.

Figure 2.4(a) and (b) show what #-BN and graphene look like through SEM imaging. As
introduced in Section 1.3, SEM generates an image by scanning a focused electron beam across a
sample and measuring the backscattered electrons from each point. Therefore, contrast from
SEM is generated based on how readily electrons backscatter from a material. For example,
highly electron charged materials (e.g. insulators under an electron beam) will appear bright
while metals that can disperse charge will appear dark.

In Figure 2.4(a), the single layer flake of #-BN is identifiable based on its dark contrast
versus the brighter surrounding copper, as is consistent with the literature,”*%*" despite its
insulating nature. Conversely, the multilayer 4-BN triangle (the concentric triangle at the center
of the single layer flake) is identifiable by its bright contrast. This leads to the counterintuitive
conclusion that monolayer #-BN on copper produces darker contrast and scatters fewer electrons
than the copper itself which in turn produces darker contrast and scatters fewer electrons than
multilayer #-BN.

I propose this contrast occurs because for monolayers of #-BN, the entire monolayer is in
contact with (and potentially covalently bonded to) the copper substrate; therefore, when
electrons are injected by the SEM, they are efficiently moved into the copper foil without
charging the 4-BN. The 4-BN can simultaneously block backscattering from the copper surface.
This lack of charging and backscattering allows the single layer #-BN to appear dark relative to
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both the copper and multilayer #-BN. For the multilayer #-BN, only the bottom layer is in
contact with the copper. Therefore, the insulating top layers of #-BN cannot disperse their charge
and appear bright by SEM. The partial coverage #-BN flakes grow as triangles due to the three-
fold rotation symmetry of the lattice.

In Figure 2.4(b), both the single layer and multilayer flakes of conducting graphene are
identifiable based on their darker contrast. Graphene flakes grow as hexagons due to the six-fold
symmetry of their lattice. However, the shape of the graphene crystals does not form as perfectly
as the 4-BN triangles due to the speed and stochastic nature of the growth.

2.2.1 Synthesis of 2-BN Monolayers by CVD

This section is based on our previously published work in Reference *'.

Similar to what has been previously observed in CVD synthesis of graphene, we find that /-
BN CVD on copper foil using ammonia borane as a precursor is limited to monolayers over a
large range of growth times, temperatures, precursor flows, and pressures. In graphene, it is
understood that this monolayer growth proceeds by the following steps >'°*%:

1. Precursor molecules (typically methane) are chemically decomposed on the surface of
the copper foil catalyst

2. Carbon atoms dissolve into the metal until the solid solution is locally saturated.

3. Graphene domains begin to nucleate as additional molecules decompose or precipitate
from the bulk

4. Individual graphene domains continue to grow and merge into a polycrystalline film

5. The monolayer film grows to fully cover the foil and growth terminates as the
precursor no longer has access to the catalyst

In principle, multiple layers can grow; in fact, multilayered ad-layers frequently form at the
nucleation site of the crystal, in both graphene and 4-BN. **°""* However, under normal growth
conditions, the catalyst is fully covered by the monolayer film and the growth is fully arrested
before a high coverage of multilayer flakes forms.

We observe similar mechanics for the CVD growth of #-BN to that of graphene as depicted
schematically in Figure 2.5 and shown in the SEM images in Figure 2.6. First, triangular
domains of monolayer 4#-BN form about a nucleation site at the triangles centroid as shown
schematically in Figure 2.5(a) and in the SEM image in Figure 2.6(a). These triangular crystals
grow laterally and eventually merge into polycrystalline sheets as shown in Figure 2.5(b) and in
Figure 2.6(a). These sheets continue to grow and merge with other monolayer crystals to
ultimately comprise a full coverage monolayer sheet.

Once a full-coverage monolayer sheet forms as shown in Figure 2.5(c) and in Figure 2.6(b)-
(c), the growth is terminated as ammonia borane precursor molecules can no longer access the
catalyst where they decompose. As a result, growths of both 30 minutes and 60 minutes result in
monolayer films with few multilayer regions in Figure 2.6.
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Figure 2.5 A cartoon illustrating the CVD synthesis of monolayer #-BN. (a) Initially, triangular
monolayer single crystals form as precursor molecules adsorb and react on the transition metal catalyst
surface. (b) As the monolayer crystals grow, their growth fronts collide and the crystals merge, forming
polycrystalline films. (c) Eventually, the catalyst becomes fully covered by a polycrystalline monolayer
film and the precursor no longer has access to the foil. This terminates the growth with the single layer
sheet of #-BN. Figure based on our previously published work in Reference *'.

15 min 60 min

Figure 2.6 Growth progress of monolayer 2-BN. SEM images are shown of three separate CVD
syntheses of #-BN on copper foil that are prepared under identical annealing, temperature, precursor, and
carrier gas flow (20 sccm H; and 80 sccm Ar) conditions. The growth time is varied between 15 minutes
(a), 30 minutes (b), and 60 minutes (c). (a) After 15 minutes, triangular monolayer #-BN crystals have
formed and some have begun to merge. (b) After 30 minutes, a full coverage polycrystalline monolayer
film has formed from the merging of the #-BN crystals. Wrinkles (white lines) and ad-layers (white
triangles) are visible. (¢) After 60 minutes, there has been no additional growth versus 30 minutes because
the growth has terminated. There are no additional ad-layers versus 30 minutes. Scale bars are 10 um.
Figure based on our previously published work in Reference *'.
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2.2.2 Multilayer #-BN and its Stacking Sequences

This section is based on our previously published work in Reference *'. Theoretical
calculations are performed by Dr. Mehmet Dogan under the supervision of Prof. Marvin L.
Cohen.

Interlayer Shift .
0 (¥)14A

AA AB “ Boron

o @ Nitrogen
Interlayer
Rotation AA’ AB1' AB2’
60°

Figure 2.7 Schematics of the 5 high-symmetry stackings in bilayer 4#-BN. In the top half of the figure,
the rotationally aligned stacking configurations, AA and AB, are shown. AA is formed by stacking B to B
and N to N in two aligned layers. AB is formed by translating one layer by a single bond length (1.4 A)”'
to stack N to B as shown by the red arrow. In the bottom half of the figure, the rotationally anti-aligned
stacking configurations, AA', ABI', and AB2', are shown. AA' is formed by stacking two anti-aligned
layers B to N and N to B. AB1' is formed by translating one layer such that the layers stack B to B while
AB?2'is formed by translating one layer such that they stack N to N. Figure reprinted from our previously
published work in Reference *'.

Multilayer two-dimensional materials can take on a variety of twist angles and stacking
sequences; generally, however, these materials take on high symmetry stacking sequences during
high-temperature chemical synthesis. In this section, the possible stacking sequences for #-BN
synthesized by CVD are considered.

Figure 2.7 schematically shows the five high-symmetry stacking sequence possibilities for
multilayer 2-BN. Boron and nitrogen atoms are indicated in gold and blue, respectively. In each
schematic, only two superposed atomic sheets or layers are shown, and for visual clarity atoms in
the top layer have been drawn slightly smaller than atoms in the bottom layer. Because there is
no nomenclature consensus in the literature for all of these stacking sequences, a naming
convention is adopted where “prime” denotes a 60° rotation, and the letters A and B are used in
the standard way as for graphite.
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AA is the simplest stacking sequence; here the atoms in consecutive layers exactly align (B on
B, and N on N). AA' is obtained from AA by rotating every other layer by 60° and aligning the
hexagons (B on N). AB is obtained from AA by shifting every other layer, as demonstrated by
the red arrow in the upper right panel of the figure, which yields a structure where half of the B
atoms align with half of the N atoms, and the remaining half of the atoms align with the centers
of the hexagons in the neighboring layers. Shifting every second layer in AA’, as demonstrated
by the red arrows in the lower right two panels of Fig. 1, yields AB1’ and AB2'. In AB1’' (AB2’),
all the B (N) atoms are aligned, and all the N (B) atoms align with the centers of the hexagons in
the neighboring layers. Applying to AA the same lateral shift as gives AB2' from AA' yields an
equivalent structure to AB; therefore, there are a total of five physically distinct structures that
preserve the three-fold symmetry. Despite the existence of these five total distinct structures, AB
stacking, also called Bernal stacking, is the stacking sequence most prevalent in naturally-
occurring crystalline graphite,”* while virtually all 2-BN produced today and used in laboratories

worldwide has the stacking sequence AA'. "7

In order to understand the energetics for #-BN stacking, we collaborate with the group of
Marvin L. Cohen to theoretically describe the stacks. The total cohesive energy, electronic band
structure, and dielectric response tensor for the infinite crystal (bulk) and bilayer forms of 4-BN,
in the five physically distinct stacking sequences were calculated by Dr. Mehmet Dogan (under
the supervision of Prof. Cohen and in collaboration with Dr. Sehoon Oh) using density functional
theory (DFT). Similar calculations for total energy and band structure had been published
previously by various other groups, but because the results are highly sensitive to the
computational details such as the exchange-correlation functional and the van der Waals scheme,
they yield inconsistencies.”® ™!

Table 2.1 presents the total energies of bulk and bilayer #-BN in the different stacking
sequences, as computed using DFT. Because it is most commonly observed in the literature, we
take the AA’ stacking to be the reference and set its energy to zero. The results from previous
studies are also included in Table 2.1 for comparison. We find AB to be the ground state (i.e. it
has the lowest overall energy) for both bulk and bilayer #-BN. However, AA’ is quite close in
energy (3 meV per unit cell higher for bulk). AB1’ is next closest in energy (8 meV per unit cell
higher for bulk). This hierarchy is consistent with some reports in the literature’>*' but at odds
with others’®””. We also find that AA and AB2’, while close to each other in energy, are
significantly higher in energy than the other three stackings. This can be understood by simple
arguments such as those suggested in Ref. **. Aligning negatively charged nitrogen atoms with
large electron clouds causes a repulsive Pauli interaction between the layers, increasing the total
energies and the interlayer distances to 3.64 A for AA and 3.54 A for AB2’ (from 3.33 A for
AA’, AB and AB1’). We note that these two high-energy stackings are also energetically
unstable, i.e. they do not correspond to local energy minima in the configuration landscape and
relax to one of the stable configurations when the atoms are slightly perturbed.
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Energy (meV per cell) Method AA | AA' | AB | AB1' | AB?
Present GGA+TS vdW 48 =0 -3 5 42
Liu (2003)” LDA 56 0 0 8 48
. 76
bulk Ooi (2006) LDA 51 0 6 25 48
Hu (2011)" LDA 52 0 -2 6 47
Constantinescu LMP2 80 0 3 25 82
(2013)”
Present GGA+TS vdW 21 =0 -2 2 18
Riberio (2011)* GGA 13 0 0 3 10
bilayer Constantinescu LMP2 40 0 0 9 33
(2013)”
Fujimoto (2016)"' LDA 24 0 2 2 22

Table 2.1 Computed total energies of the five high-symmetry stackings of #-BN in its bulk and bilayer
forms. We use density functional theory (DFT) with the Perdew-Burke-Ernzerhof generalized gradient
approximation (PBE GGA)*’ and norm-conserving pseudopotentials. To include the interlayer van der
Waals (vdW) interactions, we have used the Tkatchenko-Scheffler (TS) correction as described in the
supplement. Energies are referenced to the commonly known AA' stacking, and are in meV per unit cell
(two B and two N atoms). Calculations performed by Mehmet Dogan under the supervision of Prof.
Marvin Cohen. This table is presented in our previously published work in Reference *'.
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Figure 2.8 Band structures of high symmetry /#-BN stackings. The electronic structure and bandgaps
of the five physically distinct high-symmetry stackings of bilayer hexagonal boron nitride, AA, AA', AB,
ABI', and AB2', are shown from left to right. The red (blue) coloring of a band indicates the boron
(nitrogen) 2s or 2p character of that band. Calculations performed by Mehmet Dogan under the
ilupervision of Prof. Marvin L. Cohen. Figure reprinted from our previously published work in Reference
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Figure 2.8 shows our calculated band structure for #-BN bilayers of each high-symmetry
configuration (assumed suspended in vacuum). The zeros of the energy levels are set to the
vacuum level for each structure so that there is a common reference between the plots. For
additional insight, we have projected the Kohn-Sham wave-functions onto the atomic orbitals for
each point along the bands we have computed. The resulting atomic orbital characteristics are
designated by red (blue) coloring for boron (nitrogen) n=2 (2s & 2p) orbitals. We observe that
the top of the valence band mostly consists of nitrogen n=2 orbitals, and the bottom of the
conduction band mostly consists of boron n=2 orbitals, which verifies the ionic character of the
intra-layer bonds in #-BN, and is consistent with a large-gap insulator.

The band gaps we have obtained for #-BN in its bulk and bilayer forms are summarized in
Table 2.2. Due to the underestimation of band gaps in DFT, the values tabulated are expected to
be much lower than experimental measurements, which are in the 4 to 7 eV range. ’° However,
the relative values of the computed gaps can be expected to be mostly accurate. For instance, in
Refs. * and 7®, the bandgaps are computed with and without a GW correction, respectively, and
it is found that the GW correction adds about 1.6 eV to the value of each gap. We also expect the
shapes of the bands to be correctly predicted by DFT; therefore, the predictions as to whether a
band gap is direct or indirect are reliable. We find that both AA’ and AB have indirect gaps.
However, the AB structure allows an optical transition at the K point with an energy only 1%
larger than the band gap. This is a key feature distinguishing the electronic structure of AB
stacking from AA' stacking in 4-BN.

Table 2.3 summarizes our calculations for the dielectric tensor of bilayer and bulk 4-BN, for
the five selected stacking sequences. Because of the high symmetry of #-BN, the dielectric tensor
only has two distinct non-zero values: the in-plane e=¢,y (Which we denote as g), and the out-
of-plane &,, (which we denote as ¢, ). We compute the dielectric tensor in two frequency limits:
€, and g, for high and low frequency, respectively. In the Born-Oppenheimer approximation, for
high-frequency electric field response, the nuclei can be thought of as stationary, and the
electronic response dominates. In this case, the dielectric response is described by €., which we
compute via the density functional perturbation theory. * For low-frequency electric-field
responseg,5 €9, we compute the relaxed-ion dielectric tensor, following the methodology proposed
by Ref. ™.

We find that the dielectric tensor values for AA’, AB and AB1' are very close, and larger than
the values for AA and AB2' by 0.2 to 0.4. This simple trend can be understood as a result of the
difference in the interlayer distance between these two groups of stackings. In the former group,
which has smaller interlayer distances, the dielectric material simply occupies a larger portion of
the space, leading to a larger dielectric tensor. Our results for the relaxed-ion tensors indicate that
the response of the nuclei to a finite electric field does not significantly depend on the stacking,
further emphasizing the weakness of the interlayer ionic interactions. We have also compared
our results with Ref. *® for the AA’ stacking, which, to our knowledge, is the only available
calculation of these values in the literature. Our results are in good agreement for the in-plane
dielectric constant values, and in reasonable agreement for the out-of-plane values. For the €
values in the bilayer case, we have carefully corrected for the existence of vacuum in our
simulations by applying the combined capacitor rules, as described in Ref. *°. For the slab
thickness, we have used twice the value of the interlayer distance in each stacking.

19



Band gap (eV) Method AA AA' AB ABI' AB2'
Present GGA+TS vdW | 3.7248 (d) | 4.2932(i) | 4.3751 (i) | 3.6470 (i) | 3.6245 (i)
Liu (2003)" LDA 3226 () | 4.027() | 4.208() | 3.395(d) | 3.433(i)
bulk Ooi (2006)" GGA 3.12 (d) 4.28 (i) 4.39 (i) 3.66 (i) 3.23 (i)
Hu (2011)™® LDA 3352(i) | 4.015(@) | 4.202() | 3.407 (i) 3.369 (i)
Hu (2012)* GW 4.96 5.73 5.87 5.01 4.96
Present GGA+TS vdW | 4.1986 (d) | 4.5249 (i) | 4.5032 (i) | 4.1432(d) | 4.2569 (i)
bilayer Riberio (2011)* GGA 423 4.69 4.60 4.29 4.52
F(;{)ifg)’é? LDA 4.05 (d) 4.34 (i) 4.36 (i) 4.01 (d) 4.08 (i)

Table 2.2 Electronic band gaps for #-BN in its five high-symmetry stackings, listed for the bulk and
bilayer cases. Indirect and direct band gaps are denoted by “(i)” and “(d)”, respectively. Calculations
performed by Mehmet Dogan under the supervision of Prof. Marvin Cohen. This table is presented in our
previously published work in Reference *'.

T

AA | AA" | AB | AB1' | AB2 | AA'[Laturia2018]

Bulk | 441 | 471 | 480 | 478 | 4.49 4.98

e bilayer | 440 | 4.68 | 4.74 | 475 | 443 4.97
bulk | 6.58 | 6.88 | 6.96 | 6.95 | 6.53 6.93

w bilayer | 6.41 | 6.87 | 695 | 6.95 | 6.45 6.86
bulk | 228 | 2.64 | 2.66 | 2.61 | 230 3.03

e bilayer | 2.27 | 2.61 | 2.66 | 2.60 | 2.29 2.91
bulk | 2.80 | 3.17 | 3.15 | 3.02 | 2.59 3.76

€10
bilayer | 2.54 | 3.07 | 3.12 | 3.00 | 2.57 3.44

Table 2.3 The high frequency (clamped-ion) and low frequency (free-ion) dielectric tensor elements for
the five high-symmetry stackings of #-BN. The values are relative to vacuum permittivity (¢ vacuum=1).
Calculations performed by Mehmet Dogan under the supervision of Prof. Marvin Cohen. This table is
presented in our previously published work in Reference *'.
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2.2.3 Synthesis of Bernal Stacked #-BN

This section is based on our previously published work in Reference *'.

The original synthesis of ~-BN by Balmain in 1842°”" yielded material with AA' stacking,
and this situation continues today: virtually all #-BN produced by all synthetic routes has the AA'
stacking sequence. However, our total energy calculation results presented in Table 2.1 suggest
that of the 5 high symmetry stacking sequences of #-BN, only AA and AB2' structures are likely
highly unstable. The remaining three sequences, AA', AB, and AB1' are relatively close in
energy, with AB representing the ground state. This begs the question, is a synthesis route
possible that allows access to the distinct AB Bernal ground state structure, or possibly the
slightly higher energy AB1' configuration?

Apart from the properties discussed above, AB Bernal-stacked #-BN has been predicted to
possess a tunable bandgap, along with other unique optical features.*” ' Previous experimental
studies have observed tantalizing small pockets of AB-stacked bilayer #-BN.”***** Therefore,
we are motivated to develop a viable synthetic route for the reliable synthesis of AB-stacked /-
BN, a new form of two-dimensional insulator.

We employ LP-CVD on a transition metal surface to select the stacking growth sequence of
h-BN. We find that the growth can be tuned from conventional AA' growth to exclusively Bernal
AB growth, on both Cu and Fe substrates. High-Resolution Transmission Electron Microscopy
(HRTEM) and Selected Area Electron Diffraction (SAED) are used to reveal the Bernal-stacking
of the resulting multilayer flakes.

Figure 2.3 shows the furnace setup used for the synthesis. Similar to Ref. ** and our previous
work**”*, we employ a two-zone heating approach in which the gaseous thermal decomposition
products of solid ammonia-borane (heated at 70-90 °C in region Ty in Fig. S1) react to form -
BN on a transition metal catalyst (heated at 1025 °C in region T, in Fig. S1). Our synthesis
method for Bernal-stacked 4#-BN differs from previous ammonia-borane based LP-CVD growths
of 4-BN in its combination of relatively low precursor temperatures (75-85 °C) and high
hydrogen gas flows (100-200 sccm). *>**%*%® Additional details on the growth are available in
the supplementary methods sections of Refs. *'**,

Figure 2.9 shows two representative SEM images of few-layer #-BN flakes grown on Fe via
the LP-CVD method (30 min, 100 sccm H,). The concentric triangular shape and 40+ pm size of
the flakes are representative of those grown over much of the entire metal substrate, with an
average total substrate coverage by #-BN of approximately 50-90% depending on the growth
conditions. Generally, AB-stacked /#-BN is expected to grow as concentric triangles due to
alignment between the layers. AB-stacking in #-BN and MoS; has been previously identified
based on the presence of concentric triangles.
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Figure 2.9 SEM of AB-stacked /-BN on iron foil. (a,b) SEM images of multilayer #-BN crystals as-
grown on iron foil for 1 hour under 100 sccm H,. The A-BN single crystals are bright contrasted
concentric triangles on a dark background of iron. Concentric triangles are additional layers stacked
together. Brighter contrast indicates additional layers. (a) shows >10 separate layers stacked together with
a large variation in width (2-30 pm) while (b) shows a more continuous region of multilayer #-BN over
~40 pm that is surrounded by smaller thicker #-BN triangles. Scale bars are (a) 10 um, (b) 15 um. Figure
based on our previously published work in Reference *'.
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We examine the stacking sequence of the #-BN by SAED and HRTEM. Electron diffraction
can be used to deduce the stacking sequence of a layered material because it is a probe of the
structure factor of the crystal.”®” For low order diffraction peaks, the intensity /(g) of a given
peak at a given inverse lattice coordinate ¢ = hb; + kb, is given by:

2
i

Where R; and f; are the atomic position and scattering factor for the i-th atom in the unit cell.
¢(q) is an exponentially decaying function that describes how the intensity of the beam falls off
due to lattice vibrations for increasing q as a function of beam energy and temperature. For the
purposes of these calculations, we assume that fz =fy=fzn.

For AA' (or AA) stacked /#-BN, the intensity of a given diffraction peak q is:

1(q) » ¢(q,T,E)

2
= 16 N2 fz° cos? <(h + k) %)

2 1
I(q) ~ N? fgy |4C05<EQ'R)
Therefore:

I(q) =4N? fzn® @(q) for h + k # 0 mod 3
I(q) =16 N2 fzn® @(q) for h + k = 0 mod 3

Using the above relationship, the ratio of the first order diffraction peaks to the second order
diffraction peaks is:

_L(@ _1¢(@=<010>)
MWL) 4e(@=<120>)

For AB (or AB1'/AB2') stacked 4-BN, the intensity of a given diffraction peak q is:

2
2
I(g) ~ N2 fon?l2 +2cosq - RI> = 4N? fz” <1+C°S <(h+k>?n>>

1(q) = N? fzn® @(q) for h + k # 0 mod 3
I(q) =16 N? fzn® @(q) for h + k = 0 mod 3

And that the ratio of the first order diffraction peaks to the second order diffraction peaks is:

L@ 1¢(@=<010>)
TL(q) 16p(@=<120>)

RAB

This shows that the ratio R, is 4 times smaller than R, 4,. Therefore, the ratio of the first
order to second order intensity of AB stacked 4-BN should be 4 times as small as in AA".
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Figure 2.10 A comparison of representative SAED patterns in AA' and AB stacked #-BN. (Top) A
comparison of representative SAED patterns for a thick regions of multilayer exfoliated AA' (a) and LP-
CVD AB stacked 4-BN (b). The diffraction peak indices are written as < h k 1 > where g = hb; + kb, +
Ibs. (Bottom) The ratio of the intensities of the first-order <010> and second order <120> peaks are
compared to determine the stacking order of the #2-BN. The ratios of ~1.1 on the right is indicative of AA'
stacking and the ration of ~0.3 on the right indicative that the stacking is AB, AB1', or AB2' as detailed in
the text. Figure based on our previously published work in *'.

Figure 2.10 compares the SAED patterns of an 4-BN flake originally grown via LP-CVD on
an Fe substrate (a) to that of a standard exfoliated AA' stacked sample (b). In our samples, for
the AA'-stacked sample, the ratio of these intensities is ~1.1 while for the CVD grown Bernal
stacked sample, the ratio of the intensities of the first-order <010> and second-order <110>
diffraction peaks is ~0.3 as shown in the bottom of Figure 2.10. This is roughly consistent with
our prediction that the ratio R4y, should be 4 times larger than the ratio Ryp.
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Figure 2.11 Simulated Electron Diffraction in 2-BN. (Left) A simulated diffraction pattern for bulk
AA' stacked #-BN using the Single Crystal software package. (Center) A simulated diffraction pattern for
bulk AB stacked #-BN. (Right) A simulated diffraction pattern for bulk ABC stacked rhombohedral BN.
For the AA’ stacked 4-BN, the first-order <010> and second order <110> peaks are approximately equal.
For the Bernal stacked #-BN the first order peak is smaller and thereby less intense than the second order
peak. For the thombohedral BN there is no first order peak. Figure prepared by Brian Shevitski and
reprinted from our previously published work in Reference *'.

We simulate the diffraction patterns of the stable bulk configurations of #-BN with AA’" and
AB stackings using the Single Crystal software package (as shown in Fig. S2) and compare with
our measured values. Although ABC-stacked rhombohedral BN does not belong to the #-BN
class, we also simulate the diffraction patterns for it to rule out this stacking in our material.'*'"!
The experimental first-order to second-order ratio of ~0.3 is consistent with the simulated ratio
of 0.28 for AB stacked #-BN while the simulation of AA’ yields a ratio of 1.1 and ABC yields a
ratio of 0. These ratios of intensities are comparable to results in graphene.” This result indicates
that the as grown /-BN is either AB, AB1', or AB2' stacked, as they possess similar intensity
ratios.
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Figure 2.12 HR-TEM of AB stacked A-BN. (a) An aberration corrected HR-TEM focal series
reconstruction of a region of Bernal stacked #-BN. (b)-(c) Two nearby mixed bilayer/monolayer regions
of h-BN as cropped from the full image shown (a). The red-dashed triangles denote the boundary between
the monolayer/vacuum(inner) and the bilayer(outer) areas. (d) A schematic of the position of each atom in
(b)-(c). The atomic positions are deduced as described in the text. The opaque yellow lines in (b)-(d) trace
the line of stacked atoms in the bilayer region to highlight the alignment of the left and right monolayer
regions. Figure reprinted from our previously published work in Reference *'.

0
A

To differentiate between these stackings, we perform HR-TEM on a bilayer region of
material. Figure 2.12(a) shows an aberration corrected HR-TEM focal series reconstruction
acquired at 80 kV. Two nearby mixed monolayer/bilayer regions of the multilayer #-BN as
cropped from the full image are shown in Figure 2.12(b)-(c). The atomic positions in each
region are deduced from Figure 2.12(b)-(c) and are sketched in Figure 2.12(d). Based on the
atomic positions as sketched, the two layers are AB stacked. We deduce the atomic positions as
shown by assuming that all edge-atoms of the triangular holes are nitrogen terminated as is
reported in the literature at ambient conditions. **”"'%*1% We thereby determine the position of
all other atoms in both layers of the bilayer area accordingly.

It is worth noting that the monolayer regions in Figure 2.12(b)-(c) are areas of two different
layers. The atoms of the monolayer in Figure 2.12(b) which align with the referenced yellow
line connecting bright contrast spots running through the entire bilayer area (the bright contrast
spots are attributed to the overlapping of two atoms in the top and bottom layers), are all B. On
the other hand, the atoms of the monolayer, which also align with the referenced yellow line as
indicated in Figure 2.12(c)., are all N. As a result, we conclude these monolayer regions reside
in different layers. More importantly, one layer translates with respect to the other by a single
atomic bond length (1.4 A)"' along the yellow reference line. This translation reflects AB
(Bernal) stacking as shown in Fig. 1. This is the first conclusive observation to our knowledge of
non-overlapping vacancies in two separate layers of a two-dimensional material.
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Figure 2.13 h-BN growth progress with varying hydrogen flows. SEM images of multilayer 2-BN
crystals grown on copper with varying times (20 min and 1 hour) and hydrogen flows (20 sccm and 200
sccm). (i) shows 3 pm triangular 2-BN domains with small ad-layers (white) that are representative of a
20 minute growth with 200 sccm H,. (ii) shows that after 2 hours the ad-layers grow larger while the
monolayer 4-BN triangle remains a similar size under 200 sccm H,. (iii) shows 5 pm triangular 2-BN
domains that are representative of a 20 minute growth with 20 sccm H,. (iv) shows that after one hour
with 20 sccm H,, the #-BN crystals merge to a full-coverage film with only minimal multi-layer coverage.
Figure reprinted from our previously published work in Reference *'.

In order to elucidate the growth mechanism for Bernal-stacked #-BN, we explore the role of
this increase in hydrogen. Figure 2.13 shows SEM images of four #-BN samples grown on Cu
with varying hydrogen gas flows (low 20 sccm, high 200 sccm) and growth time (20 min and 1
hour). In Figure 2.13 (iii-iv), low hydrogen flows, when combined with low precursor
temperatures, lead to monolayer 2-BN domains that merge into continuous films with additional
growth time. While some small regions of ad-layer #-BN are present (white dots or triangles
within the larger, darker #-BN monolayer triangle), the multilayer regions do not appear to grow
with increased times once the film fully covers the catalyst (as shown in Figure 2.6).
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Conversely, for higher hydrogen flows the crystals quickly reach their final lateral size and
then ultimately do not merge into films as shown in Figure 2.13 (i-ii). For short growth times
(20 min), the triangular 2-BN domains grown with high hydrogen flow (Figure 2.13 (1)) are
slightly smaller in comparison to those with low hydrogen flow (Figure 2.13 (iii)), but these
smaller crystals have a higher coverage of multilayered ad-layers. As the growth time is
increased, the #-BN crystals grown with high hydrogen-flow do not significantly increase in size,
but the size and coverage of multilayers increases as shown in Figure 2.13 (ii).

We attribute the preference towards forming multilayer flakes rather than continuous
monolayer films to the etching properties of the hydrogen gas. Hydrogen gas is known to etch
the edges of ~-BN domains at high temperatures. °>' Therefore, by utilizing a high hydrogen
flow as in Figure 2.13 (iii-iv), the edges of the #-BN flakes are etched throughout the growth,
and the domains are prevented from merging into films after reaching their equilibrium lateral
size. While both the low and high hydrogen flow case lead to ad-layer formation, it appears their
growth is halted once a continuous film has formed.

Based on this observation, we propose an under-layer growth model for Bernal-stacked /4-BN,
as sketched in Figure 2.14. This type of mechanism has been previously described for multilayer
graphene and A-BN. 7'7'%° In our LP-CVD process, low flows of precursor gas and high flows
of hydrogen cause the edges of the #-BN domains to be continuously etched. This prevents the
formation of a full coverage layer and allows the gaseous precursor to access the transition metal
catalyst for the entire length of our procedure. The precursor gas can thereby adsorb onto or
dissolve into the metal and form ad-layers below the first layer.

It has been previously reported that an #-BN layer grown on metal foil by CVD will have its
orientation uniquely determined by the local configuration of the catalyst at the nucleation site of
the #-BN.""” Since each layer of ~-BN grows directly on the catalyst in our process, its rotation
can be controlled by the metal. Generally, we find that the layers of our Bernal-stacked #-BN
grow as aligned triangles with a common centroid; this suggests the layers all form at a common
nucleation point, forcing each layer to align to the metal. This mechanism, as sketched in Figure
2.15, results in aligned (0° interlayer rotation) layers that relax into the AB ground state by
interlayer sliding on the order of 1 A at the elevated growth temperatures. This process also
therefore excludes the stable AA' and AB1' stackings which have anti-aligned (60° interlayer
rotation) layered structures. We therefore suggest that our relatively high hydrogen gas flows
allow successive #-BN layers to form below the existing layers where they align to the metal
resulting in Bernal-stacked #-BN. Since this process relies on the metal only to serve as a
catalyst and alignment template, other metal catalysts used for #~-BN CVD beyond Fe and Cu
(such as Ni, Pt, Rh, or Ir) may also support the growth of Bernal stacked #-BN.''*'"3

This growth mechanism suggests that we could grow heterostructures of different materials
with aligned stacking or single crystals with arbitrary twist angles by similar processes. By
changing the precursor during the growth, the composition of the under-layer could be changed.
By inducing nucleation at the grain boundaries of a polycrystalline metals, the orientation of the
under-layer could be tuned.
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Figure 2.14 A cartoon illustrating the growth mechanism for Bernal-stacked /#-BN. The top-view is
shown above and the side-view is shown below. (a) depicts the seeding and growth of #-BN monolayers.
(b) shows the growth of the #-BN monolayers and the seeding of ad-layers underneath the original
monolayer. (c¢) shows the #2-BN film achieving full coverage thereby stopping the growth. Figure
reprinted from our previously published work in Reference *'.
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Figure 2.15 Proposed mechanism for the alignment of multiple layers of #-BN. (a)-(c) show a
chronological representation of the proposed mechanism for how an underlayer growth can produce
interlayer aligment and thereby Bernal stacking. (a) First, a single layer of #-BN forms on the surface of
the copper catalyst such that the nitrogen atoms align to the copper lattice as described in Reference ',
(b) Next, a second layer forms below the first, aligning to copper via the same mechanism. (c) Finally, as
the second layer forms, the top layer relaxes into the ground state for 0° rotation, AB stacking, relax by
sliding 1.4 A due to the elevated temperature (>1000° C). Figure based on my unpublished analysis of

41
Reference ™.
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30 °C/ min 100 °C / min

Figure 2.16 h-BN synthesis by CVD with varied cooling rates. Two SEM images of #-BN grown with
high H, flow under identical annealing, temperature, precursor, and carrier gas flow (100 sccm H,)
conditions. The first image (Left) shows an A-BN sample cooled slowly (30 “C/min) after growth. Thick
multilayer crystals form and can be identified by their bright contrast. The second image (Right) shows an
h-BN sample cooled quickly (100 °C/min) after growth. The #-BN crystals are thinner (based on their
darker contrast) except for their ad-layer at their centroids and are only partial coverage. Figure based on
my unpublished experimental data.

Multilayer formation can also be promoted in this synthesis process by reducing the cooling
rate after the growth. Figure 2.16 compares two separate #-BN samples prepared on copper with
different cooling rates after termination of the precursor flow. The slower cooling rate (30
°C/min) yields a higher coverage of thicker crystals embedded in a full coverage film while the
faster rate (100 °C/min) leads to the formation of an incomplete coverage of thinner flakes with
multilayer ad-layers at their centroids.

This highlights the role of precipitation of precursor dissolved in the bulk of the catalyst for
forming multilayer 4-BN flakes. During the growth, precursor molecules decompose on the
surface of the transition metal foil; while some of these molecules react to form 4#-BN crystals on
the catalyst and some dissolve into the bulk. In the fast cooling process, only a small portion of
the precursor precipitates from the foil to form small multilayer flakes as seen on the right in
Figure 2.16. However, in the slow cooling process, as shown on the left of Figure 2.16, a greater
amount of the dissolved precursor precipitate into #-BN films on the surface.
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2.2.4 CVD Synthesis of 2-BN on Iron Enabled by Phase Segregation

This section is based on my unpublished experimental results.

100 °C / min 7 30 °C / min

Figure 2.17 SEM images of #-BN on Iron versus cooling rate. Two SEM images of separate #-BN
samples prepared on iron by CVD under identical annealing conditions, temperature (1100 °C), gas flow,
and growth time (1 hour) are shown with varied cooling rates. (Left) The quickly cooled sample yields
smaller (2-5 pm) and thinner (1-3 layer) flakes embedded in a full coverage monolayer with visible 1-3
pm 3D crystals. (Right) The slowly cooled sample yields larger (>20 pm) and thicker (>5-10 layer)
flakes. Scale bars are 2 um (left) and 20 pm (right). Figure based on my unpublished experimental data.

CVD synthesis of #-BN on iron demonstrates a similar but exaggerated dependence on
cooling rate. Figure 2.17 shows two separate #-BN samples prepared on iron under identical
annealing conditions, temperature (1100 °C), gas flow, and growth time (1 hour) but different
cooling rates. When the sample is cooled quickly (100 °C/min), small (2-5 pm) and thin (1-3
layers) flakes of A-BN emerge, surrounded by a full coverage monolayer of #-BN as depicted in
Figure 2.17 (left). However, notably, a large number of 1-3 um elevated crystalline features
appear on the surface. When the sample is cooled slowly (30 °C/min), large (>20 pm) and thick
(>5-10 layers) flakes of #-BN form as shown in Figure 2.17 (right). Moreover, the elevated
crystalline features do not appear for slowly cooling growth.
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Figure 2.18 Binary iron phase diagrams with boron and nitrogen. (Left) Boron in Iron Binary phase
diagram. (Right) Nitrogen in Iron Binary Phase diagram. a-phase iron is the preferred room temperature

body-centered cubic (BCC) phase, and y-phase is the high temperature (>900 °C) face-centered cubic
(FCC) phase. Phase diagrams reprinted from References ''>''°,

I propose the results shown in Figure 2.17 are due to a high temperature iron phase
transformation. Figure 2.18 shows the binary phase diagram for boron and nitrogen in iron.
When iron settles slowly to room temperature, it adopts a body-centered cubic (BCC) a-phase,
but when it is heated above 900 °C, it reconfigures to the face-centered cubic (FCC) y-phase.
1511 This y-phase, based on the nitrogen phase diagram, will dissolve a larger amount boron
nitride precursor. It therefore seems likely that in Figure 2.17 the three-dimensional crystals on
the iron in the quick-cooling sample are y-phase iron that is near saturation with boron and
nitrogen. When it is cooled quickly, the annealing of the iron is quenched and the configuration
is locked. When the sample is allowed to cool slowly, the y-phase iron crystals are able to

reconfigure into the bulk a-phase, and the dissolved #-BN precursor precipitates on the surface
forming large triangular flakes of #-BN.
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2.2.5 Similarities of Graphene and A#-BN Synthesis by CVD and
Synthesis of 2-BN/Graphene Heterostructures

This section is based on my unpublished experimental results.

In addition to #-BN, the CVD synthesis of graphene has been reported extensively in the
literature.”"**%*7° In this section, I present evidence that the discussion in Sections2.2.1 and 2.2.3
also apply to graphene CVD. I conclude that these CVD processes are deeply analogous and that
understanding of one can promote that of the other. I further explore how this can be applied for
the fabrication of synthetic #-BN/Graphene heterostructures.

Low H, (50 sccm) High H, (1000 sccm) High H, (1000 sccm)
Fast Cool (100 °C / min) Fast Cool (100 °C / min) Slow Cool (30 °C / min)

Figure 2.19 SEM images of graphene grown on Cu via CVD under varying cooling rates and
hydrogen flow conditions. (a) Graphene synthesized with low hydrogen flow (50 sccm) and a fast cool
down (100 °C/min). A full coverage monolayer of graphene is visible with low coverage of small (~5 pm)
bilayer domains. (b) Graphene synthesized with high hydrogen flow (1000 sccm) and a fast cool down
(100 °C/min). A full coverage monolayer of graphene is visible with moderate coverage of small (~5 pm)
bi- and trilayer domains. (c¢) Graphene synthesized with high hydrogen flow (1000 sccm) and a slow cool
down (30 °C/min). A nearly full coverage monolayer of graphene is visible with moderate coverage of
large (~20 pm) two to five layer hexagonal domains. All growths occur at low pressure over 1 hour at
1030 °C with 2.5 sccm of methane flow. All scale bars are 20 um. Figure based on my unpublished
experimental data.

Figure 2.19 shows SEM images of graphene synthesized by CVD under varying conditions in
the same furnace shown in Figure 2.3. The growth conditions are identical to those used for the
h-BN growth except the ammonia borane precursor is replaced for methane and higher flows of
hydrogen are observed to be necessary. The graphene in Figure 2.19(a) is grown under low
hydrogen flow (50 sccm) and terminated with a fast cool down (100 °C/min). Similar to #-BN
grown in this way, a full coverage monolayer forms on the foil with a low coverage of bilayer
ad-layers.

By increasing the hydrogen but maintaining a fast cooling rate (Figure 2.19(b)), multilayer
growth is promoted and moderate coverage of bilayer flakes appears over the sample. This is
similar to what is observed for increased hydrogen flows for #-BN in Figure 2.9. Based on this
observation, it is likely that the multilayer regions form by the same growth mechanism in
graphene as in 4#-BN in which hydrogen etching allows the precursor to continue to access the
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foil throughout the growth and grow additional layers below the first as shown Figure 2.14. It is
worth noting that the necessary hydrogen flow to achieve this growth is an order of magnitude
larger than in the #-BN growth. This is because the minimum partial pressure of methane
allowed by our mass flow controller is substantially higher than our maximum partial pressure of
ammonia borane.

Slowing the cooling rate from 100 °C/min to 30 *C/min (Figure 2.19 (c)) yields a moderate
coverage of large (~20 pum) two to five layer hexagonal domains as dissolved carbon in the
copper is able to precipitate to the surface. This is similar to the emergence of thick triangular
flakes at slow cooling rates in #-BN as shown in Figure 2.16 and further confirms that these
CVD growths are highly analogous.

A major goal explored throughout the literature for both graphene and #-BN CVD synthesis is
the growth of their heterostructures.'®®"**>!""118 Since 4-BN is an ideal substrate and capping
layer for graphene, the ability to prepare pristine and rotationally aligned vertical
heterostructures through CVD promises to enhance the quality of graphene devices at large
scales.’>'"” The ability to grow lateral heterostructures illuminates new methods for manipulating
the physical and electrical properties of the films and to create novel atomically thin
electronics.”"®

An understanding of the similarities in the growth mechanisms of graphene and 4-BN
suggests that pristine samples of both lateral and vertical heterostructures of the two can be
prepared in a single process. After first controllably growing partial coverage graphene flakes, -
BN can be synthesized around and below the flake in a subsequent step by exploiting our under-
layer growth technique.

Figure 2.20(a)-(b) shows an SEM image of a CVD grown heterostructure of graphene and /-
BN on copper foil prepared in a single process (shown in Figure 2.20(c)). First the graphene
flakes are seeded with a small amount of carbon contamination in the CVD setup. After
annealing for 1-2 hours, ammonia borane is precursor heated to begin the growth of #-BN.
Because the graphene flakes are only grown in partial coverage, the 2-BN precursor can access
the copper foil to grow both around and under the graphene. The foil is cooled slowly to allow
the remaining dissolved precursor to precipitate on the surface.

This process results in both vertical and lateral heterostructures of graphene and #-BN. In
Figure 2.20(a)-(b), bright #-BN triangles can be seen overlapping and surrounding the darker
graphene six-fold symmetric flower-shaped flake. Moreover, the mirror symmetry lines for both
the graphene and /#-BN are parallel, suggesting that the flakes are aligned. A full coverage
monolayer of #-BN embeds the graphene flake. Because this sample is fabricated in a single
growth process, the interfaces for the material will be pristine. However, further TEM
characterization and electrical transport are needed to understand the properties of these
heterostructures.
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Figure 2.20 CVD grown graphene/i-BN heterostructure on copper foil. (a)-(b) An SEM image of
CVD grown graphene/A-BN heterostructure shown in grayscale (a) and viridis (b). A dark domain of
graphene (six-fold symmetric flower highlight by a blue hexagon) is embedded in a full coverage
monolayer of A-BN. Triangular ad-layers of #-BN surround and overlap the graphene. The overlapping 4-
BN triangles are outlined in the grayscale image (thinner flakes in green and thicker flakes in yellow) and
the Viridis color scale is used to enhance optical clarity. The red lines indicate that the edge of the

hexagon is parallel the edge of the triangle. (c) shows the process flow for the synthesis as described in
the text. Figure based on my unpublished experimental data.
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2.2.6 Synthesis of AA' Stacked A#-BN using Borazine Precursor

This section is based on experimental work performed in collaboration with and
independently (published in Reference ') by Dr. Ashley Gibb under the supervision Prof. Alex
Zettl and on unpublished theoretical calculations performed by Dr. Mehmet Dogan under the
supervision of Prof. Marvin L. Cohen.

In Sections 2.2.1 & 2.2.3, we demonstrated that CVD synthesis of #-BN using ammonia
borane as a precursor (under specific geometric, precursor and growth temperatures, pressure,
and pretreatment conditions) is monolayer limited for low hydrogen flows and selectively
produces Bernal stacked #-BN for high hydrogen flows. This is in stark contrast to all other
methods of #-BN synthesis which preferentially form AA'-stacking

Based on the computed total energies in Table 2.1, both AA' and AB stacked #-BN have
comparable energies and are unlikely twist 60° from one to the other even under high
temperatures. Given the low transition probability between these two stackings, this suggests that
the interlayer order relies on the growth mechanics. While we have proposed that AB-stacking
arises from each successive layer aligning to the growth substrate independently, this leaves
unanswered what causes the necessary anti-alignment to grow AA' multilayered #-BN.

To address underlying mechanics for the emergence AA' stacking, we consider additional
studies on the CVD synthesis of #-BN using borazine precursor. Borazine or B;H¢N; shown in
Figure 2.21(a) is a cyclic compound that alternates BH and NH groups in a six-membered ring.
Borazine is isostructural and isoelectronic to benzene, and, like Benzene, it is a liquid at and near
room temperature. Liquid borazine is loaded in a one-end sealed quartz tube and chilled between
-20 and -10 °C to control its vapor pressure. A needle valve is used to precisely control its flow
rate into the reaction area. The rest of the setup is identical to that in Figure 2.3.

To study the stacking of the 2-BN grown with Borazine, HR-TEM and SAED of the material
are presented in Figure 2.21(b)-(c) as grown and characterized by Dr. Ashley Gibb under the
supervision of Prof. Alex Zettl. In Figure 2.21(b), a mixed mono-, bi-, and tri-layer region of -
BN is shown. Consistent with AA' stacking, the honeycomb structure of the #-BN is clearly
aligned between the different layer number regions. In the inset, a zoomed in picture of the
bilayer region is given. In contrast to Figure 2.12, there are no additional atoms at the center of
the honeycomb, each atomic position is of similar brightness, and the atomic spacing is
consistent with the expected B-B/N-N and B-N distances for #-BN. The SAED shown in Figure
2.21(c) shows that the first order and second order diffraction peaks are of comparable
intensities. These details rule out AB, AB1', and AB2' stacking and are consistent with either an
AA or AA' configuration. Because AA stacking is unstable based on Table 2.1, we conclude that
this CVD synthesis using borazine as a precursor results in multilayer AA' stacked 4#-BN. This is

despite the fact that all other details of the synthesis are similar to those discussed in Section
2.23.
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Figure 2.21 AA'-stacked /#-BN grown by CVD with Borazine precursor. (a) A schematic of Borazine
precursor based 4#-BN synthesis technique. The furnace setup is identical to the one shown in Figure 2.3
except a liquid borazine precursor replaces the solid ammonia borane. The liquid borazine is chilled to
control its vapor pressure and a leak valve is used to control its flow into the reaction area. (b) An HR-
TEM image of the resulting #-BN. The #-BN honeycomb structures are clearly aligned across the
monolayer (1L), bilayer (2L), and trilayer (3L) regions. The inset zooms in on the boxed area of bilayer A-
BN; the regular hexagonal positions of the atoms with no additional atom at the center of the hexagon
rules out AB, ABI', and AB2' stacking. (c) SAED of 4-BN grown with Borazine. The first order and
second order diffraction peaks are of similar intensity. (d) An SEM image showing the thick suspended /-
BN produced in this way. (a-d) were prepared by Dr. Ashley Gibb based on her experimental data. (a),
(c), and (d) are from Gibb et al in Reference '"'.
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Figure 2.22 Energy landscapes for borazine adsorption on /#-BN. (Left) Energy landscape for borazine
adsorption on ~-BN with a 0° rotation angle. The ground states are for boron stacking on top of nitrogen
(AB) and nitrogen stacking on top of boron (BA) at 0.09 eV. (Right) Energy landscape for borazine
adsorption on #-BN with a 60° rotation angle. The ground state is at 0.09 eV for AA' stacking. Figure
based on DFT calculations performed by Mehmet Dogan under the supervision of Prof. Marvin Cohen.

I propose that this AA' stacking emerges due to a tendency of the borazine molecules to
adsorb stably anti-aligned on #-BN. Figure 2.22 shows the relative energy landscape for
adsorption of borazine on /#-BN at 0° (aligned) and 60° (anti-aligned) as calculated using DFT by
Dr. Mehmet Dogan in the Marvin L. Cohen Group. The minimum energy (relative scale) is 0.09
eV for each case, suggesting that it is equally favorable to adsorb in each orientation. However,
due to the two ground states for 0° alignment (AB with boron on top of nitrogen and BA with
nitrogen on top of boron), the energy landscape is flatter than for the 60° case which has a single

ground state (AA' alignment).

As a result, the adsorbed molecules are more mobile for the former while the latter is more
stable. Moreover, from the AA' ground state (0 displacement), ~0.2 eV is required to rotate to
from 60° to 0° while from the bottom from the bottom left AB stacked ground state, only ~0.05
eV is required to rotate to from 0° to 60°. Given that kT is ~0.1 eV under our growth conditions,
the AA' ground state is significantly more stable.
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2.3 Graphene and /#-BN Transfer and Sample Preparation

After a two-dimensional material is exfoliated or grown, it is often necessary for it to be
transferred to a separate substrate to be characterized or used. For example, in order for #-BN to
be characterized by TEM as in Section 2.2, it is necessary for the flakes to be suspended on a
TEM compatible substrate. This transfer requires careful consideration about how best to 1.)
remove the material from its initial substrate, 2.) place it on a target substrate, and 3.) post-
process for cleanliness.

In this section, I highlight three major transfer techniques used throughout this thesis to
transfer graphene, #-BN, and other two-dimensional materials. I compare them in terms of
applications, strengths, limitations, and cleanliness. In particular, I put an emphasis on using
these transfer techniques for the preparation of TEM samples.

2.3.1 Polymer Based Wet Transfer

In the first report of the CVD synthesis of monolayer graphene, Li et al provided a transfer
method for the graphene as grown on copper foil.”' Notably, this method would become the
standard technique for transferring CVD two-dimensional materials grown on metal foils for the
next decade and was only described in the supplementary materials.

In this method, a thin layer (~100-300 nm) of PMMA (or another similar polymer) is coated
on top of a two-dimensional material as-grown on a metal foil. Any material grown on the other
side of the foil is then etched (generally by plasma) to expose the bottom surface of the foil.
Next, the metal foil is dissolved in a wet etching solution. In order to remove any salt that
adsorbs during the metal etching, the PMMA on two-dimensional material stack is transferred to
one or multiple water baths. Finally, the stack is scooped from a final water bath onto a target
substrate directly from the water, and after drying, the PMMA is removed by some combination
of solvent dissolution and/or annealing. This process is illustrated in Figure 2.23.

When using this process to transfer #-BN grown on copper foil to TEM grids, we use the
following specific parameters:

1. PMMA A4 950k is spun on the desired side of #-BN on copper foil

2. The PMMA is soft baked at 95 °C for 5 minutes

3. Any /4-BN on the backside is NOT etched

4. The PMMA/A-BN stack is floated on Nay(SO4), solution (1 mg/ml) until the copper
dissolves (approximately 3 hours)

5. The PMMA/A-BN stack is transferred sequentially to three water baths (>30 minutes
each) using a glass slide.

6. The stack is scooped directly onto the target grid and left to dry (>1 hour).

The grid is baked in air on a hot plate at 50 °C for 5 minutes and 95 °C for 5 minutes

8. The PMMA is removed by annealing at 350 °C for 3 hours under 100 sccm H; and
300 sccm Ar

~
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Na,(S0,), (aq) -~

Figure 2.23 Wet Transfer Method. (i)-(ii)) PMMA is spun on #-BN on copper foil. (iii) The stack of
PMMA on copper foil is floated on Na,(SOy), to dissolve the copper. The copper is removed, leaving the
h-BN on the polymer. (iv) The polymer/ih-BN stack is scooped onto a substrate (in this case Si/SiO,) and
dried. (v) The polymer is removed by solvent or annealing leaving the #-BN on the substrate.
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The major strength of using the wet transfer method is that it allows for large continuous films
(or flakes) over large areas to be adhered to virtually any water-compatible substrate. Moreover,
all that are required to implement this technique are some basic laboratory chemicals and a spin
coater. The versatility and ease of this method generally offset its weaknesses; however, for
some applications the use of polymer and solvents can be too aggressive and too dirty.

First, of the commonly used transfer methods, the wet transfer is the dirtiest. Because polymer
is necessary to support layers of two-dimensional materials, a residue that is difficult or
impossible to remove is generally left behind. Moreover, when the stack is scooped out of water,
contaminants (or even liquid water) can be trapped between the film and the substrate. These
contamination mechanisms prove deleterious for the electrical properties of graphene (reduced
mobilities) and can prevent high-resolution TEM imaging.

Second, the methods to remove the polymer are often quite aggressive for certain substrate
materials and two-dimensional films. In order to use the wet transfer technique, the substrate
needs to be both water compatible (for the scooping) and robust in organic solvents or high-
temperatures (for the polymer removal). In this process, fragile substrates and the suspended
two-dimensional materials can be broken. This can result in low yields for suspended structures
and rule out certain substrates.

Variation: Electrochemical Bubbling Transfer

The wet transfer method can be modified in order preserve the underlying transition metal
catalyst. This is important for metals which are difficult to dissolve cleanly (e.g. iron) or
expensive (e.g. platinum). In this modified wet transfer process, evolution of hydrogen bubbles
between the metal catalyst and the two-dimensional material are used to peel the PMMA
supported sheets from the substrate.'*

After PMMA is spun as described above, the metal substrate is connected as the anode in a
water splitting cell. A 5-10 V difference is applied between the sample and a platinum cathode
which sit in a common NaOH (0.1 M) bath. The voltage is tuned until hydrogen bubbles visibly
form and begin to peel the PMMA. After the PMMA/two-dimensional material stack is fully
removed it is transferred to water as in the conventional wet transfer.
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2.3.2 Direct Transfer to Quantifoil TEM Grids

While the wet transfer method described in Section 2.3.1 can be used to transfer CVD

graphene and /#-BN to a wide variety of substrates, the need to remove PMMA can often be too
aggressive and contaminating for TEM sample preparation. In order to avoid the application and

removal of polymer using CVD graphene, Regar21 et al developed a direct transfer for two-
121

dimensional on metal substrates to TEM grids.

Figure 2.24 Direct Transfer Method. (i)-(ii) a holey carbon TEM grid is adhered to #-BN on copper foil
using a drop of isopropanol. (iii) The stack of TEM grid on copper foil is floated on Na,(SO4), to dissolve
the copper. The copper is removed, leaving the #-BN on the grid. (iv) The grid is removed from the water
and left to dry. The 4-BN is suspended on the grid and ready to be imaged.

In this method (shown in Figure 2.24), a holey carbon TEM grid is adhered to a (flattened)
metal foil with graphene or #-BN on its surface using a drop of isopropanol. As the isopropanol
evaporates, the holey carbon is pulled into intimate contact with the layered material on the metal
surface. After the sample is dry, the foil is floated in etchant solution, grid side up, until the foil
has fully dissolved. The grid can then be transferred to water solutions for removal of any ionic
contaminants and removed to dry.
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When using this process to transfer #-BN grown on copper foil to holey carbon TEM grids,
we use the following specific parameters:

1. Without any backside etching, #-BN on copper foil pieces are cut to 4x4 mm

2. The foils are rolled flat with a vial and pressed flat with two microscope slides

3. A drop of isopropanol is placed on the foil. Liquid is added until the surface tension of
the drop breaks and the foil is evenly wet.

4. A Quantifoil (R 0.6 or R 1.2) TEM grid (Gold 300 Mesh) is placed carbon side down
on the wet copper foil.

5. As the foil dries, the sample is monitored under an optical microscope to \ check for
adhesion. This is observed visibly as a darkening of the contrast of the grid.

6. After the sample is dried, the foil/grid stack is inverted to check that the grid is
adhered to the foil.

7. The foil/grid stack is floated on Nay(SO4), solution (1 mg/ml) until the copper
dissolves (approximately 3 hours)

8. The stack is transferred sequentially to three water baths (>30 minutes each) using a
glass slide.

9. The grid is removed directly from the water using sharp inverted grip tweezers and left
to dry for at least 20 minutes.

The direct transfer method is particularly useful for its two main strengths. First, the transfer
has relatively high-yields for suspending two-dimensional materials on TEM grids. For
monolayer graphene, the direct transfer consistently suspends on >90% of the holes on an R2/2
TEM grid. Second, this technique is generally cleaner the wet transfer method. While this is not
the cleanest transfer method due to the necessity of wet metal etchants, carbon residues can be
avoided, and samples produced are generally clean enough that they can be imaged at high-
resolution after beam showing.

However, the direct transfer technique suffers two main weaknesses. The first major
weakness is that the direct transfer method is highly limited in scope. This technique can really
only be used to transfer from a rigid flat growth substrate onto flexible TEM grid. While it could
potentially be modified to transfer from any rigid substrate to any flexible substrate, the number
of use cases for this technique are limited. The second limitation is that the use of metal etchant
solutions and water still lead to some contamination on the sample. While the contamination is
not generally enough to interfere with TEM imaging, chemical adsorbates and residues need to
be accounted for.

Variation: Transfer from Si/SiO,

A similar direct transfer technique can be implemented to transfer two-dimensional materials
from Si/Si0, substrates. This method involves adhering a flexible amorphous carbon TEM grid
to the surface of the substrate and then intercalating or etching the two-dimensional material
SiO; interface.

First, using a drop of IPA, a holey carbon TEM grid is adhered to the surface of Si/SiO; chip
covered with flakes of graphene, #2-BN, or MoS,. Next, the sample is left to dry to form an
intimate seal between the grid and the chip. A small drop 1 M NaOH is placed near the edge of
the TEM grid. The drop then slowly seeps below the grid peeling the flakes up with it. The chip
is then dipped in water and the grid floats on the surface. The grid is then cycled through water
baths in order to clean the sample.
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2.3.3 Polymer Based Dry Transfer

The final major transfer technique I focus on in this thesis is the aligned, dry transfer. This
technique, as described by Reference '**'**, allows for single to few flakes of almost any two-
dimensional material to be lifted from an initial substrate and placed on virtually any flat,
mechanically rigid target. This technique is necessary for 1.) aligning #-BN flakes to single holes
on a TEM grid, 2.) creating stacks of heterostructures, 3.) cleanly transferring exfoliated flakes to
TEM grids, and 4.) removing 4-BN or MoS, from TEM grids.

In this method (shown in Figure 2.25), a polymer stamp is used to lift flakes from a substrate
and then be placed on a desired target. First, a polymer stamp is prepared; generally, we use
PDMS coated with polypropylene carbonate (PPC). This combination gives the stamp the
mechanical flexibility of PDMS coupled with the temperature dependent adhesive properties of
PPC. Next, a specially designed transfer stage is used to align and lift the two-dimensional flake
onto the stamp. Here, an XYZ stage is used to control the relative position of the polymer stamp
with respect to a two-dimensional material flake on a substrate. The stamp is then lowered onto
the flake and then lifted to pick up the material. Finally, the flake is aligned and transferred to the
desired substrate. A temperature controller is used to tune the adhesive properties of the stamp at
each step.

Specifically, when using this process to transfer 2-BN grown on iron foils to silicon nitride
TEM grids, we use the following steps:

1. A ~1x1x1 mm stamp of PDMS (Gel Pak X4) is placed on a glass slide

2. A piece of transparent Scotch tape is placed over the PDMS stamp. Pressure is

carefully applied to avoid forming bubble and to create a smooth curve in the PDMS.

15% PPC in anisole is spun at 1500 RPM for 1 minute on top of the tape

Using a transfer stage, the apex of the PDMS stamp is aligned to the desired flake of

h-BN on iron foil.

The stamp is lowered to contact the sample slowly at 90 °C.

The sample/stamp stack is heated to 110 °C and let to sit for 5-10 minutes.

The sample is cooled back to 90°C.

The stamp is slowly lifted, bringing the flake with it.

The target TEM grid (Norcada holey silicon nitride) is loaded in place of the iron foil

below the stamp on the transfer stage. Usually the grid is exposed to a light oxygen

plasma to enhance its adhesion to the #-BN.

10. The 4-BN flake is aligned and lowered into contact with the TEM grid at 90 °C.

11. The temperature is raised to 130 °C and the stamp is slowly lifted, leaving the flake on
the grid.

P w

AR PR RN

44



(i) [Glass | (ii)| | (iii)| |
Polymer Stamp%_/

Layered Material =——=

-
¥

(iv), V)
~—r
*
]

o (vi)

| m——

——
TEMGrid B — - T s

Figure 2.25 Aligned Dry Transfer Technique. (i) A polymer stamp on a glass slide is aligned to a flake
of layered material on a substrate. The stamp is then lowered on to the flake. (ii) The stamp is lifted
slowly bringing the flake with it. (iii)-(iv) Steps (i) & (ii) are repeated to pick up the desired stack of two-
dimensional materials. (v) The two-dimensional material stack is aligned to a substrate and lowered to
adhere the stack to the membrane. (vi) The stamp is lifted leaving the stack on the desired substrate. Note:
In each step, the temperature and raising/lowering speed are controlled to determine if the flakes adhere to
the stamp or substrate.
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Figure 2.26 Aligned, Dry Transfer Results. (a)-(b) Three few-layered flakes of #-BN transferred
separately onto a silicon nitride TEM grid. (c) shows an #-BN/MoS, stack transferred onto a silicon
nitride TEM grid. Two large separate regions and one overlapping region are formed deliberately to study
the materials both together and separately by TEM. (d) The process of lifting an 4-BN flake from a silicon
nitride TEM grid. (i)-(ii)) A PDMS stamp is slowly lowered onto the #-BN at 25 °C. (iii) After the flake is
covered by the PDMS the temperature is raised to 40 °C. (iv) After 5 minutes, the temperature is cooled
back to 25 °C, and the stamp is lifted. (v)-(vi) When the stamp is lifted, the #-BN flake is removed from
the grid and remains on the stamp. Figure based on my unpublished experimental data in collaboration
with Gabe Schumm.
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Figure 2.26(a)-(b) shows an example of exfoliated few-layered 4#-BN flakes transferred to
silicon nitride TEM grids. Three flakes on A-I, A-II, and A-III have been aligned and transferred
separately. This sample emphasizes the ability of this technique to accurately transfer multiple
flakes onto the same sample. It also shows that the method can be used to suspend flakes on
TEM grids without compromising the grid. Figure 2.26(c) shows a representative image of a
stack of MoS, and /4-BN transferred to a TEM grid. Regions of each material are deliberately
separated while maintaining a region of overlap in the middle. This is only attainable over the
length scales shown due to the accuracy of the aligned transfer method. Figure 2.26(d)
highlights that the dry transfer technique can be used not only to transfer flakes of two-
dimensional materials onto TEM grids but also off of them. This creates an ability to modify and
image suspended structure using electron or ion microscopy (as in Section 4.2)and then to
transfer them to a different substrate. Figure 2.26(d)(i)-(iv) show a flake of #-BN being
contacted by a PDMS stamp. The PDMS stamp is then lifted leaving a bare grid in Figure
2.26(d)(v) and the #-BN on the PDMS stamp in (vi).

The aligned, dry transfer technique has several advantages over the first two techniques
described. First, this method can be used to produce the cleanest samples.'** A significant
amount of contamination is avoided because no liquid is needed in the process. Second, the
aligned, dry transfer method enables new applications that are not accessible for the other
techniques. By aligning the sample, precise heterostructures with pristine interfaces can be
fabricated, and single flakes can be aligned directly to specific holes on a TEM grid or features
on a substrate. Another new application enabled by this method is the use of liquid incompatible
substrates. For example, if a wet transfer is used in Section 2.3.5, liquid will be trapped in the
wells, leaving the devices useless. Finally, by using this method several times in sequence, flakes
can be moved between samples as in Section 4.2, allowing for correlative characterization.

However, the level of complexity and specificity of this technique introduce a few major
limitations. First, the setup for implementing the aligned, dry transfer can be difficult to build
and quite costly (as described in Reference '**). Other than a spin-coater (common in
nanoscience laboratories), there is no specialized equipment needed for the polymer assisted wet
transfer and none at all needed for the direct transfer. Second, a flat and robust sample is needed
otherwise the transfer will fail. Finally, as compared to the other techniques, this aligned transfer
is very labor intensive. While the other techniques can transfer to 10s of samples in parallel and
cover square centimeters over the course of a few hours, the aligned transfer is limited to
transferring only a few 100s of square microns per hour. Because the technique is both labor
intensive and highly technical, transfers can often frequently fail, further reducing the yield or
producing dirty samples.

Variation: Direct Exfoliation with PDMS

For use with exfoliated materials, this technique can be made even cleaner by directly
exfoliating with and transferring from PDMS. In this variation, two stamps of PDMS are used to
exfoliate flakes of a two-dimensional crystal. For flakes with particularly weak interlayer bonds
(e.g. MoS,), monolayer can be achieved by repeatedly peeling apart two stamps of PDMS with a
crystal in the middle. Once monolayer flakes are observed on the PDMS, they can be transferred
as normal as described above. This process yields clean films that are never exposed to a carbon-
based polymer.
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2.3.4 Comparison of Transfer Techniques

Polymer Wet Transfer Direct Wet Transfer Polymer Dry Transfer

| >
1 20 nm 20 nm

20 nm
” .

Figure 2.27 Cleanliness of the transfer methods. TEM images of suspended #-BN fabricated by
polymer wet transfer (a), direct wet transfer (b), and polymer dry transfer (c). Figure based on my
unpublished experimental data.

Figure 2.27 shows a TEM comparison of the three transfer techniques described above. Each
sample has been prepared carefully and cleaned by annealing at 350 °C under mixed argon (300
sccm) and hydrogen (100 sccm) flow for 3+ hours. Clean areas are preferentially selected for
imaging. In the polymer wet transfer shown in Figure 2.27(a), a large network of relatively thick
contamination forms. While the film is covered by a larger amount of amorphous material than
the sample prepared by direct wet transfer (Figure 2.27(b)), the distribution of the contaminants
leaves large open areas that are convenient for TEM imaging and can be reduced by beam
showering.

The polymer dry transfer shown in Figure 2.27(c) produces the cleanest sample of the three
techniques. The flake shown is exfoliated directly using PDMS and transferred to a silicon
nitride TEM grid. Within the image shown, there is no contamination at all; however, on the
sample there are sparse networks that resemble the polymer wet transfer. Two vacancies are
visible in the top of the image and a moir¢ pattern is visible due to the twisting of multiple layers.

2.3.5 Mixed Wet and Dry Transfer for Vacuum Sealing

This section is based on unpublished experiments in collaboration with and led by Nishita
Deka under the supervision Prof. Vivek Subramanian and Prof. Kristofer Pister as well as
Alexander Ungar under the supervision of Prof. Alex Zettl.

It has been previously shown that graphene can be used to seal the pressure of a small cavity
in a Si/Si0; chip.'**'** By mechanically exfoliating graphene flakes onto an SiO, well, Boddeti
et al found that the pressure inside the hole could be controlled.'””” By leaving the chip in a
desired pressure for several days, the pressure inside the well equilibrates by gas diffusion
through the SiO,. When the chip is returned to ambient pressure, the well retains its changed
state for multiple hours.
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However, because graphene can also be used to seal liquids,'*® only dry techniques can be
used to prepare a sealed cavity that is devoid of liquid. Therefore, if a large arrays holes (>1000
um?) is to be sealed, either a large number of flakes must be transferred in succession or a film
scale dry transfer must be implemented.

(ii) (iii)

Graphene 7 ‘

Figure 2.28 The mixed wet and dry transfer method for vacuum sealing. (i) A bilayer graphene
membrane transferred to a PDMS stamp is cut to 1 x 1 mm and aligned to an array of conical titanium tips
embedded in SiO, wells. The stamp is slowly contacted to the chip at 50 °C. (ii) The stack is heated to 90
°C for 5-10 minutes then the stamp is lifted slowly, leaving the graphene behind. (iii) After the transfer,
the graphene is left suspended above the titanium tips. The tips remain grounded as a voltage is applied to
the graphene, forming a conventional Fowler-Nordheim field emitter.

Here we explore the use of a novel mixed wet and dry transfer of graphene as an electron
transparent electrode for a vacuum electron-emitter. In this technique, three layers of full
coverage CVD grown graphene are transferred to a PDMS stamp using a conventional PMMA
assisted wet transfer. The PDMS stamp is then cut to 1 mm x 1 mm and used to transfer the
graphene as shown in Figure 2.28. The graphene/PDMS stamp is aligned to a Si/SiO; chip
containing an array of conical titanium tips embedded in SiO, wells fabricated and studied by
Nishita Deka under the supervision of Profs. Vivek Subramanian and Kristofer Pister. The stamp
is slowly brought in to contact with the chip at ~50 °C and then heated to ~90 °C for 5-10
minutes. The chip is then cooled back to ~50 °C and the stamp is slowly lifted.

For the proper execution of this technique, we find that it is important to control the layer
number of the graphene and size of the stamp. Using monolayer graphene, we observe by SEM
that only low-coverage of torn sheets is adhered; by contrast tri-layer graphene yields a full
coverage of mixed mono-, bi-, and tri- layer graphene on the sample. We control the layer
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number by transferring additional layers of graphene directly to monolayer graphene on the
copper growth substrate.

We also find it is critical to carefully control the size of the PDMS stamp. After transferring
~5 x 5 mm graphene layers to the PDS, the stamp is cut to ~ 1 x 1 mm. This is important because
1.) it is necessary for the graphene layers transferred to be significantly smaller than the target
substrate and 2.) larger films are more difficult to delaminate from the PDMS.

Figure 2.28(ii1) shows the geometry of the graphene electrode capped emitter device after the
transfer. A voltage is applied to the graphene membrane which is suspended ~200 nm above a
grounded titanium tip. This forms a conventional Fowler-Nordheim field emitter.
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Figure 2.29 I-V characteristics of bilayer graphene-electrode emitter devices. Gate (blue) and cathode
(red) currents after no pumping (0 hours), 15 hours, and 48 hours of pumping at high vacuum. Figures
courtesy of Nishita Deka.

Figure 2.29 compares the current-voltage characteristics for the bilayer graphene-electrode
emitter device across the 200 nm gap from the titanium tip to the graphene drain when it has
been pumped down and removed from high-vacuum after 0, 15, and 48 hours. When the sample
has not been pumped down at all (0 hours), the current trace has characteristics indicative of a
mix of air ionization and field emission. We observe four distinct regions in which the slope is
discontinuous and local peaks emerge as would be expected for an emitter in air.'*

After 48 hours of pumping, the I-V curve takes on the behavior typical Fowler-Nordheim
diode. Between 0 to 20 V, there is effectively no current. Suddenly after the onset voltage of 20
V, there is an abrupt increase between 20 to 25 V in current followed by saturation. The contrast
between these two measurements indicates that despite both measurements taking place in
ambient pressure, the 48 hour pumped sample appears to retain its high vacuum.

Figure 2.29(b) also shows the resulting I-V characteristics after 15 hours of pumping on the
same sample. After only 15 hours of pumping, the behavior is not clearly typical of air ionization
current or Fowler-Nordheim emission. This suggests that the pressure is at an intermediate state
and requires more than 15 hours to fully convert from air ionization current to Fowler-Nordheim.
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Chapter 3

Electron beam induced vacancies in #-BN: Properties, formation, and
nanopore applications

Vacancy defects in two-dimensional materials are comprised of one to several missing atoms
in a lattice. As alluded to in Chapter 1, these vacancies represent a hybrid of a zero-dimensional
and two-dimensional system as they can have their own unique electronic, optical, and
mechanical properties while remaining embedded within the larger two-dimensional sheet. In
this chapter, I explore the formation of electron beam induced vacancies in 2-BN and reveal how
it is impacted by both its interlayer stacking and irradiation conditions.

I begin by motivating the study of vacancy defects in two-dimensional materials due to their
physical properties and their opportunities to advance research in DNA sequencing, molecular
sieving, and artificial atoms. I next describe how 4-BN vacancies form under electron irradiation
and show that these vacancies can be controlled with geometric precise geometric precision. I
then take a deep dive into describing the varieties of defects that form in #-BN in different
conditions including varied stacking sequences, material laminations, and temperatures. Finally,
I outline a new method for fabricating nanopore ranging from 0.5 — 5 nm with near atomic
precision and detail our efforts to use these nanopores for DNA sequencing.

3.1 Vacancy Defects in 2D materials and Their Applications

Vacancy defects in two-dimensional materials are zero-dimensional features with properties
that vary vastly from the bulk. These defects can have different optical and electronic properties
from the pristine sheets (e.g. their bandgaps, charge state, and electron scattering) and they can
change the emergent measurable properties of the material (e.g. resistivity and tensile
strength).* ** Moreover, these vacancies represent a physical structure in which there is a small
hole in an otherwise impermeable membrane.

Simultaneous advances in atomic resolution TEM and in the isolation and large scale
synthesis of two dimensional as outlined in Chapter 2, has resulted in a rapid increase in the
understanding of vacancy defects in two-dimensional materials.”"'*>'*° These vacancies have
been studied in both their naturally occurring and artificially induced forms, and they have been
extensively structurally characterized. '°'>121137-139

The fundamental properties of vacancy defects in two-dimensional materials have led to their
investigation for the following research directions:

Nanopores for DNA Sequencing

Nanopore sequencing is an emerging, direct-read DNA sequencing technique. Unlike earlier
popular techniques, the DNA does not require to be cloned, arbitrarily long read lengths can be
achieved, and DNA can be sequenced at a rate of hundreds of bases per second.'**'** As of this
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writing in 2019, commercially available units from Oxford Nanopore using biological nanopores
have achieved continuous read lengths of 2.3 Mb at speeds of >450 bases per second.

In the nanopore sequencing method, DNA dispersed in ionic solution is pushed
electrophoretically through a few-nanometer pore in an otherwise impermeable membrane. As
the DNA translocates through the pore, the ionic current across the pore is continuously
measured. The conductivity of the nanopore fluctuates based on the current blockage due to the
DNA. The exact current blockage is a direct function of which nucleotide bases are inside of the
pore. For a membrane with a thickness comparable to the ~0.3 nm length of a single base, the
current blockage maps directly to the species (ATCG) of the nucleotide base that is passing
through the nanopore. Therefore, a DNA sequence can be read off directly by measuring the
ionic current as the strand moves through the nanopore.

To achieve pore thicknesses that are similar to the length of a single base in DNA, two
strategies have been employed. The first of which is to use a tapered pore in a thicker membrane.
1441951 this way, an hour glass shaped pore is formed in which the central hole is less than a
nanometer thick. This is employed for both naturally occurring biological pores as well as solid
state silicon nitride pores.

The second strategy is to use a membrane that is roughly as thick as the length of a single DNA
nucleobase.'*"'**"'*¥ Much of the research on nanopores in two-dimensional materials has
therefore focused on their application for DNA sequencing because their few-atom thicknesses
lend themselves naturally to forming thin pores. However, these nanopores have never been
successfully used to sequence DNA. Efforts to improve the use of two-dimensional material
nanopores have focused on more carefully controlling the geometry of the nanopore and the rate
of the DNA translocations

Quantum Emission from Defects in 2D Materials

Over the past decade, Nitrogen Vacancy (NV) centers in diamond have sparked an enormous
interest in “artificial atoms” in solid-state systems.'* These defects behave as a stable and
optically addressable two-level quantum state, and due to their long coherence times at room
temperature, applications such as quantum information storage and transmission, magnetometry,
and quantum sensing. However, for noise from dangling bonds and contaminants at the surface
can drive decoherence.'™

In the past several years, research on artificial atoms in solids has seen a major breakthrough
in the discovery of quantum emission from point defects in 2D materials at room temperature.'”'
It is predicted that these sites are analogous to NV centers. These defects should possess unique
advantages; namely, they can simultaneously be on the surface while sitting a large distance
from the dangling bonds present at the edge of the material. This avoids obstacles associated
with shallow defects in diamond and suggests that these defect states could serve as more
sensitive quantum sensors and have longer coherence times.

While it is still unclear which point defects are the source of quantum emission or what is the
exact mechanism by which they emit, vacancy defects are still a prime candidate. Further study
of the optical properties of vacancy defects in two-dimensional materials promises to advance
applications of artificial atomic systems.
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Nanopores for Molecular and lonic Sieving

Nanoporous materials also lend themselves naturally for use in molecular sieving."”*'** In

this application, the size distribution of a large number of pores in an impermeable membrane is
controlled to selectively exclude the passage of molecule or ions greater than a selected size.
Therefore, this allows for the filtration of gasses or liquids and can even be used to control the
ionic selectivity of a membrane.

Nanoporous two-dimensional materials, either using fabricated or native defects, have been
explored for water desalination, gas and ion separation, and electronic transport.'* ">
Controlling the size of the pores in a graphene membrane has resulted in the ability to selectively
exclude gases including H,, CO,, Ar, N,, and CH,.""*'% Recent advances have allowed for large
scale nanoporous graphene membranes to be used as filters for dialysis.'®’

3.2 Formation of Defects in 2-BN under Electron Irradiation

For the applications described in the previous section, vacancy size and geometry are critical
for determining the utility of nanopores and vacancies. While high energy electron beams and
ion beams have been used to create the smallest pores observed, *"'**!%* the shape and size of
nanopores is limited by the beam geometry. For graphene nanopores, for example, pore size has
traditionally been limited to 3 nm or greater and their shapes can only be minimally controlled.'*

One method that has been used to create structures below the minimum resolution limit of a
patterning technique is to leverage the intrinsic etching properties of a material. For example, to
pattern sub-10 nm radius AFM tips, a diffraction limited SiO; (~1 um) pad is patterned using
photolithography. The SiO; is then undercut using a KOH etch of the underlying silicon. In this
step, the silicon is anisotropically etched to its crystallographically favored facet to form a ~ 10
nm radius tip at the center of the SiO; pad (which subsequently falls off). This technique allows
for features to be made substantially below the resolution limit of the lithography technique used
and is the predominant method used to make AFM tips.

Analogously in a two-dimensional system, it has been previously demonstrated that when /-
BN is exposed to 80 kV electron irradiation in TEM, vacancies are etched and atomically precise
edges are formed along the sheet’s favored nitrogen zig-zag direction, '"!*10>138:163.164 The ¢j7e
and shape of these defects are determined by the material properties and not the geometry of the
beam.

Figure 3.1 shows HR-TEM images comparing vacancies formed by an 80 kV electron beam
in graphene and #-BN. The edges of the vacancy created in graphene are highly irregular, with
no preferred edge termination. This results in a pore that has a vaguely round but ultimately non-
deterministic shape and a difficult to control size. The vacancies 4-BN, by contrast, have a
deterministic triangular shape. The two vacancies shown in the monolayer region of 4-BN are
parallel triangles, terminated by nitrogen zig-zag edges as sketched in Figure 3.2 below.

53



S

Figure 3.1 Electron beam induced vacancies in Graphene and /#-BN. Vacancies produced in graphene
(a) and A-BN(b) in-situ under diffuse electron irradiation using TEM mode on the TEAM 0.5 aberration
corrected HR-TEM at 80kV. The graphene nanopore has irregular edges with no preferred termination

whereas the #-BN pore has pristine zig-zag edges. Figure reprinted from our previously published work in

42
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3.2.1 Atomic Ejection by Electron Knock-on Damage

The most widely accepted (though not without controversy) mechanism for the formation of
defects and pores in two-dimensional materials is electron knock-on damage.'*>'%*!3%16%166 1y
this effect, high energy electrons collide with and transfer their kinetic energy to atoms in a
crystal. When the energy of the electron is above a minimum threshold, the scattering of the
particle can eject atoms from the lattice. The minimum electron energy for the ejection of a given
atom (known as the knock-on threshold) is met when the maximum energy transfer (based on
conservation of momentum) exceeds the minimum ejection energy of the atom. The maximum
kinetic energy transfer for a given electron beam energy and atomic mass is found by reducing
the following equations to solve for the final kinetic energy of the atom:

Definition of relativistic total energy:

E? = (pc)? + (mc?)?
Definition of relativistic kinetic energy:

T =E —mc?

Conservation of energy:

E.+ E, =E,+ E;
Conservation of momentum:

Pe + Pa =Pe' + Pa’
This gives a maximum total kinetic energy transfer of:

_ 2E(E +mgc?)

max

mgc?

Where E. and E, are the energy of the electron and atom respectively, p. and p, are their
respective momenta of the electron, and m. and m, are their respective masses. The prime
symbol differentiates the final energy or mass from the initial. From the equation above, the total
kinetic energy that can be transferred to an atom is inversely proportional to the mass of the
atom. Therefore, lighter atoms can receive more energy from an electron beam, and the
maximum kinetic energy transfer increases with increasing mass.

While every bulk and edge carbon atom in graphene have the same binding energy and mass
and, therefore, knock-on threshold, the diatomic lattice of A-BN has different knock-on
thresholds for different atoms. For 4-BN, the knock-on threshold for sp”-bonded bulk Boron is
74 kV while the knock-on threshold for Nitrogen is 84 kV. '° For an electron beam between
these energies, only boron will be ejected in a pristine sample. Once a boron mono-vacancy
forms, the knock-on threshold for the under-coordinated edge nitrogen atoms is below 80 kV,
and it too can be ejected (in addition to any undercoordinated edge borons) by the 80 kV TEM.
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3.2.2 Defect Formation in 2-BN Monolayers
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Figure 3.2 Cartoon of electron beam induced vacancy growth in monolayer #-BN. Vacancies in
monolayer #-BN grow as quantized triangles to retain the nitrogen zig-zag edge termination. For each
quantized triangular pore size, an image shows the atomic configuration of the pore and its area. Nitrogen
and boron atoms are shown in blue and gold respectively. The interatomic spacing, a,, is 1.45A. Figure
reprinted from our previously published work in Reference **.
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Figure 3.3 An HR-TEM image (left) of an #-BN vacancy with one monolayer edge (the bottom) and
a schematic (right) of monolayer vacancy of the same size. The scale bar is 0.5 nm. Figure based on
our previously published work in Reference *'.

Because for an 80 kV electron beam, sp” bonded bulk nitrogen atoms are not ejected while
bulk boron atoms are, and because edge boron atoms are ejected immediately while edge
nitrogen atoms are ejected more slowly, the vacancies in monolayer hexagonal boron nitride
form the predictable geometries shown schematically in Figure 3.2 and in HR-TEM in Figure
3.3. Triangular vacancies form by the process illustrated in Figure 3.2 as follows:

1. A boron is ejected forming a monovacancy
A single under-coordinated nitrogen adjacent to the boron monovacancy is ejected in a
slow step (order 10s-100s of seconds at 80 kV)

3. The ejected Nitrogen brings its bonded boron in a fast step leaving a nitrogen zig-zag
edge (quasi-immediately)

4. Steps 2-3 repeat until the beam is turned off

This leads to the formation of triangular vacancies with perfect nitrogen terminated zig-zag
edges. These triangular vacancies can be fabricated from 1 to ~40 atoms in side length,
comprising an atomically precise nanopore of 0.25 to 10 nm. This gives rise to a quantized area
given by the following equation:

V3 .
A= Tao(n +1)2 =27A% (n+1)?

Where n is any integer value and denotes the number of nitrogen atoms along the edge and a,
is the boron to nitrogen bond length.

Figure 3.3 shows an example HR-TEM focal series reconstruction of a triangular #-BN
vacancy along with a schematic. The bottom monolayer edge can be clearly seen to be a zig-zag
edge. Moreover, closer inspection shows that the lattice is comprised of alternating darker and
brighter atoms at every other site. The dark atoms, which are nitrogen, form the zig-zag edge.
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3.2.3 Defect Formation in Bernal Stacked /#-BN

This section is based on my original unpublished experimental data and supporting
unpublished theoretical results from Dr. Mehmet Dogan and Prof. Marvin L. Cohen.

In the previous section, I described the formation of nitrogen zig-zag terminated vacancies in
monolayer #-BN and demonstrated how they form precise triangular holes in the material due to
the preferential ejection of boron. In multilayer samples, however, the vacancy defects are able
to interact with adjacent layers."** This can affect the types and shapes of vacancies in the sheets.

For example, in AA'-stacked /#-BN, interlayer interactions have been shown to dominate the
properties of its electron irradiation induced defects. Out-of-plane covalent bonds are found to
form across layers at boron mono-vacancy sites in bilayers."** Also, along the edges of extended
vacancies in these bilayers, covalent bonds form between the layers and the edge relaxes to
resemble a boron nitride nanotube with an extremely short radius of curvature. Theoretical
calculations show that the local atomic structure at these defects and edges has a massive impact
on the electronic properties of the material with the interlayer coordination determining if it is a
metal or insulator.

Because each lattice site in AA'-stacked #-BN contains a boron directly on top of a nitrogen,
interlayer covalent bonds are available at each site in the crystal. However, by forming these
bonds, the three-fold rotational symmetry of the lattice is lost and the vacancy shape is no longer
deterministic. In Section 2.2.3, I described a new synthesis technique for producing Bernal
stacked A#-BN; for this stacking, the relative shift and rotation between the layers leaves only half
of the lattice sites with a stacked boron and nitrogen. Moreover, because the layers are aligned,
defects may preferentially preserve the plane p3 symmetry of the monolayer.

In this section, I consider the role of Bernal-stacking in the electron beam induced formation
of extended vacancies in 2-BN. While previous studies of AA'-stacked #-BN have characterized
the geometry and edge-termination of multilayer vacancies using atomic resolution TEM and
unveiled their electronic properties using first principle calculations, there have only, so far, been
a limited number of structural studies on vacancies in AB stacked A-BN. Therefore, little is
currently known about the differences between the extended vacancies in these two
configurations and what role the stacking plays.

Here, I describe how we characterize the formation of vacancies in AB-stacked /#-BN using
conventional TEM and study their atomic structures using aberration-corrected, sub-angstrom
resolution TEM. Based on these experimental studies, first principle calculations are performed
to deduce the electronic properties of the vacancies.

58



Bottom N

® Boron
@ Nitrogen

Figure 3.4 Vacancies in AA’- and AB-stacked /#-BN. (a) and (b) show conventional TEM images of
vacancies formed under 80 kV electron irradiation in AA'- and AB-stacked #-BN respectively. (a) In the
AA'-stacked h-BN, we observe anti-parallel triangular vacancies in separate layers, highlighted by red
and blue triangles. We also observe bilayer vacancies with no preferred shape or edge termination. (b) In
the AB-stacked #-BN, we observe only parallel triangles in every layer as highlighted by red and blue
triangles. (c) A schematic of bilayer AA'-stacked #-BN. The nitrogen zig-zag edges are highlighted in the
top (blue) and bottom (red) layers. (d) A schematic of bilayer AB-stacked 4-BN. The nitrogen zig-zag
edges are highlighted in the top (blue) and bottom (red) layers. (e) A schematic of a prototypical
monolayer A-BN nitrogen zig-zag edge terminated triangular defect. (c-e¢) Boron is shown in gold and
nitrogen is shown in blue. Figure based on my unpublished experimental data. Scale bars are 10 nm.
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Figure 3.4 illustrates the differences between vacancies that form in AA'- and AB-stacked /-
BN, schematically and imaged using conventional TEM with a beam energy of 80 kV (JEOL
2010). In the AA'-stacked sample shown in Figure 3.4 (a), we observe triangular vacancies that
form with two anti-parallel orientations as denoted by the red and blue triangles. This is
consistent with the observations in References '"'**!'®7. Vacancies with irregular edge structures
are also observed as highlighted by the purple circle in Figure 3.4 (a). Because the change in
contrast across the edge of these vacancies is double that of the triangular vacancies, we infer
that the irregular vacancies are bilayer.

By contrast, in the AB-stacked #-BN shown in Figure 3.4 (b), all of the triangular vacancies
that form are parallel. Moreover, the edges of each vacancy are nearly straight, and we do not
observe any irregular shaped vacancies.

We attribute the difference in the vacancy morphology to the difference in interlayer
orientation. For AA'-stacked /#-BN, the adjacent layers are rotated by 60° and registered such that
the boron and nitrogen atoms in the top layer sit directly above the nitrogen and boron atoms in
the bottom layer respectively as shown in Figure 3.4 (c). Due to the 60° rotation between the
layers, the triangles defined by the three nitrogen-terminated zig-zag edges in each pair of
adjacent layers are anti-parallel as sketched. Because the nitrogen terminated zig-zag edges
define triangular vacancies (as described shown in Figure 3.4 (e)), these vacancies in adjacent
layers of AA'-stacked #-BN should be anti-parallel. This agrees directly with our experimental
observation.

When vacancies in two layers of AA’-stacked #-BN overlap, Alem ef al showed that
interlayer covalent bonds form.'** This interlayer covalent bond breaks the threefold rotational
symmetry of the #2-BN layers and disturbs the preferential formation of triangular vacancies.
Because the nitrogen-terminated zig-zag edges in each layer are offset by a 60° rotation, multi-
layer vacancies do not preferentially form triangles. As observed in Figure 3.4 (a), these
multilayer vacancies do not have a deterministic shape.

By contrast, AB-stacked #-BN is comprised of aligned layers in which each successive layer
is offset by one atomic bond length as shown in Figure 3.4 (d). Because every single layer in the
lattice is now aligned, the triangles defined by the nitrogen zig-zag edges and the vacancies they
define are now parallel in each separate layer as sketched. This explains the formation of
exclusively parallel vacancies as observed in Figure 3.4 (b).

The parallel orientation of these vacancies allows for the deterministic fabrication of
vacancies in #-BN. This process is described in Section 3.3 and Reference *. It also allows for
the fabrication of nested triangular vacancies as shown in Figure 3.5.
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Figure 3.5 Growth of a bilayer nanopore in AB-stacked A-BN. (i)-(iv) shows the growth of a bilayer
nanopore from a few-atom monolayer vacancy to a 6 nm bilayer pore. (i) Initially, the vacancy starts as a
one-edge bilayer few atom defect. (ii) Then, the pore grows to ~1.5 nm with two bilayer edges. (iii) The
vacancy grows to 4 nm with three bilayer edges. (iv) The pore grows to 6 nm retaining its bilayer edges.
No edge ever reverts to monolayer. All scale bars are 5 nm. Figure based on my unpublished
experimental data.

Because in AB-stacked #-BN adjacent layers share the same three-fold p3 symmetry (just as
in monolayer 4-BN), the intersection of triangular vacancies also preserves this symmetry, thus
allowing for the formation of bilayer triangular vacancies. Figure 3.5 shows the growth of a
vacancy in a monolayer of #-BN as it merges with a larger vacancy in the next layer to form a
bilayer AB-stacked #-BN nanopore.

In Figure 3.5 (i), a small single- or few-atom vacancy has formed within a triangular
monolayer region that is embedded within a bilayer area (~2 nm triangle). By panel (ii), the
vacancy has grown to ~1.5 nm and two of its edges have aligned with the large vacancy to form
bilayer edges. In panel (iii), the vacancy in the two layers have merged to form a ~4 nm
triangular bilayer vacancy. In panel (iv), the triangular bilayer vacancy has grown to ~6 nm while
retaining its bilayer edges and triangular geometry.

Unlike the irregular multilayer vacancies that form AA’-stacked 4#-BN, stable bilayer
triangular pores form in the AB-stacked sheets in when irradiated under the same conditions.
These bilayer edges keep their triangular shape and bilayer edges as they continue to grow as
shown in Figure 3.5 (iii) & (iv). Moreover, the edges never revert to two separate monolayers or
merge to form a trilayer edge.

While the interlayer orientation is sufficient to describe the alignment of vacancies in
multiple layers, it does not fully explain why the vacancies should merge to preferentially form a
bilayer edge. We suggest two mechanism by which bilayer edges emerge. The first possible
mechanism is that bare monolayers of #-BN are less stable under electron irradiation. This could
be because a second layer provides protection from chemical sputtering from the electron beam
or because the second layer increases the kinetic scattering threshold for the layers among other
reasons. In this scenario, whenever a small monolayer region of 42-BN is exposed, the layer is
etched back to form a bilayer edge.

The second mechanism we suggest is that a covalent bond forms between the edge atoms. In
this scenario, as the triangular vacancies in the top and bottom 4-BN layers intersect, the edge
atoms covalently bond together. This would form a stable edge that maintains its structure as it is
irradiated and reforms as it is etched. These two mechanism can be distinguished by their

. . 132
structural properties as in Reference .
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Figure 3.6 HR-TEM of triangular vacancies in AB-stacked /-BN. (a)Triangular vacancies produced in
h-BN under 80 kV electron irradiation using TEM mode on the National Center for Electron
Microscopy’s TEAM 0.5. Two 3 nm bilayer pores (highlighted in green) are present with several smaller
monolayer vacancies. The image is presented using the ‘Fire’ lookup table to distinguish between vacuum
(black and dim red), single boron and atoms (bright red dots), and stacks of boron and nitrogen (yellow
dots). (b) A zoomed in section of the edge highlighted by blue dashed box in (a). An overlaid grid denotes
spacings of half the interatomic distance (a,/2) in y and ((V3)ay/2) in x; all of the positions for the relaxed,
undisturbed lattice fall on this grid. Figure based on my unpublished experimental data.

V3a, 2V3a, 3V3aq,

Figure 3.7 HR-TEM of triangular vacancies in AB-stacked #-BN with overlaid atoms. (a) The same
TEM focal series reconstruction from Figure 3.6(b). The same zoomed in section of the edge from Figure
3.6 with the atoms species overlaid. Boron is shown in yellow while Nitrogen is shown in blue. Atoms in
the ‘top’ layer are shown smaller than the ‘bottom’ layer. Figure based on my unpublished experimental
data.
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In order to understand the structure of its edges, we performed HR-TEM on vacancies in
bilayer AB-stacked #-BN using the TEAM 0.5 microscope at Lawrence Berkeley National
Laboratory. Figure 3.6 shows the exit wave reconstruction (mac tempas) of a focal series stack (-
10 nm to 70 nm) of 80 monochromated TEM images acquired at 80 kV. The image is presented
using the ‘Fire’ lookup table to distinguish between vacuum (black and dim red), single boron
and atoms (bright red dots), and stacks of boron and nitrogen (yellow dots).

Figure 3.6(a) shows an overview of two 3 nm bilayer vacancies in the AB stacked 4-BN as
highlighted by the green triangles. Multiple smaller monolayer vacancies are also present. The
edge highlighted by the blue dashed box is presented in Figure 3.6(b). An overlaid grid denotes
spacings of half the interatomic distance (a,/2) in y and ((V3) a,/2) in x; all of the positions for
the relaxed, undisturbed lattice fall on this grid.

We find that each double atom stack of boron and nitrogen falls exactly on the grid of the
undisturbed lattice, independent of how close they fall to the edge. In Reference '*, Alem et al
show = that the curvature induced by covalent bonding at the edge of bilayer AA’-stacked #-BN
compresses the measured in-plane interatomic distance for atoms near (not at) the edge by
approximately (a,/4). For our measurement, as shown in Figure 3.6, we can exclude this
possibility.

At the edge, in Reference '*2, Alem et al show (that the measured in-plane interatomic
distance is compressed by an even larger (a,/3). In our measurement, however, it is more difficult
to precisely assign atomic position at the edge. This is because for the single atoms, including
those that comprise the edge, distortions to their shapes and positions from the reconstruction
introduce uncertainty to the measurement. However, despite this uncertainty, the positions of the
single atoms appear to fall much closer to their relaxed position than the (a,/3) compression
observed in Reference '**.

Figure 3.7 reveals the atomic species near the edge as deduced from the positions of the
boron-nitrogen atomic stacks and monolayer vacancies. We observe that the edge is comprised
of a single nitrogen zig-zag chain in only one of the layers (shown as the bottom layer); the other
layer terminates at its nitrogen zig-zag edge along the boron-nitrogen stack zig-zag. Each layer
therefore appears to terminate independently with only one layer reaching the edge of the
vacancy.
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Figure 3.8 Simulated edge structures and electronic structures in AB stacked bilayer #-BN. Two
possible edge structures that exhibit no in-plane compression away from the edge and their density of
states plotted versus energy. (a)-(b) Schematics from the top (a) and side (b) of the ‘open edge’ structure
for bilayer 4#-BN in which two layers terminate in adjacent nitrogen zig-zag edges, and no interlayer
covalent bond forms. (c) The density of state plotted versus energy for the nitrogen zig-zag edges. (d)-(e)
Schematics from the top (d) and side (e) of the ‘closed edge’ structure in which in which two layers
terminate in adjacent nitrogen zig-zag edges, and an additional chain of boron atom inserted in between
forms a covalent bond between the layers. (f) The density of states plotted versus energy along the boron
edge. This figure is prepared based on unpublished theoretical work by Dr. Mehmet Dogan under the
supervision Prof. Marvin Cohen.

To further understand the properties of the edges of the AB-stacked bilayer vacancies, we
again collaborate with Dr. Mehmet Dogan and Prof. Marvin L. Cohen. In order to explore the
possible atomic and electronic structures, the Cohen group simulated the structures using density
functional theory (DFT). Atomic models for >12 possible edge configurations, both with and
without interlayer covalent bonds, were modelled based on the HR-TEM reconstruction shown
in Figure 3.7. Using DFT, the structures were simulated and structurally relaxed to minimize the
lattice strain energy. Then, the electronic band structures were calculated. We parsed the possible
structures to find candidates that demonstrated no in-plane distortion of the atoms near the edge.

Figure 3.8 shows the two bilayer edge configurations that result in virtually no in-plane
compression or curvature for the lattice other than for the atoms at the edge. The first structure is
the ‘open edge’ case in which two monolayer edges sit directly on top of one another without
bonding. The model for this structure) matches directly with our observed atomic species and
positions in Figure 3.7. Figure 3.8(c) shows the calculated density of states for the open edge
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structure. Unlike the edges studied in AA' stacked 4-BN,"** we find a large occupied density of
states at the fermi energy, suggesting that these edges are metallic.

The second structure we found that does not exhibit in-plane distortions is shown in Figure
3.8(d)-(e). In this ‘closed edge’ case, an additional boron atom at the edge allows for a covalent
bond to form between the nitrogen zig-zag edges. Consistent with our HR-TEM study, the only
observed lattice compression in this conformation is for the single chain of nitrogen atoms along
the edge. However, we do not observe an additional boron atom along edge of the vacancy, and
the atomic positions in Figure 3.8 do not match those in Figure 3.7. In contrast to the AA’'-
stacked A-BN studied in Reference '°*, we find an occupied density of states at the fermi level for
this covalently bonded edge.

Our observations suggest that the bilayer edges formed under 80 kV electron irradiation in
AB-stacked 4-BN vary markedly from those that form in AA'-stacked #-BN."* First, the bilayer
edges in AB-stacked #-BN appear to be metallic while those in the conventional AA'-stacking
are insulating. This is an important difference as it suggests that AB-stacked #-BN could
potentially be used for its 1D conducting edges. Second, the formation of bilayer edges in AA'-
stacked #-BN occurs because of stable interlayer, but the formation of bilayer edges in AB-
stacked #-BN appears to be a kinetic effect. This highlights that both the roles of the chemistry in
the TEM column and knock-on effects have major roles in determining defect geometry in
materials.

In addition to studying the bilayer edges of AB-stacked #-BN, we also considered monolayer
vacancies in a single layer of the two-layer stacks. Figure 3.9 shows two such monolayer
vacancies as imaged in TEM and modelled theoretically. In the first (shown in Figure 3.9(a)-(c)),
10 boron atoms and 6 nitrogen atoms are missing from one layer in a bilayer AB-stacked /#-BN.
The relaxed theoretical model (which contains no interlayer covalent bonds) matches the
experimental HR-TEM structure almost exactly. Based on these theoretical calculations (again
performed by Dr. Mehmet Dogan under the supervision of Prof. Marvin L. Cohen), we find that
the edges of this vacancy are metallic.

In the second vacancy (shown in Figure 3.9(d)-(f)), 3 boron atoms and 1 nitrogen atom are
missing. Again, our experimental HR-TEM is fully consistent with the relaxed theoretical model
with no interlayer covalent bonding. When this smaller structure is modelled theoretically,
however, we find that the edge is semiconducting with a 1.86 eV gap. This result suggests that
tuning vacancy size in AB-stacked #-BN is a new method for tuning the gap of its vacancies. The
ability to create vacancies with tunable bandgaps in the visible range may be useful for #-BN in
optoelectronics and photon emission.'**!!-1®
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Figure 3.9 Vacancies in one layer of a bilayer AB-stacked A-BN. (a) An HR-TEM focal series
reconstruction of a vacancy produced in a single layer of a bilayer AB-stacked 4-BN, comprised of 10
missing boron atoms and 6 missing nitrogen atoms. (b) A fully relaxed atomic schematic of the vacancy
in (a). (c) A side view of the stack in (b) and a ‘metallic’ label denoting that at the edge of the vacancy
there is no bandgap at the fermi level. (d) An HR-TEM focal series reconstruction of a vacancy in a
bilayer comprised of 3 missing boron atoms and 1 missing nitrogen. (¢) A fully relaxed atomic schematic
of the vacancy in (d). (f) A side view of the stack in (¢) and a ‘1.86 eV’ label denoting that at the edge of
the vacancy there is a 1.86 eV bandgap at the fermi level. Scale: The frames of (a) and (d) are 2 nm wide.
This figure is prepared based on unpublished theoretical work by Dr. Mehmet Dogan under the
supervision Prof. Marvin Cohen.
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3.2.4 Graphene on A#-BN Defects

This section is based on my original unpublished experimental results.

While #-BN and its vacancies are of interest for their own applications and properties, #-BN
has most widely been studied as a substrate, dielectric, or encapsulation layer for graphene and
other two-dimensional materials. As a supporting material, #-BN has consistently been used to
demonstrate the highest mobilities in graphene,’'"” to maintain the chemical stability of volatile
materials,”"'® """ and to explore sensitive physical phenomena such as quantum metallic and
superconducting states. ' >

Recently, it has been shown that manipulating the dielectric environment exerts major control
over the electronic properties two-dimensional materials. '"*'”> Because the members of this
class of materials are only one or a few atoms thick, the surface it sits on has direct access to the
entire ‘bulk’ of the material. This can be implemented by either carefully selecting a substrate’s
dielectric constant '’*'" or by spatially patterning the dielectric.'”'’® This scheme can also be
used to tune the potential landscape for a two-dimensional material. For example, patterning a
trigonal lattice in an SiO; layer beneath a graphene/A-BN heterostructure has been shown to
generate an artificial graphene superlattice band-structure and to yield additional Dirac cones in
the graphene’s band structure.'”

In the Section 3.2.2, I showed that the vacancies in #-BN grow to atomically precise triangles;
these vacancies represent ultimate limit for tuning the geometry of a dielectric layer for the two-
dimensional material family.

Here, I suggest a novel route for the direct fabrication of atomically precise vacancies in /-
BN/graphene heterostructures. Fortuitously, the knock-on thresholds for both boron and nitrogen
in 4-BN are lower than that of carbon in graphene. At 80 kV, it has been demonstrated that
carbon is not readily ejected from graphene while vacancies in #-BN form as described in
Section 3.2.2. Therefore, it is possible to irradiate graphene/A-BN heterostructures to form
vacancies in #-BN without disturbing the graphene.

By laminating pristine graphene directly on 4-BN and forming #-BN vacancies by irradiation,
the carriers in graphene can be directly exposed to the modulations in the #-BN due to the
intimate contact of the layers. The carriers will thereby experience atomically-sharp potential
variations across the surface from the charge on the edge atoms of the patterns and the variation
in doping of the graphene caused by the vacancies.
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Figure 3.10 TEM imaging the formation of vacancies in graphene/i#-BN heterostructures. (i)-(vi) A
time series showing the evolution of defects in a stack of graphene and multilayer AB-stacked #-BN
while it is irradiate by 80 kV electrons at 7 A/cm’. (i) Initially, no vacancies are present at 0 s. (ii) After
90 seconds, a single vacancy has formed. (iii)-(v) Vacancies continue to nucleate and grow. (vi) After 600
seconds, a single vacancy has grown to 8 nm and all other vacancies are clearly triangular. Figure is based
on my unpublished experimental data.

Figure 3.10 shows the formation of vacancies in the 4-BN layer of an #-BN/graphene
heterostructure. In panel (i), the overlapping graphene and 4-BN is identified based on the
presence of a moiré pattern; the periodic trigonal array of bright contrasted spots spaced by
approximately 4 nm is produced by the twisting between the graphene and 4-BN layers as
described later in Section 3.2.5.

There are no visible defects in Figure 3.10 (i), but after 90 s of irradiation with the 80 kV
electron beam at 7 A/cm?, a single few atom vacancy has formed at the center of the panel as
shown Figure 3.10(ii). As the region is irradiated more defects form (Figure 3.10(iii)) and begin
to grow (Figure 3.10(iv)). In the time series shown, a single vacancy grows from a few missing
atoms in panel (ii) to an 8 nm triangular vacancy. This process is observed in situ and is
amenable to being controlled due to its slow growth rate of 1 nm/min.

After 600 seconds of irradiation in Figure 3.10(vi), it is clear that all of the vacancies
observed are triangular (and aligned). Because graphene (i) has never been observed to support
triangular vacancies, (ii) does not exhibit a three-fold rotational symmetry, and (iii) has a higher
knock-on threshold than 4-BN, this strongly suggests that all of the vacancies have formed in the
h-BN.
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Figure 3.11 Fabrication of #-BN vacancy array using STEM. (a) Triangular vacancies in several
layers of AB-stacked #-BN as fabricated and imaged in STEM mode using the TEAM 0.5 microscope.
(1)-(vi) The sequential fabrication of single triangular vacancies in a monolayer 4-BN using STEM mode
on the TEAM 0.5 microscope. Figure is based on my unpublished experimental data.

To create an array of vacancies in #-BN with precise and deliberate locations, we irradiate the
material using the scanning TEM (STEM) mode of the TEAM 0.5 microscope. In contrast to
TEM mode which uses broad illumination with parallel electron trajectories to produce a
projection image, STEM uses a converged electron beam with a sub-A probe size. The probe is
rastered, and transmitted (bright-field) or scattered electrons (dark-field) are measured at each
point to generate an image. This is analogous to other scanning microscopies (e.g. SEM, AFM,
HIM, etc.) which generate images using similar rastering techniques.

Figure 3.11(a) shows a representative vacancy fabricated in AB-stacked multilayer #-BN
using STEM. Parallel triangular vacancies form across the multiple layers as observed using
TEM mode in Section 3.2.3. Moreover, the edges of the triangles are parallel to a zig-zag edge
based on the position of the lattice fringes. We note that it is not obvious this should be the
outcome; because the beam has a Gaussian profile that is only approximately 1 A in diameter,
the beam could preferentially form pores based on its own geometry or locally favor nitrogen
based on the location of the beam’s peak intensity.

To create arrays of precisely-placed vacancies we turn off the rastering function of the STEM
and place the condensed beam for 10-20 seconds on a monolayer region of #-BN. By positioning
the beam at pre-specified locations, we are able to create an array point-by-point as shown in
Figure 3.11(b)(1)-(vi).

Specifically, we are able to create an array of <5 nm vacancies with a 15 nm pitch. While the
shape is not yet fully controlled, further dose optimization and shuttering the beam between
exposures (as we did) may improve this.
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3.2.5 Vacancy Formation in Twisted Multilayer #-BN

This section is based on my original unpublished experimental results.

In Section 3.2.3, I compared electron irradiation effects in AA’- and AB-stacked 4#-BN and
found that the orientation of layers controlled the shape of the vacancies formed. Because the
angle between the nitrogen zig-zag edge changes based on the interlayer rotation, both the
relative orientation between the vacancies in the individual layers (antiparallel vs. parallel) and
the nature of bilayer vacancies (triangular vs. amorphous) change.

While the high symmetry orientations represent the thermodynamic ground states, twisted
multilayers of two-dimensional materials can be fabricated at room temperature. These twisted
multilayers have become subject of intense research interest as of late with controlled stacking
angle giving rise to exciting new electronic and optical phenomena.

Here, I show these twisted multilayers can also be of interest for controlled formation of
vacancies in #-BN under electron irradiation. Like in AA’-stacking, the nitrogen zig-zag edges in
layers of twisted multilayer 2-BN will vary from layer allowing new vacancy angles. However,
unlike in the AA'-stacking, in the twisted material each atom will no longer stack to form
covalent bonds at every site. This allows for the formation of new unexplored vacancy shapes.

In this study, twisted multilayer #-BN regions that form spontaneously during the transfer of
AB-stacked /#-BN from foil to TEM grid are found using the STEM mode of the TEAM 0.5
microscope.
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Figure 3.12 Moiré patterns in twisted multilayer #-BN. A STEM image of a moiré pattern in a twisted
multilayer of 2-BN comprised of two distinct 7° twisted regions of AB-stacked 4-BN. Figure is based on
my unpublished experimental data.

Twisted multilayer regions are identified from the presence of moiré patterns as shown in
Figure 3.12(a). In this image, two overlaid trigonal lattices are visible: The lattice comprised of
1 A spots with 2.5 A pitch is due the constituent AB stacked layers, and the lattice comprised of
1 nm spots with a 2 nm pitch is the moir¢ pattern.

Moiré patterns arise in twisted multilayers due to a local shift in the areal density of atoms as
illustrated. Because STEM measures the presence of atoms with a rastering probe, lighter regions
indicate that a larger areal density is covered while darker areas indicate that the atoms are more
closely aligned.

If the lattice constant is known, the spacing of the moiré spots can be used determine the
interlayer rotation. The wave vector of the moiré pattern is given by the difference of the two
nearest wave vectors of the constituent layers. Therefore, the moiré spacing can be expressed as
a function of the lattice constant and interlayer twist by:

D = 2 a
|k1 - kzl 2 sin (Q)
2

For the lattice constant of #-BN (a = 0.25 nm) and the 2 nm moiré spot spacing, the twist

angle 0 is approximately 7°.
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Figure 3.13 HR-STEM images of two twisted areas of 4-BN with varying thicknesses in which
vacancies have been induced. (a) A >3 layer region of AB-stacked #-BN with a 7°. The twist angle is
visible in the inset and based on the spacing of the moiré pattern. Distinct triangular vacancies are visible
with a 7° difference in their orientation (red and blue). (b) A bilayer region of twisted #-BN containing
several vacancies. Two small triangular vacancies that are rotated from each other by 40° have edges
parallel to that of a large bilayer vacancy. Figure based on my original unpublished experimental data.

After identifying a twisted region of #-BN in STEM, we irradiate with 80 kV electrons to
investigate the vacancies that form. Figure 3.13(a) shows the emergence of vacancies in two
distinct orientations of triangle defects in the twisted multilayer #-BN. These defects are offset
by 7° as illustrated by the red and blue lines. This rotation angle agrees with the 2 nm spacing of
the moiré pattern and the observed angle between the triangular domains shown in the low-
magnification TEM image in the inset. The rotation between the vacancies confirms that their
orientation can be controlled using interlayer twist in multilayer 4-BN.

Figure 3.13(b) shows a bilayer region of twisted multilayer #-BN that has been irradiated to
induce both monolayer vacancies and a large bilayer pore. As highlighted by the purple and
green lines, the monolayer vacancies have a 60° corner as is standard for the triangular features,
but they are oriented in different directions.

The bilayer hole, on the other hand, is comprised of a variety of edges. Notably, however,
many of these edges are straight and can be correlated to the edges of the triangular vacancies in
the individual layers. For example, in the bilayer hole, a 100° corner is highlighted by the
intersection of a green line and a purple line. The green line is parallel to the left edge of the
green 60° angle and the purple line is parallel to the right line of the purple 60° angle. This
suggests that it is the nitrogen zig-zag edges of the individual layers that define the bilayer hole.

This suggests that twisted #2-BN layers can be used to unlock new vacancy geometries. By
carefully selecting the interlayer orientation different corner angles and numbers of sides in a
vacancy may be tuned.
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3.2.6 Defect Formation in 4-BN at Elevated Temperatures

This section is based on our previously published work in Reference '”’. Experimental work
was performed in collaboration with and led by Dr. Thang Pham and Dr. Ashley Gibb under the
supervision of Prof. Alex Zettl, and theoretical calculations were performed by Dr. Zhenglu Li
under the supervision of Prof. Steven G. Louie.

One important parameter for tuning the structural properties of atomic vacancies is material
temperature. By thermally exciting the lattice, the constituent atoms are mobilized, allowing
them to more readily anneal into the ground state of the vacancy’s edge, or potentially changing
the vacancy’s ground state altogether. This is analogous to phase transitions and annealing in
bulk materials. Additionally, as adsorbates and other surrounding are excited, the chemical
environment can also be changed.

One example of temperature impacting the morphology of vacancies in two-dimensional
materials is in those that form under electron irradiation in graphene.'”® We have seen at room
temperature (in Figure 3.1 that electron induced vacancies in graphene have no preferred
termination; however, when the sample is heated above 500 °C, some zig-zag edges can form
preferentially This suggests that heating can be used in #-BN as well to tune its vacancy
geometry.

In this section, I investigate the role of material temperature on its electron irradiation induced
defect formation and evolution. #2-BN samples prepared by Dr. Thang Pham by carbothermic
reduction of highly oriented pyrolytic graphite (HOPG) with boron oxide and nitrogen gas are
studied with high-resolution TEM (80 kV) at elevated temperatures (500 — 1000 °C).
Simultaneous atomic resolution TEM and heating is performed using the TEAM 0.5 microscope
with an Aduro TEM holder that allows for stable joule heating during imaging.
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Figure 3.14 h-BN Defect shape versus temperature. Representative high resolution TEM images (top)
and their corresponding atomic structures (bottom) are shown versus temperature. At 500 °C and below
(left), triangular vacancies with nitrogen terminated zig-zag edges are formed preferentially. At 900 °C
(right and center), boron zig-zag edges begin to appear in defects, allowing for the formation of hexagonal
(center) and parallelogram (right) vacancies. Based on experimental data collected by Dr. Ashley Gibb
under the supervision of Prof. Alex Zettl as presented in our previously published work in Reference .

Figure 3.14 shows representative high-resolution TEM images collected by Dr. Ashley Gibb
and corresponding atomic schematics highlighting the effects of increasing temperature on the
structure of vacancies in 4-BN. At 500 °C (Figure 3.14 (left)), we continue to observe the
exclusive formation of triangular defects (as we do at room temperature). As shown in the atomic
structure (Figure 3.14 (bottom left)), this suggests that nitrogen zig-zag terminated triangles
form preferentially up to at least 500 °C.

From 600 to 1000 °C, we begin to observe the appearance of hexagonal defects. While small
triangular vacancies do still form, they quickly become unstable and reconfigure to hexagonal
morphology. Figure 3.14 (center) shows a representative hexagonal vacancy observed at 900 °C
and its atomic schematic. We note that these hexagonal vacancies are comprised of both nitrogen
and boron zig-zag edges separated by 120° corners. While we also observe the formation of
parallelogram shaped vacancies Figure 3.14 (right) at 900 °C, these defects are far outnumbered
by their hexagonal counterparts. For both of these shapes, the perimeters must be composed of
exactly half each of both nitrogen terminated and boron terminated edges that coexist within the
same defect and all edges have a zig-zag conformation. Prior to this finding, all other defects in
the #-BN literature have been observed to be exclusively nitrogen or boron terminated.
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Figure 3.15 Enthalpy of formation for #-BN vacancies. The enthalpy of formation per unit length vs.
number of edge atoms ((a)-(b)) and corresponding phase diagram (c) for hexagonal, nitrogen terminated
triangle (tri-N), and boron terminated triangle (tri-B) #-BN vacancies in (a) nitrogen rich and (b) boron
rich environment. In both chemical limits, hexagonal vacancies are preferred for small circumferences (n
< 20). In the phase diagram as shown in (c), hexagonal vacancies are preferred with larger edges for a
more even mix of boron and nitrogen. Based on theoretical calculations performed by Dr. Zhenglu Li
under the supervision of Prof. Steven G. Louie as presented in our previously published work in
Reference .

At the elevated temperatures studied, the evolution of hexagonal vacancies suggests that there
is a strong temperature dependence to the energetic preference of boron versus nitrogen
termination in the edges. In collaboration with Zhenglu Li and Professor Steven G. Louie, we
use first principle calculations in the Quantum ESPRESSO package to compute the enthalpy of
formation for different defect shapes in order to gain understanding of the defect formation
mechanism.

Figure 3.15 (a)-(b) show the resulting calculated total formation energy per edge atom for
hexagonal, nitrogen terminated triangle (tri-N), and boron terminated triangle (tri-B) #-BN
vacancy geometries. First, the enthalpy of formation of edge atoms and corner atoms are
calculated for each geometry. Then the enthalpy of formation is averaged across the entire
structure. At small circumferences, the formation energy per atom is lower because there is
appreciable energy minimizing structure reconstruction near the corners. In the hexagonal
structures, we find that the 120° corner has lower energy than the 60° boron or nitrogen
terminated corner in either triangular geometry.

For small vacancies in both nitrogen (Figure 3.15 (a)) and boron rich environments (Figure
3.15 (b)), we find that hexagonal vacancies are energetically preferred. Experimentally, we
observed the presence of hexagonal defects with the size (circumference) in the range of n =6 to
n = 26, which fall within the hexagonal defect dominated space in the phase diagram in Figure
3.15 (b) for our expected near even mix of boron and nitrogen.
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This, however, predicts that hexagonal defects should be predominant for all temperatures and
chemical environments. Therefore, we believe that for high temperatures the defect geometry is
governed by the enthalpy of formation as described in the phase diagram while the geometry in
the low temperature case is governed kinetically. Because lattice atoms are more mobile at
higher temperatures (> 600 °C), they are able to anneal into the energetic ground state, favoring
hexagonal defects. However, for lower temperatures (< 500 °C), atoms are less mobile and the
preference of boron ejection by the knock-on kinetics favors triangular vacancies.

3.3 Fabrication of Subnanometer-Precision Nanopores in 42-BN

. . . . 42
This section is based on our work in Reference ™.

In this section, I describe and establish a procedure for the fabrication of individual nanopores
in few-layer #-BN with atomically precise control of pore size from few-atom vacancies to
several nanometer side-length through careful control of transmission electron microscope
(TEM) electron beam conditions. It has been previously demonstrated that when /4-BN is
exposed under 80 kV electron irradiation in TEM that regular atomically precise triangle defects
form’"+10103138:163:163 ‘yye 10 the preferential ejection of boron, attributed either to electron
knock-on effects or selective chemical etching by atomic species present in the TEM, metastable
nitrogen terminated zig-zag edges form and preserve a triangular shape under the electron beam.
As these undercoordinated nitrogen atoms are ejected a new nitrogen zig-zag edge is exposed
allowing for the precise quantized growth of the triangle defect'*'**.

In the earlier literature on #-BN vacancies, however, the defects studied, despite growing at
precise increments, were not controlled in number or size; many defects were formed and the
rate of growth was left uncontrolled.'”'**'*” In other studies, in which the number and position
of the defects in #-BN were controlled for nanopore studies, the defects formed were irregular in
shape and larger than 5 nm due to the use of high currents or voltages in order to readily create
single pores>®'”’.

Here, I present a method that combines the strengths of these approaches by allowing for both
the nucleation of single nanopores and for the precise growth of these defects in #-BN from few
atom vacancies to several nanometer side-lengths. This process can be simply accomplished in a
conventional TEM by only modifying the beam conditions and does not need an advanced
aberration-corrected TEM.

AB-stacked /#-BN, prepared by chemical vapor deposition on copper foil, is transferred to
quantifoil holey carbon grids via a direct transfer method. Sub-nanometer precise pores are then
fabricated using a JEOL 2010 TEM at 80 kV as detailed below.
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Figure 3.16 Schematic of our nanopore fabrication method. (a) Starting from pristine #-BN a TEM
electron beam is condensed to 10-20 nm area. (b) Triangular defects form under the condensed beam,
mostly near the center, allowing for the stripping of the 2-BN layer by layer. (c) After the formation of a
single few-atom vacancy in the final layer, the beam is spread. (d) Under a lower beam energy density,
the pore is grown to the desired size. Figure reprinted from our previously published work in Reference **.

Our process for creating an individual nanopore is shown schematically in Figure 1, and
consists of two main steps.

First, with a high current density (>20 A/cm?) focused electron beam, we strip away layers of
h-BN over a small area until we are left with a single few-atom vacancy in a small single-layer
region. The high current density allows for the quick milling of #-BN multilayers. While these
beam currents do not produce nice triangular vacancies, they do preferentially form new
vacancies. This results in a thinning of the #-BN.

Second, the electron beam is spread to a lower current density (<10 A/cm?). In this beam
current regime, triangular vacancies grow preferentially. The size of the growing nanopore is
monitored in situ under the diffuse electron beam. Based on our observations, the formation of
additional vacancies and pores is suppressed due to the low current density. Further studies are
necessary to understand why this happens.
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Figure 3.17 Layer by layer stripping of multilayer #-BN. (a)-(e) TEM time series showing the
formation of defects and stripping of layers at doses of (a) 0, (b) 2.0 x 10’ e/A%, (c) 2.3 x 107 e/A% (11
min), (d) 2.8 x 10" ¢/A? (15 min), and (e) 3.1 x 107 ¢/A* (18.5 min) under a 10-20 nm condensed electron
beam with a current density of 37 A/em”. (f) The number of continuous vacancies present in each layer of
the sample as a function of dose. (g) A graph depicting the amount of area exposed of a given layer or
below, note that the area exposed of each layer or below goes asymptotically towards probe size. The
difference between layer 1 and vacuum is larger than between other layers. The size in nanometers of
frames (a)-(e) are constant. This figure is reprinted from our previously published work in Reference *.

In order to prepare individual nanopores in multilayer #-BN, our first step strips away layers
in a localized region by milling using the condensed, high-current density (>30 A/cm?) electron
beam in the JEOL 2010 TEM. As shown in Figure 3.17(a)-(e), by using a beam condensed to a
diameter of 10-20 nm at a current density of 37 A/cm®, vacancies are readily formed in each
layer sequentially and steadily grow with dose, effectively stripping away layer by layer. The
dose dependence is illustrated in Figure 3.17(f). Under these beam conditions, this process
proceeds fairly slowly giving a good deal of control.

Figure 3.17 (g) shows the area of the sample exposed for a given layer or below. In this
experiment, it requires a dose of approximately 6 x 10° e/A? or 4.5 minutes to strip to each
successive layer under the condensed beam.

Vacancies in the final single-layer region of the #-BN can be identified by a larger contrast
difference. Figure 3.18 shows that the difference in grayscale counts between a 1 L region and
vacuum is nearly four times as great as difference between any other two layers. This allows us
to identify when a pore reaches vacuum and to stop the milling after an isolated vacancy has
been introduced in the single-layer region.
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Figure 3.18 TEM image of a single 1.5 nm A-BN nanopore and its grayscale contrast. (a) A TEM
image of a single 1.5 nm nanopore in AB stacked /#-BN that is formed after the time series in Figure 3.17
. The pore has two bilayer edges and one monolayer edge. The thickness along the blue dashed line varies
from O to 5 layers of #-BN. (b) Grayscale count profile along the path along the line in (a). The difference
between layer 1 and vacuum is larger than between other layers. This figure is reprinted from our
previously published work in Reference *. Scale bar is 5 nm.
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Figure 3.19 Size vs dose Metastable quantized growth of triangular nanopores. (a) (i)-(viii) A time
series showing the quantized growth of a triangular nanopore in 4-BN from a few-atom vacancy (i) to
approximately 8 nm” (viii) under a beam current of 6 A/cm”. Mono to few-atom vacancy formed in
bottom 4-BN sheet, circled in yellow in (i). Images are taken at roughly 2 minute intervals. (b) A plot of
pore area versus dose for the images shown in (a). Figure based on our work in Reference **.

After a small vacancy has been produced, a lower energy density beam allows us to grow the
nanopore in quantized triangles of precise size, while new vacancy formation is inhibited. As the
nanopore grows, it favors a triangular geometry and is metastable at each quantized triangle size,
allowing for easily reproducible, highly regular pore geometry. Figure 3.19(a) shows an
example of the growth of a single nanopore from a few-atom vacancy to 8 nm” with the beam
current density reduced to 6 A/cm?. The pore growth as a function of dose can be seen in Figure
3.19(b).

As has been described previously, electron knock-on effects and/or selective chemical etching
due to gases present in the TEM column preferentially eject boron atoms and preserves nitrogen
. .o 71,104,138,163,164,180 : Y
zig-zag edge termination . Hence, each of the triangular pores created is reliably
nitrogen terminated, desirable for many nanopore applications where controlling end-group
chemistry is critical. When the nanopore has reached its desired size, the beam can be fully
expanded or blanked to cease pore growth.
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Figure 3.20 Comparison of vacancy growth by layer. Pore area versus dose for the nanopore shown in
Figure 3.18 compared to a neighboring vacancy of similar size in the second layer. Unlike the pore that
spans the full thickness of the #-BN, the vacancy that sits on top of another layer of 2-BN does not grow
at an appreciable rate. Figure based on our work in Reference **. Scale bar is 5 nm.

By further lowering the beam current density, the nanopore in the single-layer region can be
preferentially grown while similar defects in the multilayer region remain static. This is possible
because vacancies in multi-layer regions appear to be stabilized, with inhibited further evolution,
by the supporting #-BN layers. This is shown in Figure 3.20, where over the course of exposing
the sample with a total electron dose of 1.8 x 10° ¢/A” over 16 minutes at beam current of 3
A/em’, the pore that spans the bottom layer grows by 10-fold while the similar vacancy in the
second layer remains constant in size.

While we demonstrate that high precision nanopore can be created using conventional TEM,
the TEM irradiation process may be difficult to scale for applications requiring more than one
nanopore. However, chemical routes such as hydrogen annealing have demonstrated the ability
to form triangle vacancies in 2-BN®. By optimizing such a chemical process or by applying local
heating as Nam et al'®', number and size of defects could be controlled outside of the TEM at
much larger throughput. Other groups have also shown that defects in 2-BN can be produced at
lower accelerating voltages using a scanning electron microscope (SEM)'®; further studies of
this process might allow standard electron beam lithography exposures to create precise
nanopores in 4-BN.

In summary, we have developed a method for fabricating individual #-BN nanopores with
pore sizes that can be controlled with atomic precision. By careful control of beam conditions,
electron beam irradiation can be used to strip away 4-BN layers and create vacancies, or it can be
used for nanopore growth. Under the correct beam conditions, this pore growth is limited to
pores in single-layer #2-BN and is inhibited in multi-layer regions. The pore geometry and end-
group chemistries are both highly regular and controllable. Furthermore, we demonstrate in this
work that these atomically precise nanopores can be created using a conventional TEM. Using
an aberration corrected TEM allows refined characterization. 4-BN nanopores with tunable pore
size and geometry can find application in DNA sequencing (e.g. the pores <2 nm have
approximately same dimensions as single-strand DNA) and molecular sensing'**'*® where
smaller pores and more precise end-group functionalization could increase sensitivity and
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performance respectively, in water desalination where better tailored pore sizes and
functionalization could improve performance and efficiency'*’, and in molecular separation,
where precise pore size and end group control would allow for better discrimination between like

. . 160
chemical species .

be o o

Figure 3.21 Formation of hexagonal vacancies at high beam currents. (a) Hexagonal #-BN pore
created by condensing the beam at higher spot sizes to achieve higher current density. (b) Alternating
boron and nitrogen facets as demonstrated in Reference "7 Boron and Nitrogen represented in gold and
blue respectively. The nitrogen terminated facets that normally form the edges of a triangular nanopore
are circled in red and are stable at low beam currents while the boron terminated edges are not. Figure
reprinted from our work in Reference **.

The nitrogen terminated triangular defect geometry described above is not the only stable
geometry possible for #-BN under electron irradiation; other pore geometries and end groups can
be formed under different conditions. '°>'**%"182 In particular, in previous work it has been
shown that by elevating the temperature of the 2-BN while it is exposed that hexagonal defects
can be formed. '"*'*” The formation of these hexagonal defects is justified by the revelation that
there is an energy barrier between the hexagonal and triangular states which the heat provides the
energy to overcome in these prior works.

Here, we show that by increasing the beam current density we are also able to form hexagonal
defects using a conventional TEM. By using a smaller spot size to increase the condensed beam
current to approximately 70 A/cm”, hexagonal defects are formed, as shown in figure 5. As has
been described elsewhere, in order to create hexagonal defects, both boron and nitrogen edges
must be present. '°> These hexagons likely form because the extra beam current compensates for
the energy difference between boron and nitrogen zig-zag edge similar to how heating has
provided this extra energy in the prior literature. '°>'® The hexagonal pores can be steadily
increased in size if the beam current remains around 70 A/cm?,
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Figure 3.22 Evolution of hexagonal vacancies in A-BN. A time series of the evolution of hexagonal /-
BN nanopores after the beam is reduced from ~70 A/cm? to ~20 A/cm” at time t = 0. Frames (a), (b), and
(c) respectively show the sample after 0 seconds (image taken almost immediately upon spreading the
beam), 200 seconds, and 400 seconds of exposure under the ~6 A/cm” beam. After the hexagonal shapes
are formed at the the high beam current density, the vacancies grow into a triangle shape at the lower
beam current density. All scale bars are 5 nm. Figure reprinted from our work in Reference **.

Figure 3.23 h-BN nanoribbons formed by TEM irradiation. A TEM image of an #-BN nanoribbon
formed by creating multiple hexagonal vacancies in close proximity in AA’ stacked #-BN. The width of
the ribbon is ~1 nm implying that it is less than 6 atoms across. Since the chevron in the middle measures
120°, it is implied that the edge termination varies between boron and nitrogen as shown schematically in
in (b.) Boron is shown in blue and nitrogen in yellow. Figure based on my unpublished experimental data.

However, if the beam current is the hexagonal pores revert towards a triangular shape. Figure
3.22 shows the evolution of hexagonal vacancies formed in AB-stacked #-BN at a beam current
of ~70 A/cm? as they revert to a triangular shape at ~10 A/cm?.

The ability to fabricate hexagonal vacancies unlocks the potential to create structures with
both nitrogen and boron terminated edges. Figure 3.23(a) shows a TEM image of a monolayer
h-BN nanoribbon fabricated at an elevated beam current. Based on its geometry, the ribbon must
have both boron and nitrogen terminated zig-zag edges. On either side of the 120° junction, the
edges flip termination as shown in Figure 3.23(b).
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3.4 h-BN Nanopores for DNA Sequencing

This section is based on unpublished experimental work performed in collaboration with Dr.
Gabriel Dunn under the supervision of Prof. Alex Zettl.

The Bernal stacked 4#-BN nanopores described in Sections 3.2.3 and 3.3 have an ideal set of
properties for the DNA sequencing method outlined in Section 3.1. First, unlike graphene, few-
layered 4-BN is chemically inert.”” Covalently bound functional groups such as oxides and alkyls
that are commonly found in graphene and on graphene nanopores are absent in #-BN.'® This
may lead to a reduction in DNA sticking and increase the stability of the pore geometry.
Moreover, because few-layered #-BN is inert, nanopore bearing sheets of the material can be
cleaned using standard UV-ozone treatments to tune the cleanliness and hydrophilicity of the
membrane. >°

Second, bilayer edges with deterministic edge termination preferentially form in the electron
induced A#-BN nanopores. Based on our observations and predictions shown in Section 3.2.3,
these bilayer edges are highly stable and may be caused by interlayer covalent bonding, as seen
in previous TEM studies. Two to three layer nanopores have been predicted to be optimal for
DNA sequencing, and if these edges are covalently bonded, the negative effects of the DNA-
edge interaction can be minimized.'™*

Finally, the shape and size of 2-BN nanopores are both deterministic and controllable.*
Previous studies of two-dimensional material nanopores have struggled to produce pores with
predictable geometries; this has a profound impact on the ionic current blockage caused by DNA
translocation events.'*® In Section 3.3, I showed that 4-BN nanopores can be fabricated from
~0.5 to 5 nm with approximately 0.2 nm resolution and that these pores can be exclusively
equilateral triangles.

84



10 4+ {
' i —— Double Strand

|

0.8 - i Single Strand
I
|
— 06 1 {
- :
— |
< 04 :
|
i
1
02 - ;
i
|
0.0 :

1 2 3 4 5 6 7 8

Nanopore Diameter (nm)

Figure 3.24 Calculated proportional current blockage for DNA translocation versus nanopore
diameter. Proportional current drop due to the translocation of single strand (orange) or double strand
(blue) DNA through a monolayer nanopore. Figure based on formula in Reference '**.

The significance of the ability to control the size of nanopores can be understood by
considering its effect on the proportional current drop, Al/Iypen, due to a DNA translocation event.
In Reference '**, Kowalczyk et al find the change in conductivity for a nanopore based on its size
is given by the following equation where ¢ is the conductivity of the electrolyte, 1 is the thickness
of the pore, d is the diameter of the pore, and r is the diameter of the DNA:

4]  1\7?
Gopen =0 (W + a)
41 1 -1
Gutochen = 0 <7T(d2—r2) * W)

Figure 3.24 plots Al/Ien for translocation of single and double strand DNA versus nanopore
size for a graphene or 2-BN monolayer. For single strand DNA, there is a greater than 50%
blockage in current for translocation events through pores smaller 1.5 nm. When the pore is
larger than 3 nm, as most two-dimensional material nanopores reported in the literature are, the
current blockage is less than 15%. For a 1 nA base current, a pore less than 1.5 nm will produce
a blockage signal of around 0.5 nA whereas those greater than 3 nm will produce signals less
than 0.1 nA. Given that our #-BN nanopore production method allows for the fabrication of
pores with 0.2 nm precision between 1-2 nm, this represents a potential gain of one order of
magnitude in the ionic current blockage signal.

Because the common fabrication techniques produce nanopores greater than 3 nm, double
strand DNA is typically studied. As shown in Figure 3.24, pores between 3 and 4 nm give a
blockage current of approximately 25%. However, using nanopores, there is no way to sequence
double strand DNA, and therefore, smaller pores are favorable.
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Figure 3.25 Schematic (a) and photograph (b) of the acrylic fluidic cell for nanopore measurement.
Figure prepared by Dr. Gabriel Dunn.

In order to measure the #-BN nanopores produced by the method outlined in Section 3.3, we
designed and constructed an acrylic fluidic cell as shown in Figure 3.25. In this design, a
nanopore bearing TEM chip is sandwiched between two nearly identical half cells. The half cells
are composed of an acrylic block with a 10 ml cylindrical reservoir and a I1mm deep, 2 mm
diameter cylindrical channel that connects to the nanopore.

Silicone O-rings or a PDMS gaskets are used to form a liquid tight seal around the chip by
applying pressure using 4 screws. Before wetting, the whole assembly is briefly exposed to
oxygen plasma (10 seconds, 20-50 watts, 10 sccm O,) to increase its hydrophilicity. The
reservoirs are then wetted with 50% ethanol in deionized water and refilled with 0.1 — 1 M KCL
The whole fluidic assembly is then degassed by pumping down (using house vacuum) to remove
any air bubbles in the system.

Homemade Ag/AgCl electrodes are prepared by soaking silver wire in bleach (Clorox) for at
least 30 minutes and connected to the head-stage of an Axopatch 200B patch clamp amplifier.
For electrical measurements, the fluidic cell is placed in a double Faraday cage. The inner cage is
a block of solid aluminum which encloses the acrylic cell and the electrodes while the outer cage
is an aluminum case that surround both the inner cage and the head-stage.
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Figure 3.26 Current trace for DNA translocation in a SiN nanopore. Current trace plotted versus time
for the transmembrane current of a 6 nm diameter, 10 nm thick nanopore at +100 mV (a) and -100 mV (b)
as measured with Axopatch 200b. DNA is loaded in the live trans-reservoir. (a) At +100 mV, the current
trace is flat with no DNA translocation events. (b) At -100 mV, 50 millisecond, 200 pA reductions in
current are observed as highlighted in the magnified region. Data taken in collaboration with and figure
prepared by Dr. Gabriel Dunn.

Figure 3.26 shows a representative current trace for the fluidic cell with a loaded 6 nm diameter,
10 nm thick SiN nanopore as collected in collaboration with Dr. Gabriel Dunn. Double strand A-
DNA(48.5 kbp) is loaded into the fluidic cell reservoir connected to the live terminal of the head
stage (trans-reservoir). At a positive voltage of 100 mV, a positive ionic current of ~6 nA (6000
pA) flows between the terminals as a net current of negative chlorine ions from the ground terminal
(cis-reservoir) flow into the live reservoir and deposit on the electrode. Because negative charge
flows from the cis-reservoir to the trans-reservoir, the negatively charged DNA stays put in the
trans-reservoir, leading to a flat current trace as seen in Figure 3.26(a).

When the voltage is flipped to -100 mV, negative charges flow from the trans-reservoir to the
cis-reservoir. This leads to DNA translocation through the nanopore. Corresponding to these DNA
translocations, 50 millisecond, 200 pA reductions in the absolute current occur intermittently as
shown in Figure 3.26(b). These spikes represent a ~3% reduction in the overall current; this is
consistent with what we would expect from 10 nm thick, 6 nm diameter pore as described by the
equation following Figure 3.24.

To date, we have been unsuccessful in our attempts to observe translocations of DNA through
our atomically precise #-BN nanopores. A major hurdle we have faced has been designing a
protocol that allows for consistent wetting of the #-BN. To allow for consistent wetting, the aspect
ratio of the channel leading up to the nanopore bearing grid and PDMS gasket needs to be reduced.
In the current setup, the combined thickness of this stack is nearly 2 mm while its width is less
than 1 mm. The thickness need not be more than 0.5 mm and the width can be up to 2mm for our
grid size. Reducing the thickness and increasing the width will allow for the channel to wet more
easily. Tuning the hydrophobicity of the pore as in reference’® will also be of use.
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Chapter 4

Helium ion milling of two-dimensional materials

In this chapter, I study the impact of helium ion bombardment on two-dimensional materials
using a helium ion microscope (HIM) and how it can be used to pattern these materials. In this
technique, a focused helium ion beam with nominal probe size of 0.5 nm and 25 kV irradiates a
sample and ejects atoms from our two-dimensional lattices. The focused helium ion beam is
generated and controlled using a Zeiss ORION helium ion microscope. An HIM functions
analogously to an SEM in which the electron source is replaced by a He' source. A helium ion
beam is generated by heating tungsten ‘trimer’ filament in which only three exposed tungsten
atoms terminate the tip in a low-pressure helium gas. lonized helium atoms are then accelerated
to 25 kV and condensed to a ~0.5 nm probe using conventional electromagnetic optics. The
beam is then scanned across the sample and secondary scattered electrons are measured as a
function of beam position to image the sample.

Though lower beam energies are used in HIM than in our TEM experiments (described in
Chapter 3), the larger mass of the He" particles allows for kinetic ejection of atoms in the two-
dimensional materials by the helium beam. Under imaging conditions, this results in some
material damaging. However, by increasing the dose and steering the beam in predefined
patterns using an external software, arbitrary cuts can be generated in our materials. In this
section, I show that pores and ribbons can be generated in few-layer 2-BN and MoS, with feature
sizes smaller than 5 nm. By using few-layer samples instead of monolayers, amorphization of the
edges can be mitigated. I further explore this technique for the fabrication of heterostructures and
assess the use of heating to reconfigure edges milled using HIM.

4.1 Nanopatterning A-BN with HIM

This section is based on our previously published work in Reference *°.

The ability to pattern and etch 4#-BN has been explored for a variety of purposes to aid in its
role in graphene electronics. Patterned #-BN has been demonstrated as a growth template for
CVD graphene.®' Stacks of #-BN/graphene/h-BN have been etched to create edge contacts for
the encapsulated graphene.'**'® Holes through 4-BN stacked on graphene have been used to
create point contacts for the graphene.’’ Moreover, nanostructures in insulating materials are
being studied for their role in the production of superlattices in two-dimensional materials; the
ability to pattern and etch #-BN for this purpose could enhance the results in the existing
literature by moving the electronic 2D material closer to the periodic potential.'”

The patterning and etching of #-BN has also been studied for several stand-alone applications.
Nanopores etched in #-BN have been shown to confer several advantages for DNA sequencing
over their graphene counterparts.’>** #-BN nanoribbons etched from boron nitride nanotubes
have also been explored due to their interesting magnetic and electronic properties.*'**'*’
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Here we demonstrate the use of helium ion milling for the controlled fabrication of
nanostructures in few-layer #-BN. Specifically, we show using a direct-write lithographic system
that nanopores with diameters as small as 4 nm and ribbons with 3-10 nm width can be attained —
roughly a factor of 5 smaller than what can be made by conventional electron beam
lithography.'®® This method of nanopore formation achieves comparable sizes to milling in a
TEM but at a much higher throughput,*®#¢!%-1%1

The high precision and rapid rate of pore production suggests that this method may be useful
for scaling up the fabrication of nanopore sensors, producing point contacts for #-BN
encapsulated devices, or for testing applications that require a large number of holes on a sample
such as water desalination'>*"" or dielectric superlattices.'”® The ability to produce sub-10 nm
ribbons demonstrates that this technique could be a straightforward method for studying the
properties of #-BN nanoribbons. Furthermore, the demonstration ribbons at these sizes shows
that other 2-BN nanostructures can be created with minimal damage even at these small
dimensions, allowing for the production 4-BN deposition/etch masks, beams and cantilevers, and
patterned dielectric layers.

Few-layered #-BN used for the suspended structures in this study was prepared by chemical
vapor deposition (CVD) on copper following references***. The synthesis method in this work
produces 3-5 layers of #-BN, ideal for creating near atomically-thin yet mechanically-stable
suspended films. To prepare for the CVD growth, 1 cm x 4 cm copper foils are rinsed in glacial
acetic acid for 10 minutes followed by 3 deionized water baths. A foil is then loaded into a tube
furnace and annealed for 2 hours at 1020 °C under a gas flow of 300 sccm of Ar and 100 sccm of
H, at 1 Torr. After the 2 hours of annealing, the Ar gas flow is turned off and 100 mg of
ammonia-borane powder (Sigma Aldrich 97%), located in an upstream one-end sealed quartz
tube, is heated to 80 °C for 30 minutes, allowing the BN precursor to diffuse to the copper
catalyst where #2-BN grows on the surface. The ammonia-borane is then cooled quickly to end
the growth while the copper foil cools slowly at a rate of 10 °C/min.

Suspended samples of 4#-BN are then prepared by direct transfer as described in reference'*'.
h-BN coated copper foils are cut into 4 mm x 4 mm pieces and a drop of isopropanol is used to
adhere a holey-carbon TEM grid to the 4-BN surface. The stack is then floated (grid on top) in
10% weight-per-volume sodium persulfate solution and underlying copper is dissolved, leaving
behind an 4-BN coated holey-carbon grid. The sample is removed from the sodium persulfate,
floated in deionized water briefly to remove any residual copper etchant, and then is ready for
use.

h-BN nanostructures are prepared from the suspended sheets by locally etching with the
focused helium beam of a Zeiss ORION NanoFab helium ion microscope (HIM). The
microscope is operated at 25 kV with a beam current of ~1 pA. Features to be etched are defined
using a direct-write lithography software that precisely controls the position of the beam and
dose delivered. We find that it is necessary to use suspended /#-BN in order to prevent the re-
deposition of etched species on a substrate. In order to protect the sample from uncontrolled
etching, imaging of the A-BN using the HIM is minimized;"*"'** therefore, characterization is
performed ex situ by TEM using a JEOL 2010 operated at 80 kV.
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Figure 4.1 Dose dependence of 2-BN nanopore formation by HIM. (a)-(c) Arrays of holes in #2-BN
produced by spot exposures at (a) 500, (b) 1000, and (c) 5000 nc/ umz as imaged by TEM. (d) Selected
area electron diffraction taken on a hole array with spot exposures of 1000 nc/um®. (e) A single nanopore
produced by a spot exposure with 400 nc/pum? irradiation as imaged by TEM. (f) Average pore diameter
versus helium ion dose for 6x6 arrays of holes produced by spot exposures ranging from 400 - 10000
nc/pum with an overlaid Gaussian fit with R* = 0.954. Scale bars are: (a) — (c) 50 nm, (¢) 10 nm. Figure is
reprinted from our previously published work in Reference *°.

To explore the relationship between helium ion dose and minimum etch-feature size, the
suspended 4-BN sheets are irradiated using point exposures at varying doses. 6 x 6 arrays of
points, spaced by 60 nm, are exposed (with a constant ion dose for all points) using the focused
helium beam. Doses for each array range from 100 — 10,000 nC/um?® over a nominal probe size
of 0.5 nm in diameter, typically requiring less than 1 second (up to 1000 nC/um?) to 10 seconds
(up to 10,000 nC/um?) per spot exposed.

Figure 4.1(a)-(d) show the resulting pores formed by the helium ion point exposures. The
sizes of all of the pores in a 6 x 6 array are measured and averaged as plotted in Figure 4.1 (f).
Similar to previous results that investigate the etching of graphene using helium ion milling, we
find that the variation of the size of the 2-BN pores with total ion dose can be attributed to the
Gaussian profile of the beam.'**'*? This is confirmed by the Gaussian dependence of the
required helium ion dose versus pore radius shown in Figure 4.1(f). Figure 4.1(e) shows selected
area electron diffraction (SAED) from an irradiated region; the regular crystal structure without
strong presence of rings suggests that the #-BN is not substantially disordered by the etching.

In this study, the smallest pores formed were approximately 4 nm as shown in Figure 4.1(e).
Pores this size were formed by irradiating the sample at 400 nC/um”. At spots exposed with
lower doses, no pore formation was observed. These 4 nm pores are highly irregular in geometry
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and seem more elliptical than circular (major diameter = 5 nm, minor diameter = 3 nm) likely
due to either beam/sample drift or beam stigmation. The irregular geometry suggests that further
characterization and optimization is required to understand the edges. Nanopores of this size in
MoS; have been previously used to discern single nucleotides, suggesting that this too is possible
with the 4-BN pores formed in this way.'”

Figure 4.2 Fabrication of nanoribbons in #-BN by HIM. (a) A HIM image of rows of 70 x 15 nm A-
BN ribbons with different rotation angles. The 4-BN region is suspended over the center circle while the
outer region is backed by holey-carbon. The green rectangles overlaid on the bottom row depict the
region exposed to produce the ribbons as shown in the computer aided design software. b.) A TEM image
of a 7 nm width 4-BN nanoribbon (b) next to a 30 nm width ribbon (¢). (¢) A TEM image of a 3 nm width
h-BN nanoribbon. Scale bars are: (a) 150 nm, (b) and (c) 10 nm. Figure is reprinted from our previously
published work in Reference *°.

h-BN ribbons were formed by irradiating two identical rectangular regions on either side of a
narrow strip as shown in Figure 4.2(a). By varying the distance between the etched shapes, the
width of the ribbon is tuned. A total dose of 1 nc/um?® was found to be the minimum dose to fully
etch the selected region and was therefore used to minimize damage to the #-BN ribbon. As
shown in Figure 4.2(b), sub-10 nm width ribbons can be fabricated in this way without incurring
significant damage; this is reflected by the lack of obvious differences between the 7 nm width
ribbon (b) and the center of the 30 nm width ribbon (c).

By further irradiating the ribbons after etching by imaging the sample continuously with the
HIM, the ribbons can be whittled down. This implies that the edge is more susceptible to etching
than the rest of the suspended sample. Using this method, ribbons can be whittled to less than 3
nm as shown in Figure 4.2(c). However, these whittled ribbons appear significantly damaged.

We have demonstrated that helium ion milling can be used to controllably fabricate sub-10
nm nanopores and nanoribbons in #-BN. With its high throughput and precision, this technique
promises to advance studies requiring large numbers of nanostructures in an insulating layer such
as those needed for nanopore arrays for DNA sequencing and for etched layers in van der Waals
heterostructures.
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4.2 Nanopatterning MoS, with HIM

This section is based on my unpublished experimental results obtained in collaboration with
Dr. Amin Azizi, Dr. Kyunghoon Lee, and Brian Shevitski under the supervision of Prof. Alex
Zettl.

While the etching of 4-BN is of interest due to its use as a patterned dielectric or structural
material,'*>'7*!% the ability to directly induce nanoscopic patterns in electronic materials
presents a different set of opportunities and challenges. '**'**'** From an application-driven
perspective, milling semiconducting two-dimensional materials with nanometer scale features is
a promising route to realize the ultimate lower limits for transistor sizes and to create new
geometries for sensors. From a basic-science perspective, engineering the geometries of
conducting materials can influence both their bulk and edge electronic properties. Due to
quantum confinement, the bandgap for materials like the TMDs and graphene can be tuned based
on size and edge configuration.

In these situations, however, the impact of helium ion irradiation becomes critical. The
performance of modern transistors requires defect densities to be below 0.1/cm?, and much of the
physics enabled by shrinking feature sizes can be dominated by imperfections in the crystal.
HIM in particular has been previously observed to result in irregular edges and defect nucleation
in two-dimensional materials.**'*>'*” Here, we fabricate nanoribbons in MoS2, using helium
ion milling and characterize their crystalline properties near the edge using STEM.

Figure 4.3(a) shows our patterning scheme in which arrays of square holes are patterned to
define narrow ribbons in the sheets. The distance between adjacent squares determine the width
of the nanoribbon (denoted as ‘x nm’ in Figure 4.3(a)) while the size of the squares sets the
length. Figure 4.3(b) shows 20 arrays of MoS, nanoribbons as defined by linear arrays of 5
square exposures of 1 nc/um? at 1.6 pA beam current. Ribbons with widths varying from 2 nm to
50 nm and lengths varying from 20 to 50 nm are defined using HIM and characterized by TEM.
Figure 4.3 (c)-(f) highlights four sets of these arrays in which 30 x 30 nm squares are set apart by
25 nm (c), 20 nm (d), 15 nm (e), and 10 nm (f). We observe that these ribbons are consistently
narrower than intended. Each of the ribbons in in Figure 4.3(c)-(f) is 2 nm narrower than the
distance set between adjacent square etches. This over-etching is consistent with the profile of
the beam as highlighted in Section 4.2.

Due to the over-etching of the ribbon as well as the material mechanical stability, arbitrarily
small ribbons cannot be produced. We find that the minimum ribbon width achievable is a strong
function of the ribbon’s length. In the bottom row of arrays, 50 nm x 50 nm squares are used to
pattern 50 nm long ribbons that range from 25-50 nm in width. For ribbons that are 30 nm or
wider, we find that there is a 100% yield for patterned ribbons. For the 25 nm ribbons, however,
the yield drops to 75%. In the second row of arrays (from the bottom), 30 nm x 30 nm squares
are used to fabricate 30 nm long ribbons; this length gives a 100% yield for ribbons 10 nm or
wider. In the top two rows, 20 nm x 20 nm squares are etched to produce 20 nm long ribbons.
For these, ribbons with widths of 4 nm or larger can be fabricated.
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Figure 4.3 MoS; Nanoribbons fabricated by HIM. (a) A schematic of the etch pattern for the
fabrication of nanoribbons. Square holes are etched in a linear array; the distance between the squares
(labelled ‘x nm’) determines the width of the ribbon. The length of the pore is determined by the edge
length of the square. (b) A bright field TEM image of MoS, nanoribbons with varying width (as labelled
in the figure) and length. The bottom row is comprised of 50 nm length ribbons. The second row is
comprised of 30 nm length ribbons. The top two rows are identical with 20 nm length ribbons. (c)-(f)
Close up TEM images of the nanoribbons in the second row from the bottom. The width of the ribbon is
labelled. (c)-(f) Scale bars are 50 nm. Figure is based on my original unpublished data.
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Figure 4.4 DF-TEM of MoS; nanoribbons fabricated by HIM. (a) A DF-TEM image showing the
region in Figure 4.3(b). (b) A zoomed in DF-TEM image of an array of 30 nm x 50 nm ribbons in the

lower right of (a). (¢) A zoomed in DF-TEM image of an array of 6 nm x 20 nm ribbons in the top center
of (a). Figure is based on my original unpublished data.

For electronic applications, the crystal structure and edge termination of nanoribbons is
critical. In order to understand the effect of over-etching on the structural properties of the
ribbons, we characterize the HIM etched MoS; nanoribbons by dark field TEM (DF-TEM) and
high angle annular dark field STEM (HAADF-STEM). DF-TEM and HAADF-STEM work by
physically filtering a real-space image for a specific region in an electron diffraction pattern. In
the case of DF-TEM, an aperture is inserted in the diffraction plane of the TEM. Only electrons
scattered into the selected diffraction peak form the real space image. Because the unscattered
electrons are blocked, amorphous materials and vacuum appears dark while crystalline materials
appear bright.

In HAADF-STEM, a ring-shaped detector is used to detect scattered electrons in STEM.
Since only scattered electrons are detected, crystalline material appears bright while amorphous
materials and vacuum appear dark. Because these two techniques allow for direct, high-
resolution spatial discrimination between crystalline and amorphous materials, they are ideal for
characterizing the effect of beam damage at the edge of nanoribbons.

Figure 4.4(a) shows a dark field TEM image of the MoS; nanoribbon arrays patterned by
HIM and imaged by TEM in Figure 4.3. The MoS; film and ribbons has taken a bright contrast
while the square holes and wrinkles have a dark contrast. Figure 4.4(b) and (c) zoom in on
ribbon arrays defined by (b) 50 nm x 50 nm squares spaced by 30 nm and (c¢) 20 x 20 nm arrays
spaced by 6 nm. For the 30 nm width ribbon (shown in Figure 4.4(b)), the cumulative total
width is over-etched and reduced to 28 nm. The central 15 nm of the ribbon is bright in contrast
implying that it is highly crystalline. However, a 6 nm border on each side has reduced contrast.

For the 6 nm ribbon shown in Figure 4.4(c), the entire ribbon is of reduced contrast versus the
bulk of the film. However, it retains a bright contrast versus the vacuum level. The reduced
contrast of 6 nm ribbon and border on the 30 nm ribbon could be due to 1.) amorphization, 2.)
deposition of an amorphous coating, 3.) folding, or 4.) partial etching or change in chemical
species.
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Figure 4.5 High resolution HAADF-STEM of monolayer and bilayer MoS, nanoribbons. (a)-(d)
HAADF-STEM of monolayer MoS, nanoribbons. The width is labelled. (¢)-(h) HAADF-STEM of
bilayer MoS, nanoribbons. The width is labelled in the above image. Scale bars (a)-(c) & (e)-(g) 5 nm. (d)
& (h) 10 nm. Figure prepared by and based on unpublished STEM data collected by Dr. Amin Azizi
under the supervision of Prof. Alex Zettl.

To further probe the reduction in brightness from the DF-TEM near the edges of the MoS,
ribbons, we performed high-resolution HAADF-STEM on both monolayer and bilayer
nanoribbons fabricated under the same conditions described previously. Figure 4.5 shows
nanoribbons fabricated in monolayer (a)-(d) and bilayer (e)-(h) MoS; ranging from 4 — 45 nm in
width. In the monolayer ribbons, there is visible inhomogeneity around the edges. For the 20 nm
and 45 nm ribbons, the 2-3 nm nearest to the edge are comprised of a generally darker contrast
with lighter dots and grains embedded. Based on previous work, it is likely that these strips near
the edge are amorphous molybdenum mixed with MoS, or other metallic domains. For the
narrower ribbons (4-5 nm and 10 nm), the entire ribbon has an inhomogeneous contrast. While
these ribbons are structurally stable, they likely do not behave electronically as MoS,. For
monolayers, HIM etching is likely only suitable for ribbons >20 nm for transistor applications.

In the bilayer MoS; as shown in Figure 4.5(¢)-(h), we do not observe substantial
inhomogeneities in contrast near the edge. There is no major variation in contrast, and it is
visibly clear that the ribbon is crystalline all the way to the edge. While some light and bright
spots are visible throughout the 4-5 nm, 10 nm, and 20 nm, these do not compromise the
crystallinity of the lattice; the light spots appear similar to carbon contamination on the ribbons
while the dark spots appear similar to sulfur vacancies in the MoS,.

Based on these observations, increasing the thickness from monolayer to bilayer stabilizes the
edges of MoS; during HIM etching. This observation is consistent with the prior literature. We
propose two possible mechanism for this stabilization. The first is that the addition of the second
layer prevents kinetic scattering; for collisions the top layer, the bottom layer dissipates energy
and prevents the atom from ejecting. Simultaneously, the top layer shields the bottom layer from
helium ions. These effects result in an increase in the minimum scattering energy and results in
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less etching and amorphization. The second mechanism we propose is that there is a chemical
interaction between the top and bottom layer. When atoms are ejected from one layer,
coordination between the layer may stabilize the vacancy, preventing additional etching and
amophization. Because of these effects, the bilayer edges appear suitable for electronics
applications.

ADF STEM

Vacuum

Vacuum

Figure 4.6 STEM and STEM-EELS of MoS, HIM ribbons after heating. (a) A multilayer MoS,
ribbon after being heated to 900 °C for 20 minutes. (b) A cartoon illustrating the position of the MoS, and
the position of the vacuum in (a). (c¢) A STEM-EELS map showing the location of molybdenum (above)
based on it K-peak and of chromium (below) based on it K-peak. (d) The multilayer MoS; ribbon sample
suspended on a SiN TEM grid as imaged in the helium ion microscope. The circular hole is 2 pm. Figure
based on unpublished data collected in collaboration with Brian Shevitski under the supervision of Prof.
Alex Zettl.

Earlier experiments in graphene and 4#-BN have shown that heating under electron irradiation
has have allowed their edges to heal and recrystallize.'”'"*"® In order to test if we can recover
pristine MoS, edges in this same way, we heated our HIM milled nanoribbon samples during
TEM characterization. Using an in situ heating holder, the multilayer MoS; is heated to 500 —
900 °C and studied using STEM and electron energy loss spectroscopy (EELS). First, we heated
the milled MoS; to 500 °C for 20 minutes and observed no reformation of the edge.

Next, we increased the temperature to 700 - 900 °C for 20 minutes and imaged the MoS;
ribbons. Figure 4.6(a) shows a STEM image of the resulting MoS,. Along the edges, bright 10-
20 nm grains have formed within a dark background. STEM-EELS measurements (shown in the
map in Figure 4.6(c)) demonstrate that the bright crystals are molybdenum-rich (even when
compared to the bulk MoS,) while the dark background in which they sit is chromium rich. This
suggests that when the sample is heated, metals migrate and crystallize at the edges.
Molybdenum exits the bulk of the MoS, and condenses near while chromium migrates from the
substrate or TEM column.
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Figure 4.7 MoS; patterned by HIM before and after transfer off of a TEM grid. (a) and (c) show
TEM images of patterns generated by HIM in multilayer MoS; on metallized SiN TEM grids (Norcada).
(b) and (d) show AFM images of the same patterns (potentially from a different region of the sample)
after they are moved to a Si/SiO, substrate by the dry transfer method described in Section 2.3.3. Figure is
unpublished data collected in collaboration with Dr. Kyunghoon Lee and Dr. Amin Azizi under the
supervision of Prof. Alex Zettl.

In order to characterize the HIM fabricated MoS; nanoribbons by electrical transport, it is
important for the structures to be on a substrate compatible with standard lithography and contact
techniques. After patterning, we demonstrate that the ribbons can be transferred from a SIN TEM
grid using the transfer technique described in Section 2.3.3. Figure 4.7 shows an array of
multilayer MoS, nanoribbons (a) first while characterized by TEM while suspended on a grid
and (b) then by AFM after the MoS; is picked up off of the grid and transferred to a Si/SiO; chip.
We find that during the transfer the nanoribbons remain intact and can be moved between
substrates. Using this technique, electrodes can be deposited to the MoS, nanoribbons using
convention electron beam lithography and electronically characterized by transport.
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4.3 Nanopatterning Graphene/h-BN Heterostructures with HIM

This section is based on my unpublished experimental results obtained in collaboration with
Dr. Amin Azizi and Dr. Kyunghoon Lee under the supervision of Prof. Alex Zettl.

In Sections 4.1 and 4.2, I explored the ability of HIM to directly write nanostructures in two-
dimensional materials. Moreover, it was shown that HIM can be used to reliably generate
features as small as 4 nm in ~2-BN and MoS; and that multilayer samples can maintain their
crystallinity near their edges. While patterning single species can have important impacts on their
material properties, patterning one or multiple sheets in a stack can have additional effects
arising from the interactions between the layers. Here, the use of HIM to produce patterned
heterostructures in graphene/A-BN stacks is described. The ability to mill at the length scales
already demonstrated in Sections 4.1 and 4.2 allows us to use patterns in #-BN to write periodic
potentials for other two-dimensional materials. In this section, I consider the use of HIM to
fabricate these types of heterostructures that can be used to create designer Hamiltonians.

Recently, there has been significant research interest in creating superlattice potentials for
graphene.' 73176199290 §pecifically, two types of lattices have been the subject of much of the
focus of in both the Zettl Group and elsewhere. The first topic of interest is the use of
superlattice potentials for the creation of ‘artificial graphene’. By patterning a trigonal or
hexagonal array in graphene or a dielectric substrate in contact with the graphene, additional
Dirac cone band structures can be induced in the graphene shifted in energy and wave-vector.
The position of these cones can be controlled within the energy-momentum space by controlling
the spacing and depth of the overlaid potential.

The second system of interest is a one-dimensional superlattice overlaid on graphene. Several
prominent theoretical predictions demonstrate that when superlattice potential comprised of
parallel stripes is applied to graphene, an anisotropic electronic structure is induced.*” These
calculations have shown that there is a sharp decrease in the fermi velocity in the direction
parallel to the potential stripes. With sufficiently sharp potential modulations, charge-carriers in
graphene can thereby be focused and collimated without scattering. When current is flowed
perpendicular to the stripes, this leads to a “supercollimation” effect in which electron waves can
travel 100 microns before spreading even 500 nm. The ability to control the flow of ballistic
electrons in graphene promises to be an exciting new platform for the development of low-
dissipation and quantum coherent devices. These predictions remain unrealized, however, due to
the large minimum feature sizes of conventional lithography.
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Figure 4.8 Schematics of two approaches for graphene/#-BN heterostructures. (a) Approach 1: the
graphene/A-BN heterostructure on a Si/SiO, chip is assembled before patterning by HIM. Identical
patterns are generated in the graphene and #-BN as shown by the aligned (denoted by red dashed lines)
periodic holes. (b) Approach 2: Suspended 4#-BN is patterned using HIM prior to heterostructure
assembly. After milling, the graphene is transferred to the #2-BN before transfer to the target substrate.

Using HIM, we explore two paradigms for creating superlattices in graphene. Figure 4.8
outlines our two approaches for fabricating these #-BN/graphene heterostructures. In the first
approach (Figure 4.8(a)), graphene/h-BN stacks are assembled on an Si/SiO, substrate and
patterned directly by milling with HIM. The geometry of the graphene and 4-BN can then be
modified to include new periodic structures such as anti-dot arrays.

In the second approach (Figure 4.8(b)), patterned 4#-BN gates are generated with nanometer
scale precision in order to create custom energy landscapes. This patterning is achieved by
milling using HIM on 4-BN suspended on a TEM and then using a graphene flake to pick up the
patterned /#-BN in order to transfer the stack to the target substrate. By applying a gate-field
through a patterned /4-BN to a pristine conducting layer of a graphene, the charge carriers will
experience atomically-sharp potential variations across the surface. This will induce modulations
in doping and changes to the overall band structure, resulting in a versatile method for
Hamiltonian design.'”

99



Figure 4.9 HIM images of nanopatterned anti-dot arrays on graphene/h-BN stacks. Holes in the
graphene/h-BN stacks are etched by HIM after they are already on the target substrate. (b) shows a scan
taken within the red-boxed region in (a.). Pattern 1 shows 10 nm hole formed at 20 nm pitch. Pattern 2
shows 20 nm holes formed at 50 nm pitch. Pattern 3 shows 50 nm holes formed at 100 nm pitch. Figure
based on my original unpublished data.
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Figure 4.10 Helium ion dose effects on graphene/h-BN stacks. HIM (left) and AFM(right) images of a
nanopatterned anti-dot array on a graphene/h-BN stack. The dose is increased from 0.1 to 10 nC/pm? in
0.1 nC/um? (horizontal) and 1 nC/pum” (vertical) increments. Increasing the dose correlates to a darkening
of the contrast in HIM (left) and an increase in vertical height (right) of the patterned dot. Figure based on
my original unpublished data.
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In Figure 4.9 and Figure 4.10, we explore the first approach outlined in Figure 4.8 in which
stacks of monolayer graphene on /4-BN are patterned directly on a substrate. Films of monolayer
graphene are transferred to exfoliated flakes of #-BN on 285 nm SiO2 on Si then anti-dot arrays
are patterned in the graphene using HIM with a dose of ~1-5 nC/um”. Figure 4.9 shows HIM
images of three anti-dot arrays patterned in the graphene films with varying size and spacing. In
panel (a), only array 3 can be resolved with 50 nm anti-dots and 100 nm pitch. In the zoomed in
image in panel (b), arrays 1 and 2 are both visible. These arrays have 20 nm anti-dots with 50 nm
pitch, and 10 nm anti-dots with 20 nm pitch.

While wrinkles and contamination on the film obscure the patterns, the arrays with these
dimensions are clearly. In previous works exploring artificial graphene through direct patterning
of graphene/h-BN stacks, satellite Dirac cone band structures are observed for trigonal arrays of
anti-dots with hole and pitch size around 20 nm.'”®

One major concern for patterning two-dimensional materials, as explored in Sections 4.1 and
4.2, is the quality of the etched regions. Because characterization by TEM as in the previous
sections requires an electron transparent substrate, atomic force microscopy (AFM) was used to
characterize the helium ion milled anti-dot arrays. Figure 4.10 shows an array of anti-dots
patterned in the same sample described above with a dose varying from 0.1 to 10 nC/um” imaged
both using HIM (a) and AFM (b). In the HIM image, we observe that increasing dose results in
an increase in both the size and darkness of an anti-dot. Performing AFM, we find that the anti-
dots are actually raised relative to the sample with heights ranging from 5-25 nm.

The elevation of the exposed regions calls into question the effectiveness of patterning
graphene/h-BN directly on the substrate. The increase in the height of the helium ion irradiate
dots can be due to one of two reasons. First, the helium ion exposure may be etching
redepositing material on top of the graphene. In this case, the dominant effect of the helium ion
beam would be to add this additional layer. The second possibility is that the helium ion
exposure may induce swelling in the Si/Si0, substrate. Additional experiments are necessary to
investigate the quality of this etched heterostructure and assess its viability.
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Figure 4.11 Heterostructures via graphene lamination over holes in 2-BN. (a) Example TEM image
of h-BN hole arrays generate by HIM. Arrays of 20 nm and 7 nm holes are shown with 50 nm pitch (b)
Example STEM image of graphene transferred on top of an #-BN hole array in which 25 nm holes are
spaced at a 50 nm pitch. (c) HR-STEM image of Graphene transferred on top of a 10 nm hole milled in 4-
BN using HIM. The inset shows a FFT of the image in which the lattices of both the graphene and #-BN
are visible. The real space lattice of the graphene is apparent, and there is a clear layer of amorphous
material between the graphene and #-BN. (b) and (c) are unpublished STEM data collected by Dr. Amin
Azizi under the supervision of Prof. Alex Zettl.

In Figure 4.11, we explore the second approach outlined in Figure 4.11 in which /#-BN films
are patterned using HIM and graphene is subsequently transferred. Unlike the patterning of anti-
dots in graphene /4-BN stacks, this technique can apply a periodic potential by changing the
dielectric environment of the graphene across the 4#-BN or by applying a gate field that oscillates
in strength due to the pattern in the #-BN. First, anti-dot arrays are milled in suspended
multilayer CVD-grown 4-BN on TEM grids as described in Section 4.1 and shown in Figure
4.11(a). Monolayer graphene is then transferred to the grid, directly on top of the #-BN as
described in Section 2.3.1.

We characterize the suspended graphene/A-BN stacks by HR-STEM (Figure 4.11(b)-(c)).
Figure 4.11(b) shows a STEM image of suspended graphene over an array of 20 nm holes in 4-
BN with a 50 nm pitch. From this lower magnification, we observe that the HIM fabricated holes
are regular in size, shape, and position. Figure 4.11(c) shows a higher magnification image taken
from a 10 nm hole in an array with 20 nm pitch. We can observe that graphene has adhered to
the #-BN as its lattice is visible and because there are two distinct sets of hexagonal peaks in the
FFT in the inset.

Based on the FFT, we observe that both the graphene and 4#-BN maintain their crystallinity,
with the #-BN preserving its crystallinity up to its edge. A ring in the FFT and visible disorder
indicate amorphous material in the image; however, the real and reciprocal space disorder is not
localized near the HIM exposure and appears to be contaminants at the #-BN/graphene interface.
This fabrication would therefore likely benefit from a cleaner transfer process.

Though we do not observe significant amorphization of the #-BN, the edges of the HIM
milled holes do not appear perfectly regular. Electronic transport or more direct band structure
measurements (ARPES or STM) are necessary to probe the effect of these irregular edges.
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4.4 Graphene Mechanical Manipulation with HIM

This section is based on my original unpublished experimental results.

Helium ion milling suspended two-dimensional sheets provides a path towards strain
engineering and fabrication of three-dimensional structures. By cutting and releasing sections of
the membranes, sheets of graphene can be manipulated in the same ways as paper (by folding
and wrinkling) or as an elastic tape (by stretching and sticking). Using conventional lithography,
these types of three-dimensional manipulations have been achieved in Reference 2'; here,
however, we demonstrate a direct-write method for mechanical manipulation of graphene by
etching using HIM.

Figure 4.12 Direct-Write Folding of Graphene in HIM. HIM images of graphene as it folded using
helium ion etching. The single layer graphene is suspended over a 0.6 pm diameter circular hole in an
amorphous carbon TEM grid. (i) A horizontal slot is etched. (ii)) Two vertical slots are etched surrounding
the horizontal slot. (iii)-(v) The suspended graphene beam begins to sag. (vi) The graphene finally folds
over due to its own adhesion. Figure based on my original unpublished data. Scale bar is 200 nm.

In Reference %, Kim et al demonstrated that inducing folds in graphene results in a shift in

the overall band structure and that the locally folded region (referred to as a ‘grafold’) is
favorable for the intercalation of Cso. Here, we show that suspended graphene can be folded
using direct-write helium ion milling. Figure 4.12(i)-(vi) shows graphene suspended over a 0.6
um hole as it is cut, folded, and imaged using HIM.
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In order to fold the graphene, first a horizontal cut is induced in Figure 4.12(i). Next two
vertical slots are cut into the membrane to produce a freely suspended rectangular beam. The
vertical slots are extended using the HIM until the rectangular until the sheet begins to sag as
depicted in Figure 4.12 (iii). The vertical cuts are extended until the self-adhesion of the
graphene can overcome the bending stiffness of the sheet. At this point, the graphene will adhere
to itself and produce a folded region as in Figure 4.12(vi).

Based on the angle and order of the cutting, the angle can be controlled. For example, in
Figure 4.12, the left edge is cut first, resulting in a rightward shift for the fold. This could be
used to produced twisted bilayer graphene using helium ion milling. The ability to fold
suspended sheets of graphene can also be used to create 3D structures using kirigami as in
Reference *°'.

Figure 4.13 Strain engineered compression and wrinkling in graphene. (a) An HIM image of a slotted
graphene ribbon produce by helium ion etching. (b)-(c) TEM images of slotted graphene ribbon produced
by helium ion etching with holes that are (b) close together and overlapping in x-position and (c) further
apart. Figure based on my original unpublished data.

The built-in tension in graphene can also be leveraged to control its morphology. By
strategically cutting, strain can be relaxed to induce wrinkles, folds, and 3D structures. Figure
4.13(a) shows a slotted ribbon fabricated in suspended graphene as cut and imaged using HIM.
By controlling the size and position of the slots, the strain relaxation in the ribbon can be
controlled. Figure 4.13(b) and (c) show TEM images of ribbons produced with hole sizes and
positions. When holes are produced close together such that the x-position overlaps between
rows, compression and wrinkling out of plane in the ribbon is achieved (Figure 4.13(b)). For
larger spacing between holes, only a small amount of compression results (Figure 4.13(c)).
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Chapter 5

Mechanical transducers from patterned suspended graphene

In Chapter 4, I showed that by patterning suspended two-dimensional material membranes
that their three-dimensional morphologies and mechanical properties are changed. In this
chapter, I explore how patterning similar suspended membranes can be used to enable new
transducer geometries. Specifically, by producing cuts around the perimeter of a graphene
membrane, the mechanical stiffness can be changed from being dominated by the built-in stress
and elastic modulus of the sheet to being driven by the bending stiffness of a graphene beam.

In the first section of this chapter, I describe a method to reduce the resonant frequency and
broaden the frequency response for graphene resonators by patterning azimuthal flexures into the
membrane. I then assess the use of these softened resonators for acoustic transduction. In the
second sections, I describe the use of a similar patterned graphene/PMMA bimorph architecture
for electron beam induced rotational actuation.

5.1 Patterned Graphene for Softened Acoustic Transducers

This section is based on unpublished ideas formed in collaboration Donez Horton-Bailey and
Dr. Hu Long under the supervision of Prof. Alex Zettl.

Suspended graphene has previously been demonstrated as an excellent system for acoustic
transducers. 2*** Speakers and microphones comprised of suspended membranes of thick
multilayer graphene have been shown to possess a wide-band frequency response in both the
standard audio and ultrasonic ranges. Moreover, these devices demonstrate a nearly flat
frequency response without the need for compensating electronics.

These graphene acoustic transducers, as described in the literature and sketched in Figure
5.1(a), consist of a suspended graphene membrane separated by spacers on each side from two
air permeable electrodes. In order to achieve wide-band, audio-frequency responses (100 Hz-100
kHz) from these mechanical resonators they must be 1-10 millimeters in diameter. In this regime,
an overall reduction in the resonance frequency is achieved versus the smaller graphene
resonators reported in the literature'****> %7 due to the large size of the suspended membrane and
the frequency response is broadened due to an increase in damping.
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Figure 5.1 Schematic of a graphene acoustic transducer and its frequency response as its size varies.
(a) A schematic showing the geometry of the graphene speaker studied in References *****. A graphene
membrane is suspended between two perforated electrodes. An AC signal on the electrodes is used to
oscillate the membrane to produce acoustic waves. (b) A calculation depicting the calculated frequency
response graphene membranes with varying radii and constant thickness (50 nm) and stress. Figure
prepared in collaboration with Donez Horton-Bailey.

The reduction in resonant frequency and increase in bandwidth can be understood by
considering the radial dependence of the transducer frequency response. The amplitude of
oscillation at a given frequency for a circular suspended graphene membrane is a function of its
resonant frequency and quality factor (Q) as defined by the Lorentz distribution:

)
A(f) = fo
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For this geometry, the resonant frequency is given as a function built-in stress on the

membrane (G), its mass per unit area (p), and the radius (r) of the circle. Moreover, it can be re-
expressed as a function of only the radius and a reference measured resonant frequency (f;(R)).
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Like the resonance frequency, the quality factor has been observed to vary inversely
proportionally to the radius of the graphene membrane.*”’ Q can therefore be expressed either as
a function of the damping (D) and the resonant frequency or as a function of only the radius and
a reference measured quality factor.

As calculated in Figure 5.1(b) (based on the reference f) and Q values from Reference *°"), if
the membrane is made smaller, the graphene transducer resonance frequency migrates above the
audible regime and the FWHM of the response shrinks several orders of magnitude due to a
decrease in dissipation. Therefore, in this configuration, the transducer cannot be made any
smaller than the 1-10 mm while maintaining its audio-frequency response.
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The ability to reduce the diameter of graphene acoustic transducers to between one micron
and one millimeter would enable new applications and increase the yield of production for
graphene speakers. One strategy that has been previously employed to change the properties of
nanomaterial mechanical systems is the modification of their geometry and mass distribution.
For example, previous work from the Zettl group has demonstrated the use of mass loading ****%
and length tuning *'° to reduce and raise the resonant frequency of one-dimensional carbon
nanotube resonators. In two-dimensional systems, similar strategies exist. The art of kirigami,
which is cutting paper by a known design, has been used since ancient times to alter the
mechanical compliance of a sheet. Similar manipulations have been realized at the micron scale
by Blees et al in single layer graphene. **'

In order to find a new route to reduce the size of the graphene acoustic transducers, we
explore the use of patterned graphene to increase the bandwidth and reduce the resonance
frequency of graphene membranes smaller than 1 mm. We approached this by developing a
pattern in which a rigid central membrane is supported by a set of flexible springs that drive the
transducers motion. Figure 5.2(a) shows the design we considered; in this configuration, several
azimuthal flexures are created by cutting overlapping Z-shaped arcs along the outer edge of a
circular area. In this way, the mechanics of the entire membrane is dominated not by the built-in
tension of the membrane but rather the bending-stiffness of the flexures.

Figure 5.2(b)-(c) demonstrates how the flexures allows for the softening of the membrane
under a static load both in a paper model (b) and simulated in COMSOL (by Dr. Hu Long).
When a force is applied orthogonally to the plane of the membrane, the narrow flexures lift
opposite the direction of the force while the central area is only minimally deformed. In this
geometry, the effective spring constant of this deflection can be seen to depend totally on the
bending modulus of the flexure.

The patterned graphene transducer shown in Figure 5.2(d) has two modes of operation. The
first mode in converts electrical signals to acoustic waves while the second converts acoustic
waves to electrical signals. These mechanisms are identical as those for the unpatterned device.

The actuator is used to generate acoustic waves by applying an AC voltage (with a DC offset)
between the electrodes and the membrane (the AC voltage is inverted between the top and
bottom electrode). The AC voltage capacitively couples to the membrane causing it to oscillate
with the AC signal due to the electrostatic force on the membrane. As the membrane moves in
and out of its original plane, the air is pushed producing sound.

By running this same mechanism in reverse, sounds can be used to generate an AC voltage.
Incoming acoustic waves oscillate the suspended graphene membrane which is in turn amplified
by a DC voltage. By measuring an AC voltage signal at the electrodes, electrical oscillations can
be measured as sound excites the motion of the actuator. This allows for the device to also be
used as a microphone.
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Figure 5.2 Design of a softened membrane. (a) The design studied for patterning graphene to soften its
membrane. This combination of radial and azimuthal cuts allows for the rigid central plate to lift and
rotate as shown in (b) in a paper model. (c) A COMSOL simulation in which a uniform force is applied to
graphene membrane. The majority of the deformation occurs in the outer cuts, confirming an increased
compliance of the speaker. (d) shows a schematic of patterned graphene loudspeaker device. The speaker
behaves similarly to the one in Figure 5.1(a), but the changes mode shapes as the full displacement moves

into the flexures as sketched. Figure prepared in collaboration with Donez Horton-Bailey and Dr. Hu
Long.
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Figure 5.3 The AC mechanical effect of patterning a graphene membrane. (a) An example SEM
image of a multilayer graphene softened transducer. The transducer was fabricated as shown in Figure
5.4(b). (b)-(d) show the calculated frequency response of pattern in (a) versus that of the unpatterned
membrane for radii of (b) 20 um, (¢) 50 um and (d) 100 pm. The patterned actuators consistently
demonstrate enhanced resonances at reduced and broadened frequencies — lending to applicability for
acoustic applications. (a) Scale bar is 5 pm. Figure prepared in collaboration with Donez Horton-Bailey.

An example SEM image of a multilayer graphene softened transducer is shown in Figure
5.3(a). This transducer was fabricated using the process shown in Figure 5.4(b). The resonant
frequency of these patterned graphene is calculated and plotted as shown in Figure 5.3(b)-(d).
The frequency is deduced as a function of the effective spring constant of the 8§ flexures in
parallel where each flexure is considered as two single clamped beams in series.

1
m m mlL3

fo=

Where E is the Young’s modulus for graphite, m and h are the mass and thickness of the
t3
w3
constant for a singly clamped beam. For the calculation in Figure 5.3(b)-(d, we use E=1 TPa, t =
40 nm, w = 5pum, and L = 2nR/8, and assume the same damping as for the patterned membrane
as the pristine membrane (i.e. fo X Q) is constant between the two for a given radius). We find

membrane, L and w are the length and width of the flexure, and i Ew is the effective spring
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that for the 20, 50, and 100 pm radius graphene membranes considered, the transducer amplitude
is at its maximum value and relatively flat across the entire audible range (~10% — 10" Hz).
Moreover, the smaller of the two patterned transducers maintain this response well into the
ultrasonic region.

5.2 PMMA on Graphene Rotational Actuators Enabled by Strain
Relaxation

This section is based on our previously published work in Reference *'.

In this section, I report a novel angular displacement graphene-based mechanical device that
uses only a conventional scanning electron microscope (SEM) or electron beam lithography
system, common to many standard fabrication facilities, to both drive and detect its motion. The
device consists of a patterned PMMA (poly(methyl methacrylate)) on graphene laminate, and
rotational actuation is enabled by relaxation of the built in strain of the graphene. Azimuthal
flexures support a central membrane, and compression of the membrane, via electron
irradiation”'?, produces rotation. The method demonstrates that irradiation from a conventional
scanning electron microscope or electron beam lithography tool can be used to control the
motion and rotation of suspended membranes, suggesting that this technique can be exploited for
numerous applications. The actuation relies only on the ability to tune the elastic modulus of the
PMMA, and therefore this device may lend itself to being driven by other means *'>*"°.

Figure 5.4 illustrates the process for the fabrication of suspended PMMA on graphene angular
displacement actuators on commercially available holey silicon nitride (Norcada) or copper foil.
First, four to eight layer stacks of commercially available single-layer graphene (Grolltex) are
prepared on copper foil by repeatedly using a conventional PMMA assisted wet transfer >"'"°.
This sequential transfer ensures spatial homogeneity of the mechanical properties of our
multilayer graphene film.

Next, for the devices on silicon nitride (Figure 5.4(a)), the multilayer graphene is transferred.
In order to reduce the built-in tension for the graphene membrane, we use a polymer free wet
transfer to suspend the four layer graphene. In this process, the copper substrate is dissolved
from below the four-layer graphene in sodium persulfate solution and the free-floating graphene
is rinsed in three deionized water baths. The graphene is then scooped onto a 200 nm thick holey
silicon nitride membrane. The suspended graphene is spin-coated with 250 nm of PMMA
(molecular weight = 950k) dissolved at 4% weight in anisole (A4) and hard baked at 185 °C.

The PMMA is then patterned with the actuator shape using electron beam lithography and
developed in a 3:1 mixture of isopropanol and methyl isobutyl ketone. We use a newly
developed pattern (Figure 1(a iv)) that is comprised of a central membrane supported by eight
flexures such that when the flexures compress rotation is induced The graphene is then etched to
the same shape as the PMMA by exposure to oxygen plasma with two steps of 60 seconds of 50
W at 50 sccm O; plus 20 seconds of 40 W at 20 sccm Os.

For the devices prepared on copper foil (Figure 5.4(b)), the multilayer graphene is left on the
growth substrate. First, the multilayer graphene is coated with PMMA using the same recipe
detailed above. Next, electron beam lithography is performed to generate arrays of the actuator
pattern and the graphene is patterned using a similar oxygen plasma etch. Finally, the copper is
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selectively etched below the graphene actuator by floating the sample with its top side facing
down on sodium persulfate (1mg/ml) for approximately 30 minutes.

copper

Figure 5.4 The process used to fabricate the PMMA on graphene angular displacement structures
on (a) Silicon Nitride membranes and (b) copper foils. (a) (i) First several layers of graphene are
transferred sequentially onto a graphene monolayer on copper foil, leaving a four to eight layer stack of
graphene on the foil, (ii) the copper foil is dissolved and the graphene multilayers are transferred to holey
silicon nitride, (iii) the graphene is coated with PMMA, and (iv) the PMMA is patterned using electron
beam lithography and the graphene is etched by plasma. (b)) (i) Several layers of graphene are transferred
sequentially onto a commercially available graphene monolayer on copper foil, (ii) the multilayer
graphene is left on the copper foil and coated with PMMA, (iii) the PMMA is patterned using electron
beam lithography and the graphene is etched by plasma, (iv) the copper is etched below the patterned
graphene with a sodium persulfate wet etch. Figure reprinted from our previously published work in
Reference >



Figure 5.5 PMMA on graphene actuator as it rotates under SEM irradiation. This device is
suspended over a hole in copper. (a) The graphene rotational actuator in its initial state, (b) the graphene
rotational actuator after it has been exposed to ~1 x 10° e/em? causing it to twist 5°, (c) the actuator has
reached its final rotation of 13° after being exposed to ~3 x 10"° e/cm”. Scale bar is 10 microns. Figure
reprinted from our previously published work in Reference *'".

After the fabrication of the suspended PMMA on graphene device, its rotation can be
controlled using electron beam irradiation. The actuators are loaded into an SEM operating at 5
kV with a beam current of 1.0 nA over a roughly 1000 um? area. The motion can be
simultaneously driven and imaged using the electron beam.

Figure 5.5 shows a suspended PMMA on multilayer graphene device (with a copper trench)
as it undergoes angular displacement due to electron exposure. A triangle is patterned in the
middle of the central membrane in order to track the angle of the actuator. Figure 5.5(a) shows
the initial configuration of the device before it is driven. In Figure 5.5(b), the flexures supporting
the central membrane begin to compress after the device is irradiated by ~1 x 10" e/cm®, and
the triangle at the center of the membrane is seen to be rotated by 5°. In Figure 5.5(c), the
flexures are fully compressed and have folded over allowing the actuator to reach its full
displacement after the device is irradiated by 3 x 10" ¢7/cm?®.

Figure 5.6 sketches the mechanism for angular displacement of the graphene actuator.
Suspended graphene has been shown to have its mechanical properties dominated by a large built
in tension ***'®2'7_ This stress pulls inward on the PMMA on graphene flexures. As the PMMA
is irradiated by the electron beam, the coordination of its polymer chains is reduced causing a
decrease in its molecular weight and elastic modulus. This reduction in elastic modulus allows
the built-in stress of the graphene membrane to compress and fold the PMMA. The stress
relaxation rotates the graphene transducer as shown schematically in Figure 5.6 and
experimentally in Figure 5.5.

In order to confirm that the built in stress of the graphene produces the observed membrane
angular displacement, we fabricate a batch of actuators over 10 um holes and remove the PMMA
by annealing at 350 °C in a ~1 Torr H, environment *'®. This simulates the condition of reducing
the elastic modulus of the PMMA to zero. Figure 4 shows the device before (optical image) and
after (SEM) the removal of the PMMA. Before the PMMA is removed, the suspended PMMA
on graphene holds its patterned structure. When the PMMA is removed, the graphene relaxes
under its built-in tension. This results in a ~15° rotation as the arc of the flexures fully compress.
There is also compression and folding in both central membrane and the flexures. This confirms
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that the rotation of the graphene actuator is driven by the built-in stress in the graphene
membrane

This mechanism highlights the potential versatility of our method. First, we have found that
electron irradiation can be used to selectively and controllably relax the stress in suspended
PMMA on graphene stacks. While we have used this effect to drive pre-patterned angular
displacement actuators, this same principle could be used to write stress-strain field into pristine
PMMA on graphene stacks, thereby controlling the mechanical *'* and electrical *****
properties of the membrane or its 3D morphology ***. Given the maturity of electron beam
writing technologies, near arbitrary patterns can be generated over large scales.

Also, we have found using our specific angular displacement actuator pattern that a simple
reduction in the rigidity of our PMMA layer can result in mechanical motion. This suggests that
any phenomena that tunes the elastic modulus of a polymer on graphene could produce similar
motion. Effects like temperature *'°, solution environment *'*** and light irradiation *'* could
all be detected by this device or used to drive its motion.

We have demonstrated a novel PMMA on graphene angular displacement actuator that can be
driven using a convention SEM. By reducing the rigidity of the PMMA, the built-in stress of the
graphene causes a compression of the flexures in our pattern yielding a controlled twist. This
method is broadly applicable to other structures which can benefit from precise stress relaxation
or can be driven by other processes which soften polymers.
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Figure 5.6 Rotational actuator schematic. An illustration of the rotation mechanism of the actuator.
(Right) Eight PMMA on graphene flexures support a central membrane. (Left) The much thicker PMMA
dominates the structural properties of the stack while the underlying graphene has a built in
compressional strain as shown by the two red arrows on the left. When the PMMA is made less rigid by
electron beam exposure, compression of the flexures result in rotation as shown by the red arrow on the

right. Figure reprinted from our previously published work in Reference *''.

Figure 5.7 The effect of removing the PMMA from the PMMA on graphene stack. (a) An optical
image of a patterned PMMA on graphene stack. (b) An SEM image of the relaxed graphene after the
PMMA is removed. The hole is 10 pm in diameter in each image. Figure reprinted from our previously

published work in Reference *'".
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