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ABSTRACT OF THE DISSERTATION

Growth of Atomic Hexagonal Boron Nitride Layers and Graphene/Hexagonal Boron
Nitride Heterostructures by Molecular Beam Epitaxy

by

Zhongguang Xu

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, December 2016
Dr. Jianlin Liu, Chairperson

Graphene, as a famous Van der Waals material, has attracted intensive attention
from research group and industry all over the world after 2004, while hexagonal boron
nitride (h-BN), as an excellent two-dimensional (2D) dielectric layer, has been studied
intensively mainly for its compatibility with graphene and other 2D materials. To realize
the technological potential of 2D system, it is essential to synthesize large-area, high-
quality 2D thin films through a scalable and controllable method in order to investigate
novel phenomenon in fundamental physics and promising device applications. In this
thesis, the growth of graphene, h-BN and their vertical and lateral heterostructures by
molecular beam epitaxy (MBE) is mainly discussed. In addition, the growth mechanism,
fundamental physics and possible applications are also studied.

In-situ epitaxial growth of graphene/h-BN heterostructures on cobalt (Co) film
substrate was achieved by using plasma-assisted MBE in Chapter 2. We demonstrated a

solution for direct fabricating graphene/h-BN vertical stacking structures. Various
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characterizations, such as Raman spectroscopy, scanning electron microscopy (SEM), X-
ray photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM),
were carried out to confirm and evaluate the heterostructures. Wafer-scale
heterostructures consisting of single-layer/bilayer graphene and multilayer h-BN were
achieved. The mismatch angle between graphene and h-BN is below 1°. Chapter 3
studied the growth of graphene/h-BN heterostructures on Co foil substrate by plasma-
assisted MBE. It is found that the coverage of h-BN layers on the epitaxial thin graphite
layer is growth-time dependent. Large-area, uniform-quality h-BN film was successfully
deposited on thin graphite layer. Based on the as-grown h-BN (5-6 nm)/G (26-27 nm)
heterostructure, without using any transferring process, we fabricated capacitor devices
with Co(foil)/G/h-BN/Co(contact) configuration to evaluate the dielectric properties of h-
BN film. The measured breakdown electric field showed a high value of 2.5-3.2 MV/cm.
Both I-V and C-V characteristics indicated that the epitaxial h-BN film is of good
insulating nature.

Following with the lateral growth of graphene on in situ epitaxial h-BN flakes by
plasma-assisted MBE is discussed in Chapter 4. Single-crystal h-BN domains were
grown on Co film substrates at a substrate temperature of 850~900 °C using plasma-
assisted MBE. Three-point star shape h-BN domains were observed by SEM, and
confirmed by Raman and XPS. The h-BN on Co template was used for in situ growth of
multilayer graphene, leading to an h-BN/graphene heterostructure. Carbon atoms
preferentially nucleate on Co substrate and edges of h-BN and then grow laterally to form

continuous graphene. Further introduction of carbon atoms results in layer-by-layer
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growth of graphene on graphene and lateral growth of graphene on h-BN until it may
cover entire h-BN flakes.

The final part (Chapter 5) is related to the growth of large-area and multi-layer h-BN
film on polished Co foils by plasma-assisted MBE. The coverage of h-BN layers can be
readily controlled by growth time under appropriate growth conditions. A large-area,
multi-layer h-BN film is confirmed by various characterizations. Dielectric property of
as-grown h-BN film is evaluated by characterization of Co(foil)/h-BN/Co(contact)
capacitor devices. Breakdown electric field is in the range of 3.0-3.3 MV/cm, which
indicates that the epitaxial h-BN film has good insulating characteristics. In addition, the
effect of substrate morphology on h-BN growth is discussed regarding different domain
density, lateral size, and thickness of the h-BN films grown on unpolished and polished

Co foils.
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Chapter 1: Introduction

1.1 Graphene

Graphene [1-3], known as the world’s first discovered and most famous two-
dimensional (2D) material has attracted tremendous attention from both academia and
industry. In research field, approximately 10,000 journal papers have been published in
relative graphene topics every year recently. In addition, the graphene industry is growing
up rapidly, including several large and public companies such as Samsung, Intel, Nokia,
IBM and Sony. Generally, graphene is composed of a single layer of carbon atoms
arranged in a 2D honeycomb lattice, as shown in figure 1-1. The sp2 carbon-carbon
covalent bonding length in graphene is about 1.42 A, which results in a very strong
bonding among atoms. For few-layer graphene, the interlayer distance is 3.35 A, which
leads to relatively weak van der Waals (vdW) force. In other word, graphene is a
fundamental building block of well-known graphite. Indeed, the discovery of graphene
was from the mechanical exfoliation from graphite sheets by “scotch tape” method [1].
Subsequently, it is found that graphene has unique extraordinary properties, such as
extremely high carrier mobility [4-5], excellent thermal conductivity [6-7], strong high
Young’s modulus [8-9], near fully transparent to visible light [10-11] and extreme
thinness [12]. Based on these remarkable features, graphene has been predicted as a
promising material in a wide range of applications. In fact, a variety of proof-of-concept

devices have been studied and demonstrated including high-speed electronic [4, 13] and



optical devices [14], energy generation and storage [15], hybrid materials [16] and
chemical sensors [17]. However, due to the zero band gap, graphene itself is not suitable
to be used for the fabrication of logical circuits since the current on/off ratio in graphene
based field-effect transistors (FETS) is very small to be identified [18]. On the other hand,
the synthesis of high-quality and wafer-scale graphene in a controlled manner is still
challenging. So far, much effort has been paid to produce graphene such as mechanical
exfoliation [1], liquid-phase exfoliation [19], reduction of graphene oxide [20], chemical
vapor deposition (CVD) [21-23], surface segregation [24-25], and molecular beam
epitaxy (MBE) [26-27]. Despite these efforts, the fine control of the number of graphene
layers and structure of graphene sheets over an entire substrate remains a major difficulty.
Therefore the optimization of the synthesizing process of graphene with distinct

properties is still highly desirable.
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Figure 1-1 Schematic of monolayer graphene. (Source: Wikipedia.org)



1.2 Hexagonal Boron Nitride

Hexagonal boron nitride (h-BN), as called “white graphite”, has a graphene-like in-
plane hexagonal lattice structure with both a similar in-plane lattice constant (2.50 A for
h-BN & 2.49A for graphene) and a similar interlayer distance(3.33 A for h-BN & 3.35 A
for graphene) [28], which is comprised of alternating boron and nitrogen atoms.
Analogous to graphite, boron and nitrogen atoms are bound together by strong covalent
sp2 bonds within each 2D h-BN layer, whereas the weak vdW forces occur between

different layers. Figure 1-2 shows the schematic of hexagonal structures of h-BN.
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Figure 1-2 Schematic of hexagonal boron nitride layers. (Source: Wikipedia.org)

H-BN films have plenty of attractive properties, such as large band gap (~5.9 eV),
high thermal conductivity, excellent thermal and chemical stability, low dielectric
constant, high mechanical strength and high hardness, which can be utilized for a great
deal of potential applications as both a structural and electronic material [29-32]. For
example, h-BN powder is traditionally used as a lubricant [33] and passivation layers [34].
Moreover, due to the wide direct band gap, h-BN provides an alternative way for deep-
ultraviolet (DUV) light-emitting devices [35-36]. Besides the optoelectronic applications,

h-BN also shows great potential in high-performance electronic devices [5]. In particular,



it was suggested that 2D h-BN is an ideal substrate for graphene and other 2D materials,
and can be also served as a good gate dielectric for graphene transistor devices due to a
small lattice mismatch (1.7%) with graphene, and an atomically smooth surface that is
relatively free of dangling bonds and trapped charges [37-42]. Additionally, graphene on
h-BN would give rise to a band gap opening of graphene, and even enhance the carrier
mobility by one order of magnitude when compared to graphene on SiO; substrate [43-
44]. Therefore, it is essential to synthesize wafer-scale and high-quality h-BN films to
realize all the potential applications. So far, three major categories have been reported in
literature, which are exfoliation [45-47], chemical vapor deposition (CVD) [48-60] and

physical vapor deposition (PVD).

1.2.1 Exfoliation

Exfoliation method mainly includes mechanical cleavage and liquid exfoliation
which can provide micrometer-sized monolayer or few-layer h-BN flakes.

Since K. S. Novoselov et al developed the famous “scotch tape” method to obtain
monolayer graphene, they also reported the synthesis of other 2D materials including h-
BN, transition metal dichalcogenides (TMDs) and complex oxides by similar way named
as mechanical cleavage [45]. In detail, to extract such 2D flakes, a high-quality bulk
crystal material is needed, which can be purchased from commercial companies. Then a
fresh surface of a layered crystal would be rubbed against another surface, which can be
any solid surface. After this, a variety of flakes would be attached onto the surface, and

single layers and few layers flakes can be always found among the resulting flakes. Their



preliminary identification for thicker flakes and other residue was done in an optical
microscope. In particular, 2D films become visible on top of a SiO, substrate, which
shows different contrast for different number of 2D layers.

Coleman et al. [47] firstly reported liquid exfoliation method to produce 2
dmensional nanosheets, such as h-BN and other TMDs. Taking h-BN as an example,
firstly, BN powders should be prepared, which are commercially available (e. g. Aldrich).
Then the next task is to select the suitable solvents (different material needs different
solvent according to relative surface tension). For h-BN, iso-Propyl alcohol (IPA) can be
a good candidate. A low power sonic bath and a horn probe sonic tip are needed to carry
out the initial sonication. Afterwards, centrifugation process should be done to disperse
the flakes in the solvent. It is worth to mention that the quality of nano-material
dispersions depends heavily on processing parameters such as sonication time and
centrifugation rate. Then the supernatant is decanted to other container and is ready for
identifications. In general, TEM is suggested to carefully analyze the flakes, from which,
it is possible to estimate the number of layers from the flake edges. Although liquid
exfoliation method can bring opportunities of the formation of novel hybrid and
composite materials, this method is time-consuming, extremely sensitive to the
environment, and incompatible with most solvents.

From the above, mechanical or liquid-phase exfoliation method is a common
method used to separate individual sheets from stacked 2D layered crystals by breaking
the weak vdW bonds between the layers, which can result in sheets with perfectly

crystalline structures. Therefore the sheets produced by this method are used to explore



the intrinsic properties of the materials and basic performance of the related devices.
However, exfoliation method can only offer micrometer-sized and atomic-layer-thick h-
BN flakes, which are not suitable for large-area production due to the difficulty of

controlling the thickness and size of the materials.

1.2.2CVD

CVD is a process widely used to grow thin films, crystalline or amorphous, from
solid, liquid or gaseous precursors of many materials. CVD method has also been
extensively explored, in particular, to synthesize 2D layered materials on a large scale
with the promise of fine control over the number of layers and the crystalline structures.
In fact, CVD has achieved a lot of success on the synthesis of 2D materials, including
graphene, h-BN and TMDs. Prior to the present intense interest in h-BN sheets, there
have been already many reports of the synthesis of h-BN thin films by CVD methods
using various precursors, including independent boron and nitrogen precursors such as
BF3/NH; [48], BCl/NH; [49] B,Hs/NH; [50-51] and triethylboron (TEB)/NH; [52].
Recently, a single precursor such as ammonia borane (BH3NH;3) [32, 34, 39] and borazine
(HBNH)3 [37, 53] are most used to synthesize h-BN layers due to their natural advantage
of having a 1:1 B/N stoichiometry. In addition, the main difference for the various
precursor types is the gas delivery system. For example, other than directly introducing
the gas source into the chamber, for solid (e. g. BH3NHs3) or liquid precursors (e. g.
(HBNH)3), the solid or liquid can be vaporized (heat treatment) and then transported to

the deposition chamber. The transport of the precursor can also be assisted by a carrier



gas, such hydrogen (H,) or NHs. In the case of independent gas source, control of the
ratio between the boron source and nitrogen source become critical. In addition, there are
many different types of CVD processes, such as plasma enhanced (PECVD), atmospheric
pressure (APCVD), low pressure (LPCVD), ultra-high vacuum (UHVCVD) and many
more. As for h-BN growth, APCVD and LPCVD are most used. Furthermore, a wide
range of transition catalyst metals, including Cu [32, 39, 54] Pt [55-57], Ni [34, 58] and
Co [59] polycrystalline films and foils, as well as on Fe [37, 53], Pd [60] and Pt [61]
single crystals, have been reported to be used as substrates. Since each of individual CVD
growth is different in aspect of growth temperature, flow rate, growth time and many
other parameters, the details of the growth process are not summarized here. In summary,
CVD growth has made significant progress in h-BN synthesis, and the optimization of
CVD growth for wafer-scale crystalline 2D h-BN films toward a controllable and

scalable way is still undergoing.

1.2.3PVD

Besides the popular CVD method, PVD method, such as pulsed laser deposition
(PLD) [62], reactive magnetron sputtering [63] and ion beam sputtering deposition (IBSD)
[64-65], were also attempted to synthesize h-BN layers. PLD is an alternative PVD
technique, where a high energy, focused laser beam pulse causes rapid heating on the
face of the target, causing both ionized and neutral components to accelerate from the
target in the form of a plasma plume normal to the target surface. Depending on the

pressure and target-to-surface distance, it may happen that the plasma can be thermalized



by collisions with the background gas. For h-BN growth, amorphous boron nitride and
nitrogen background gas are usually used. In contrast to CVD processes, PLD technique
has achieved h-BN growth on non-metal substrate such as highly ordered pyrolytic
graphite (HOPG) and sapphire, which opens up the possibility of preparing high-quality
BN films on a wide range of substrates.

Reactive magnetron sputtering has been used to grow epitaxial metals, compounds,
and semiconductor heterostructures for a long period. Recently, this method has also been
utilized to develop the growth of atomic h-BN films using reactive magnetron sputtering
of boron in Ny/Ar atmosphere. In contrast to PLD process, the boron atoms are
evaporated by collision cascades due to the impact of energetic Ar+ ions on a solid boron
target, and nitrogen plasma is generated by reactive radio frequency (RF). B and N
species tend to assemble into a well-ordered film consisting of layered atomic h-BN
sheets. IBSD can be defined as a facile and innovative sputtering method. A high energy
Ar ion beam to sputter h-BN target was used to grow few-layer h-BN films.

Compared to CVD, PVD growth avoids the use of unconventional precursors and it
is also much easier to control, which should be very useful for the large-scale production

of h-BN.

1.3 Heterostructures based on graphene and h-BN

Van der Waals materials have received high interest recently for their novel
properties and high potential in various device applications, such as graphene [37], h-BN

[43-44] and MoS; [37]. For exploring new paradigm in the 2D devices, heterostructures



which are made from a combination of alternating layers of graphene, h-BN, MoS; and
other 2D materials, provide a platform to investigate novel phenomenon in fundamental
physics. Among those heterostructures, research on in-plane and vertically-stacked
heterostructures of graphene and h-BN has attracted intense attentions for energy band
engineering and device performance optimization of graphene because of the small lattice
mismatch (~1.7%) between graphene and h-BN, the conducting nature of graphene and
the insulating nature of h-BN [66-67]. For example, graphene-based transistors using h-
BN as a gate insulator and supporting substrate have shown significantly enhanced field-
effect carrier mobility [5]. In addition, theoretical calculations predicted that an obvious
band gap opening could be realized in the in-plane h-BN and graphene
hybrids/heterostructures as well as with relatively higher carrier mobility [68]. This
makes h-BN-G as a promising 2D material for graphene-based nanoelectronics.
Furthermore, some unique physical phenomena were detected on the vertically stacked
graphene/h-BN systems such as the Hofstadter butterfly effect and quantum Hall effect
[69-70]. Briefly, both in-plane and vertically stacked heterostructures of h-BN and
graphene have shown a lot of intriguing properties and opened up a wide range of new
scientific interests.

Traditionally, both graphene and h-BN films can be obtained by mechanical
exfoliation method and assembled into vertical heterostructures by dry-transfer method
[69]. However, the thickness and size of such samples are difficult to control and the
effect of surface contamination on the material/device properties is still unclear. On the

other hand, CVD has been used to provide an alternative approach for the preparation of



h-BN/Graphene heterostructures. For example, CVD growth of h-BN (or Graphene) on
mechanically exfoliated Graphene (or h-BN) as well as two-step CVD growth for both G
and h-BN have been reported to obtain h-BN and graphene-based heterostructures [66-67,
71-73]. The lateral hybrid heterostructures can also be formed by step-by-step patterned
re-growth method [66]. Although significant progress has been made for these
heterostructures, it is still challenging to controllably and scalably synthesize large-area,

high-quality graphene/h-BN based heterostructures.

1.4 Motivation of 2D materials growth by molecular beam epitaxy

From the discussion above, it is evident that 2D materials are very promising for the
next generation nanoelectronics and nanophotonics. Meanwhile, it is crucial to develop a
controllable and scalable process to synthesize those 2D films. Among the various
approaches to synthesizing 2D films, molecular beam epitaxy (MBE) can offers precise
control over growth conditions thanks to its ultra-high vacuum (UHV) environment,
atomic layer epitaxy accuracy and controllability, instant introduction and control of
multiple sources, ease of doping of materials and in-situ layer-by-layer characterization.
For CVD process, the growth rate may change dramatically with the exposed surface area
of the catalytic substrate, while MBE does not have such constraints. As known, catalyst-
free growth is crucial for vertically stacked heterostructures since the existing as-grown
layers will serve as substrate for sequential growth [74-75]. Therefore, MBE is
promising for the in-situ growth of vertically stacked heterostructures with defect-free

interfaces due to the absence of catalytic processes. In addition, instant introduction and
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control of multiple sources using automated shutter control can allow the growth of
alloys with multiple elements for band gap engineering and short-period superlattices. On
the other hand, in contrast to using very high temperature to break the gas molecules for
growth in CVD, MBE can take advantage of plasma or electron cyclotron resonant
processes, which can enable film synthesis at a relatively lower substrate temperature.
This relatively lower temperature process can avoid the happening of ripples or wrinkles
in the thin film growth due to thermal strain effect, which can minimize material inter-
diffusion and form a very sharp interface in the heterostructures. Finally, direct doping of
these growing layers in MBE system would be possible from molecular beams using
appropriate effusion cells or other atomic sources, which may result in some new
materials with promising properties, such as boron carbon nitride (BCN). Therefore, it is
believed that MBE growth is very promising to bring new opportunities to develop

integrated 2D materials system.

1.5 Chapter arrangement

In this dissertation, the growth of graphene, h-BN and their vertical and lateral
heterostructures by molecular beam epitaxy (MBE) is mainly studied. In addition, the
growth mechanism, fundamental physics and possible applications are also discussed.

In chapter 2, in-situ epitaxial growth of graphene/h-BN heterostructures on Co film
substrate was achieved by using plasma-assisted MBE. The direct graphene/h-BN
vertical stacking structures were demonstrated and further confirmed by various

characterizations, such as Raman spectroscopy, SEM, XPS and TEM. Large area
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heterostructures consisting of single-layer/bilayer graphene and multilayer h-BN were
achieved. The mismatch angle between graphene and h-BN is below 1°.

In chapter 3, the growth of graphene/h-BN heterostructures on Co foil substrate by
plasma-assisted MBE is discussed. It is found that the coverage of h-BN layers on the
epitaxial graphene is growth-time dependent. Large-area, uniform-quality graphene/h-BN
heterostructures were achieved. Capacitor devices with Co(foil)/G/h-BN/Co(contact)
configuration were fabricated to evaluate the dielectric properties of h-BN. The measured
breakdown electric field showed a high value of 2.5-3.2 MV/cm. Both I-V and C-V
characteristics indicated that the epitaxial h-BN film is of good insulating characteristics.

In chapter 4, the lateral growth of graphene on in situ epitaxial h-BN flakes by
plasma-assisted MBE was studied. Single-crystal h-BN domains were grown on Co film
substrates at a substrate temperature of 850~900 °C. Three-point star shape h-BN
domains were observed by SEM, and the B-N bonds were confirmed by Raman and XPS.
In addition, the lateral growth mechanism is discussed. The h-BN flakes on Co surface
can be a template used for sequential growth of multilayer graphene, leading to an h-
BN/graphene heterostructure.

In chapter 5, it mainly studied the growth of large-area and multi-layer h-BN layers
on polished Co foils by plasma-assisted MBE. The coverage of h-BN layers can be
readily controlled by growth time under appropriate growth conditions. The multi-layer
h-BN film is confirmed by various characterizations. Dielectric property of as-grown h-
BN film is evaluated by characterization of Co(foil)/h-BN/Co(contact) capacitor devices.

Breakdown electric field is in the range of 3.0-3.3 MV/cm, which indicates that the

12



epitaxial h-BN film has good insulating characteristics. In addition, the effect of substrate
morphology on h-BN growth is discussed regarding different domain density, lateral size,
and thickness of the h-BN films grown on unpolished and polished Co foils.

In the end, a conclusion of this dissertation is summarized in chapter 6.
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Chapter 2: In-situ epitaxial growth of graphene/h-BN heterostructures on Co film

substrate using plasma-assisted MBE

2.1 Introduction

As introduced in chapter 1, vdW materials have received high interest recently for
their novel properties and high potential in various device applications [1-3]. While
graphene is one of the most prominent vdW members, beyond graphene materials such as
MoS;, ZnSe, and hexagonal boron nitride (h-BN) are also being eagerly investigated [4-
11]. For exploring new paradigm in the 2D devices, atomic-scale heterostructures, which
are made from a combination of alternating layers of graphene, h-BN, MoS, and so on,
have been paid a great deal of attention. Such heterostructures provide a platform to
investigate novel phenomenon in fundamental physics, and there are reports indicating
superior properties for device applications [12-15]. Among these vdW heterostructures,
the stacking of h-BN with another vdW layer, in particular, graphene [16, 17], is of
imminent interest. H-BN has a hexagonal crystal structure similar to graphene’s with less
than 2% lattice mismatch [18]. H-BN is a dielectric with a dielectric constant of about 4
[19] and a wide band gap of ~5.9 eV [7]. H-BN also has exceptional thermal and
chemical stabilities [10]. These properties enable h-BN as an excellent chemical and

electrical barrier material for graphene and other vdW materials.
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To obtain such heterostructures, mechanical exfoliation and chemical vapor
deposition (CVD) growth were widely used [20-22]. Much success has been achieved.
Nevertheless, direct deposition of high-quality, wafer-scale vdW heterostructures remains
challenging. Therefore, non-CVD approaches have been proposed recently, for example,
a plasma-assisted deposition method has been used to achieve epitaxial growth of single-
domain graphene on h-BN [23]. As a versatile tool, MBE has natural advantages in high-
quality heterostructure growth thanks to its UHV environment, atomic layer epitaxy
accuracy and controllability, instant introduction and control of multiple sources, easy of
doping of materials and in situ layer-by-layer characterization. As a matter of fact, vdwW
epitaxy was first demonstrated using MBE process [24-25]. Most recently, MBE has also
been used to successfully synthesize single-layer and bilayer graphene [26-29]. In this
paper, we demonstrate a solution for fabricating vdW heterostructures. Graphene/h-BN
heterostructures were synthesized on cobalt substrates by using MBE. Various
characterizations were carried out to evaluate the heterostructures. Wafer-scale
heterostructures consisting of single-layer/bilayer graphene and multilayer h-BN were

achieved. The mismatch angle between graphene and h-BN is below 1°.

2.2 Material growth, device fabrication and characterization method

Thermally oxidized Si wafers with a SiO, layer of 300 nm were used as substrates.
They were transferred to an E-beam evaporator system for the deposition of a Co film of
400 nm. The wafers were subsequently loaded on to standard 3 wafer MBE holders and

transferred to the growth chamber for growth. A Knudsen effusion cell filled with B;O3
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powder (Alfa Aesar, 99.999%) was used as B source. A thermocracker was used to crack
acetylene gas (Airgas, 99.999%) as C source. The C source was tuned by either acetylene
gas flow or cracker temperature. An electron cyclotron resonance (ECR) system was used
to form nitrogen gas plasma (Airgas, 99.9999%) as N atomic source. The N source was
tuned by either nitrogen gas flow or ECR magnetron current.

For a typical growth, the substrate is firstly annealed at 800~850 °C under a
hydrogen flow of 10 sccm for a duration of 30 minutes. At the end of substrate surface
treatment, the hydrogen gas flow is stopped and substrate temperature is further ramped
up to 870~900 °C for graphene/h-BN heterostructure growth. The thermal cracker
temperature is ramped to 1200 °C and 3 sccm acetylene is introduced into the chamber
for graphene growth. The growth lasts from 10 s to 1 minute. Subsequently, h-BN growth
follows with minimal time gap. B cell temperature is precisely ramped to 900~1100 °C
right before h-BN layer growth. Nitrogen flow rate is 10 sccm and the growth lasts 10~15
minutes. At the end of h-BN growth, the substrate temperature is slowly cooled down
towards room temperature at a rate of 10 °C/min. The slow substrate cooling process
suggests that the epitaxy undergoes layer-by-layer growth mode, which is in contrast to
fast cooling procedure with much higher cooling rates in the growth of graphene by
precipitation of carbon atoms from the metal substrate in some CVD process [30-31].

Raman characterizations were performed using a HORIBA LabRam system
equipped with a 50-mW 514-nm green laser. Scanning electron microscopy (SEM)
images were acquired using a Philips XL30-FEG system. X-ray photoelectron

spectroscopy (XPS) was carried out using a Kratos AXIS ULTRA XPS system equipped
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with an Al Ka monochromatic X-ray source and a 165 mm mean radius electron energy
hemispherical analyzer. Transmission electron microscopy (TEM) images and electron
diffraction patterns were acquired using a FEI/Philips CM-30 TEM. Cross sectional TEM
sample was prepared using focused ion beam technique. The graphene/h-BN thin film
was covered by an Ir layer and further protected by electron-beam and ion-beam
deposited Pt layers. Plan-view TEM sample was prepared using direct transfer method.
After spin coated with PMMA, the sample was submerged in FeCl; solution to etch away
the Co metal layer. The film was then transferred onto carbon coated Cu TEM grid and
treated with acetone and DI water to remove PMMA. For fabricating back-gate MOSFET,
the film was transferred onto an oxidized silicon substrate with a 300nm SiO; layer by
using the same PMMA-assisted method, then photolithography was done to form the
pattern. Then, SFs gas was used to etch away h-BN to expose graphene. After that, a

10/70nm Ti/Au contact was deposited.

2.3 Results and discussion

As grown vdW thin films are transparent and thus not visible for bare eye or through
optical microscope (Figure 2-1 (a)). There are some surface imperfections, possibly a
result from the high temperature growth. H-BN domains are of large scale and
transparent. As the samples are imaged by SEM, a surface contrast is observed in
secondary electron image because secondary electron signals from h-BN and
graphene/Co substrate have different intensity. Figure 2-1 (b) shows an SEM image of a

graphene/h-BN sample (Sample A) on which large triangular domains of ~20 um are
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observed. Despite the underlying very rough Co substrate surface, which consists of
small grains due to heat treatment, wafer-scale graphene has been grown, followed by the
formation of the triangular shaped h-BN domains as inferred by both optical microscope

imaging and Raman scattering results (Figure 2-2).

Figure 2-1 (a) Optical microscopy image of graphene/h-BN heterostructure sample (b) SEM
image of graphene/h-BN heterostructure on cobalt substrate (Sample A). Inset is taken under the
same condition with larger magnification, and it shows a large triangular h-BN flake of about 20
pm. The background is the rough substrate surface with packed Co grains resulted from heat
treatment.

In order to achieve continuous wafer-scale h-BN single domain instead of discrete
flakes, fine-tuning of the sample growth condition was performed by reducing high-
temperature substrate treatment duration, graphene layer thickness, and growth
temperature for h-BN layer. Detailed difference in growth condition is listed in Table 1.
The resulting sample (Sample B) shows smoother surface morphology under optical
microscopy (Figure 2-3 (a)). The shorter growth time and thinner graphene layer clearly
improve h-BN layer growth. Sample B exhibits the graphene/h-BN film that covers the
entire sample surface, and triangular h-BN domains are no longer visible (Figure 2-3 (b)).

Further characterizations were based on this heterostructure sample.
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Figure 2-2 (a) and (b) are typical graphs with (a) showing both h-BN E,4 optical phonon peak at
1360 cm™ and signature graphene G and 2D peaks at discrete locations, and (b) showing only
graphene peaks across the entire surface.

Step Parameters Sample A Sample B
Pre-growth Temperature 800 °C 850 °C
Annealing Duration 40 minutes 10 minutes
Substrate temperature 800 °C 850 °C
Graphene Gas flow 3sccm 3sccm
Growth Cracker temperature 1200 °C 1000 °C
Growth duration 1 minute 10s
Substrate temperature 900 °C 850 °C
H-BN Boron cell temperature 1000 °C 950 °C
Growth Nitrogen gas flow 10 sccm 10 sccm
Nitrogen ECR current 50 mA 60 mA
Growth duration 15 minutes 10 minutes
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Table 2-1 Comparison of sample growth condition
; T

(a)

Figure 2-3 (a) Optical microscopy image and SEM image (b) of graphene/h-BN sample with
wafer-scale coverage (Sample B).

Figure 2-4 (a) shows an XPS survey scan spectrum, with the peaks of interest
circled. Fine scans were performed in these sites and evident energy peaks for B, C, and
N were observed. Figure 2-4 (b), (c) and (d) show XPS spectrum of B1s, C1s, and N1s
state, respectively. C1s peak is observed at a position of 284.5 eV, which is smaller than
environmental C1s peak in XPS, and is closer to the sp? C-C bond at 284.0 eV [32]. This
is an indication of graphene. B1s and N1s exhibit an energy position at 398.0 eV and
190.6 eV, respectively, which are typical characteristics of h-BN [33]. Based on
integrated peak intensity and corrections, B/N ratio was estimated to be 1.1 from the

surface of h-BN, indicating that the growth of h-BN is slightly B-rich.
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Figure 2-4 XPS spectra of graphene/h-BN heterostructure on Co substrate (Sample B). a) Survey
spectrum, b) N1s peak, c) C1s peak, and d) B1s peak. B1s and N1s are at 190.6 eV, and 398.0 eV,
respectively, indicating the existence of h-BN. C1s peak is at 284.5 eV, indicating the presence of
graphene.

Figure 2-5 shows Raman spectrum of the sample. The G/2D peak ratio of the
graphene signals indicates the existence of single-layer/bilayer graphene. The inset is a
spectrum near the graphene D peak, which lies at 1356 cm™. The appearance of D peak
has been observed in other reports of graphene/h-BN heterostructure [34]. In addition, an
h-BN E,q optical phonon peak is evident at 1364 cm™. Analyzing the 2D peak of
graphene to detect the mismatch angle of graphene and h-BN has been reported recently
[35]. In this experiment, the FWHM of the 2D peak of as grown sample is 38 cm™, which

indicates the mismatch angle is below 1°.
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Figure 2-5 Raman spectrum of graphene/h-BN heterostructure (Sample B). Evident graphene G
and 2D peaks are observed, with their intensity ratio indicating 1~2 layer graphene. The inset is
enlarged spectrum in the 1300~1400 cm™ region. Two peaks are resolved, relating to graphene D
mode and E,4 optical phonon peak of h-BN, respectively.

Figure 2-6 (a) shows a plan-view TEM image of the transferred graphene/h-BN
heterostructure. Continuous thin film is observed with some areas folded. Black spots
originate from PMMA residue during film transfer process. Figure 2-6 (b) shows a
selected area electron diffraction (SAED) pattern of the plan-view graphene/h-BN
heterostructure thin film. A clear hexagonal set of diffraction spots is observed. A second
set, which has weaker intensity and larger diffraction angle, is also seen. The inset shows
a zoom-in image of the area marked with a red square, showing clearly two diffraction
spots. The two spots correspond to the electron diffraction from (100) planes of h-BN and
graphene, respectively. The calculated inter-planar spacings corresponding to the two

spots are 2.13 A and 2.06 A, which match well with expected numbers for h-BN and
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graphene, respectively. The strong intensity of h-BN diffraction pattern may indicate a
well-aligned, multi-layer h-BN. There is a small rotation (<1°) observed between the two
sets, similar to other reports on graphene/h-BN heterostructures [36], which also matches
our conclusion from Raman spectrum. Figure 2-6 (c) shows a cross-sectional TEM
image of the heterostructure. Lattice fringes are observed in the ~15nm thick band. The
inter-fringe distance is 0.33nm, which is in close agreement with the out-of-plane lattice

constants of h-BN and graphene.

Figure 2-6 (a) Plan-view TEM image of transferred graphene/h-BN heterostructure (Sample B).
(b) SAED pattern of Sample B. Diffraction patterns with six-fold symmetry are observed. The
inset is enlarged image of the red square area marked in (b). Two diffraction spots are observed,
revealing the (100) plane distance of 2.13 A and 2.06 A, respectively. (c) Cross-sectional TEM
image of Sample B. The thickness of the heterostructure is about 15 nm.
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To evaluate the quality of the as-grown graphene film, back-gate MOSFET devices
were fabricated based on Sample B after transferred onto SiO,/Si substrate. Figure 2-7 (a)
and (b) shows a schematic and an optical microscopy image of the device. The channel
length is 1um and channel width is 5 um. Figure 2-7 (c) and (d) show Ip-Vg transfer
characteristics and Ip-Vp characteristics of the transistor device, respectively. The
mobility is then extracted from the linear regime of the transfer characteristics. For a
typical transistor device, its mobility was found to be around 101 cm? VV* s™. The present
relatively low mobility may mostly originate from the device fabrication process, i.e. the

unavoidable residual impurities from the transferring process [37].
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Figure 2-7 (a) Schematic of the transistor device, (b) an optical microscopy image of the
transistor device. (c) Ip—Vs characteristics, and (d) Ip-Vp characteristics.
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2.4 Summary

In summary, we have demonstrated direct epitaxial growth of h-BN on graphene
utilizing MBE. Signature triangular h-BN flakes with sizes as large as 20 um were
observed. Further improvement on the growth condition results in high-quality wafer-
scale graphene/h-BN heterostructure single domain film. The epitaxial single/bi-layer
graphene/few-layer h-BN structure is further confirmed by XPS, Raman spectroscopy,
electron diffraction, and TEM imaging. The misorientation between the graphene and h-
BN layers is less than 1°. The successful MBE growth of large-scale graphene/h-BN
heterostructure with small mismatch paves a way to greatly improve graphene device

performance.
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Chapter 3: Growth of graphene/h-BN heterostructures on Co foil substrate by

plasma-assisted MBE

3.1 Introduction

Hexagonal boron nitride (h-BN) is an excellent 2D dielectric layer, and has been
studied intensively not only for its exceptional properties but also for its compatibility
with graphene (G) and other 2D material systems [1-10]. Recently, much work has been
done on the assembly of both lateral and vertical G/h-BN heterostructures [11-21]. Such
heterostructures have provided a platform to investigate novel phenomena in fundamental
physics such as Hofstadter butterfly effect and quantum Hall effect [22-23], and to
develop a variety of nano-devices with superior performance [10, 24-25]. For example,
graphene-based transistors using h-BN as a gate insulator and supporting substrate have
shown significantly enhanced field-effect carrier mobility in part due to its atomically flat
and dangling-bond-free h-BN surfaces, which greatly reduce charge scattering centers at
the G/h-BN interfaces [9, 11]. Traditionally, both graphene and h-BN films can be
obtained by mechanical exfoliation method and assembled into heterostructures [26].
Although this method can result in crystalline flakes and layered samples, the thickness
and size of such samples are difficult to control. On the other hand, chemical vapor
deposition (CVD) has been used to provide an alternative approach for the preparation of

h-BN/G heterostructures. For example, CVD growth of h-BN (or G) on mechanically
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exfoliated G (or h-BN) as well as two-step CVD growth for both G and h-BN have been
reported to obtain h-BN and graphene-based heterostructures [11-14, 22]. Although
significant progress has been made for these heterostructures, it is still challenging to
controllably and scalably synthesize large-area, high-quality layers. MBE is an alternative
tool and has natural advantages in high-quality layer-by-layer film deposition thanks to
its ultra-high vacuum (UHV) environment, atomic layer epitaxy accuracy and
controllability, instant introduction and control of multiple sources, ease of doping of
materials and in-situ layer-by-layer characterization. In particular, MBE is promising for
the in-situ growth of vertically stacked heterostructures with defect-free interfaces due to
the catalytic-free processes since the existing as-grown layers will serve as template for
sequential growth [27]. As a matter of fact, the 2D material field is experiencing a surge
in using MBE for graphene and BN research, for example, MBE has been used to
successfully synthesize graphene and h-BN films on cobalt and nickel thin film substrates
[28-32]. More recently, nickel foil has been used to synthesize atomically thin h-BN
films by MBE [27]. In this work, we demonstrate the synthesis of h-BN/graphene (h-
BN/G) heterostructures on Co foil by sequential deposition of graphene and h-BN layers
using plasma-assisted molecular beam epitaxy (MBE). It is found that the coverage of h-
BN layers can be readily controlled on the epitaxial graphene by growth time. Large-area,
uniform-quality h-BN layers on thin graphite layer were achieved. Based on the h-BN (5-
6 nm)/G (26-27 nm) heterostructure, capacitor devices with Co(foil)/G/h-BN/Co(contact)
configuration were fabricated to evaluate the dielectric properties of h-BN. The measured

breakdown electric field showed a high value of ~2.5-3.2 MV/cm. Both I-V and C-V
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characteristics indicate that the epitaxial h-BN film has good insulating characteristics.
These results suggest that MBE is a versatile tool to synthesize large-area, uniform-
quality h-BN/G heterostructures for the development of high-yield two-dimensional

nano-devices.

3.2 Material growth, device fabrication and characterization method

First, cobalt foils (Alfa Aesar, 0.1 mm thick, 99.995%) were cut into 1 cm x 1 cm
pieces as substrates. A re-designed Perkin-Elmer MBE system was used for sample
growth. A Knudsen effusion cell filled with B,O3; powder (Alfa Aesar, 99.999%) was
used as boron (B) source. Nitrogen plasma (Airgas, 99.9999%) was generated by an
electron cyclotron resonance (ECR) system as nitrogen (N) source. Acetylene gas (Airgas,
99.999%) was used as carbon (C) source.

A Co foil substrate was cleaned with a diluted hydrochloric acid (10%) in order to
remove the native oxide layer, rinsed with deionized (DI) water, blown dry and then
immediately loaded into the MBE chamber. First, the substrate was heated to 850 °C and
annealed at this temperature under 10-standard cubic centimeters per minute (sccm) flow
of hydrogen (H,) gas for a duration of 20 minutes. Then, the graphene growth started by
introducing 3-sccm acetylene (C;H>) gas and 6-sccm H, gas, and lasted for 60 seconds.
Immediately after the graphene growth, h-BN growth started at the same substrate
temperature. During the growth, B cell temperature was kept at 1150 °C, and N; gas at a
flow rate of 10 sccm through an ECR source along with H; gas at a flow rate of 6 sccm

were introduced in the chamber. The ECR current was set at 60 mA with a power of 228
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W, and the growth took 5, 20 and 30 minutes for three samples, respectively. Finally, the
substrate was cooled to room temperature at a rate of 10 °C/min. A reference sample, i.e.,
multilayer graphene without h-BN on top was also grown on a Co foil with the same
growth condition.

Co(foil)/G/h-BN/Co(contact) capacitor devices were fabricated by standard
photolithography and lift-off process. A Co layer of 100 nm was patterned to form top
contacts with a size of 250 pm x 250 um on the surface of as-grown h-BN/G film.
Reactive ion etching (RIE) with 50-sccm SFg plasma under a power of 50 W was carried
out for 15 seconds to etch the h-BN/G film between devices, which ensures isolation of
different devices on the same substrate.

Raman characterizations were performed using a HORIBA LabRam system
equipped with a 50-mW 514-nm green laser. Scanning electron microscopy (SEM)
images were acquired using an XL30-FEG SEM system. X-ray photoelectron
spectroscopy (XPS) characterization was carried out using a Kratos AXIS ULTRA XPS
system equipped with an Al Ka monochromatic X-ray source and a 165-mm mean radius
electron energy hemispherical analyzer. Absorption spectra were measured by a Varian
Cary 500 double-beam scanning ultraviolet/visible/near-infrared spectrophotometer.
Atomic force microscopy (AFM) images were obtained using a Veeco D3100 AFM
system. Transmission electron microscopy (TEM) images were acquired using an
FEI/Philips CM-20 TEM. Cross-sectional TEM samples were prepared using focused ion
beam technique. The h-BN/G thin film was covered first by an amorphous carbon

protection layer and further by electron-beam and ion-beam deposited Pt protection
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layers. Transferred samples on either SiO,-coated Si or sapphire substrates were obtained
by a PMMA-assisted method. After it was coated with PMMA, the sample was
submerged in FeCl; solution to etch away the Co substrate. The PMMA layer was
dissolved in hot acetone (60 °C) within 12 hours. Current-voltage (I-V) characteristics
were obtained by an Agilent 4155C semiconductor parameter analyzer. Capacitance-

voltage (C-V) characteristics were obtained by an Agilent 4284A LCR meter.

3.3 Results and discussions

(@) (b)
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(d) @ Hydrogen . .

Figure 3-1 Schematic of the growth process of h-BN/G stacked heterostructures. (a) Cleaned Co
foil substrate. (b) Layer-by-layer graphene structure grown on fresh Co foil surface. (c)
Triangular h-BN domains grown on top of the graphene layers. (d) Connection of triangular h-BN
domains to form the first continuous h-BN layer, followed by layer-by-layer growth of h-BN.
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Figure 3-2 Photographs of (a) bare Co foil substrate and (b) as grown h-BN/G sample (Sample D)

Figure 3-1 shows schematic of the growth process of an h-BN/G heterostructure.
Figure 3-2 shows photographs of the substrate before and after the growth, indicating the
color change as a result of the film growth. Figure 3-3(a) shows an SEM image of as-
grown graphene on cobalt foil, i.e., the reference sample (Sample A), presenting a large-
scale continuous film. Figure 3-3(b)-(d) show SEM images of as-grown h-BN/G
heterostructure samples at an h-BN growth time of 5, 20, 30 minutes for Sample B, C and
D, respectively. As seen from Figure 3-3(b) (Sample B), sporadic triangular h-BN flakes
have a maximum size of 20 um and no preferred orientation. This indicates that a short 5-
minute growth has already resulted in an evident formation of randomly distributed h-BN
seeds on the graphene surface. From theoretical calculations [33], these triangular-shape
h-BN domains should end up with a nitrogen-terminated edge due to lower edge energy.
At a longer growth duration of 20 minutes (Sample C), the h-BN flakes are increased
both in size and density (Figure 3-3(c)). Further increase of h-BN growth time to 30
minutes led to the connection of these h-BN flakes to form a full-coverage continuous
film (Sample D), as shown in Figure 3-2(b) and Figure 3-3(d). In addition, much larger h-

BN domains with a size of ~40 um can be observed at the edge area of the sample (inset
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of Figure 3-3(d)), which are almost twice the size of the flakes of Sample B (Figure 3-

3(b))-

h-BN 30

0s onGr 2

h-BN 1800s on Gr

Figure 3-3 SEM image of (a) the graphene (G) on Co foil (Sample A); and h-BN on G film at
different h-BN layer growth time: (b) 300 s (Sample B), (c) 1200 s (Sample C), and (d) 1800 s
(Sample D). Insets in (b), (c) and (d) are magnified SEM images of local surface areas of these
samples. Scale bars in (a-d) are 50 um. Scale bars for insets in (b-d) are 20 um.

Figure 3-4 (a) shows Raman spectra of as-grown graphene (Sample A) and h-BN/G
heterostructure (Sample D). Both spectra exhibit typical G and 2D peaks of graphene,
and the G/2D peak ratio indicates the existence of multilayer graphene. An additional
peak is also observed at 1368 cm™ for the h-BN/G sample, corresponding to h-BN Egg
optical phonon mode [7]. No graphene D peak can be seen, suggesting that the graphene
film has negligible defects [34]. Figure 3-4 (b) shows UV-Vis absorption spectrum,
which was measured based on a transferred h-BN/G film on a sapphire substrate. A

strong peak at 203 nm and a weak peak at 270 nm are observed in the absorption
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spectrum, which are assigned to the optical band gap of h-BN and zw-plasmon absorption
of graphene, respectively [15-16]. The optical band gap (Ey) value was extracted using
the Tauc equation for a direct band gap semiconductor, i.e., oc:C*(E-Eg)l’Z/E [5, 35],
where o is the absorption coefficient, E is the incident photon energy, and C is a
proportionality constant. As shown in Figure 3-4 (c), the E4 of the h-BN film is around
5.85 eV, which matches well with the reported values of few-layer h-BN [2, 4, 7]. The
wide band gap also implies the excellent insulating characteristics of as-grown h-BN film.
Figure 3-4 (d), (e), and (f) show XPS spectra of C1s, N1s and B1s, respectively. C1s peak
at 284.6 eV originates from sp® C-C bond [1], representing the existence of graphene. Bls
and N1s exhibit energy positions at 190.6 eV and 397.8 eV, respectively, which are
consistent with the reported XPS characteristic lines for h-BN [1-4]. Stoichiometry
calculation based on the XPS data gives a B/N ratio of 1.08, suggesting an almost equal

composition of B and N elements.
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Figure 3-4 (a) Raman spectra of as-grown graphene (Sample A) and h-BN/G heterostructure
(Sample D). The G/2D peak ratio in both samples indicates the existence of multilayer graphene.
Additional peak is observed besides G and 2D peaks for the h-BN/G sample at 1368 cm™,
corresponding to the E,q optical phonon mode of h-BN. (b) UV-Vis absorption spectrum of a
transferred h-BN/G sample on sapphire. (c) o’ as a function of photon energy. XPS spectra of (d)
Cl1s, (e) N1s, and (f) B1s signals.
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Figure 3-5 (a) Optical microscopy and (b) AFM images of Co foil after high-temperature
annealing in vacuum. (c) AFM image of as-grown film, (d) Optical microscopy, and (e-f) AFM
images of transferred film of Sample D on SiO..

To evaluate the film thickness and morphology, AFM characterization was carried
out on a transferred h-BN/G film on SiO,-coated Si substrate (Figure 3-5). In addition, a
Co foil substrate as a reference sample was annealed in the MBE chamber at 850 °C for
50 minutes under H, environment with a flow rate of 10 sccm, which mimics the
condition of heat treatment of the substrate of Sample D. Both optical microscopy and
AFM images (Figure 3-5(a) and (b), respectively) show the rough surface of cobalt foil
substrate. The root mean square (RMS) roughness is around 232 nm within a scan area of
25x25 um?. Figure 3-5(c) shows an AFM image of as-grown film (Sample D) on Co foil,
which displays a RMS roughness of 239 nm within a scan area of 25%25 umz. Figure 3-
5(d) shows an optical microscopy image of h-BN/G film of Sample D after transferred on
a SiO,-coated Si substrate. Figure 3-5(e) shows an AFM image of the transferred film,
where a scan line indicates the thickness of the h-BN/G film to be 34 nm. Figure 3-5(f)
shows an AFM image of a zoomed-in area of 3x3 um?, indicating that RMS roughness is
around 3.179 nm. Based on the AFM images of h-BN/graphene coated Co foil (Figure 3-
5(c)) and bare Co foil (Figure 3-5(b)), it can be concluded that both show similar RMS
roughness. In addition, the optical microscopy and AFM images of the transferred h-
BN/graphene film show continuous and flat surface. These findings imply that the films
were grown conformally across the rough surface.

Figure 3-6(a) shows a cross-sectional TEM image of the h-BN/G heterostructure

(Sample D), indicating clear lattice fringes across a total thickness of 32 nm, which is
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comparable with the AFM results. The average inter-layer distance was calculated to be
0.348 nm (for total 92 layers), which is in close agreement with the out-of-plane lattice
constants of h-BN and/or graphene [25]. To further differentiate the h-BN and G layers,
the depth-profile XPS characterization was performed on the as-grown film (Sample D).
2-KeV Ar ion beam was used to sputter a 3x3 mm? area with an etching rate of 1 nm per
minute. Figure 3-6(b) and (c) show the evolution of N1s, B1s, and C1s XPS peaks during
sputtering. As can be clearly seen, the intensities of the N1s and B1s peaks decrease as
the sputtering depth increases, indicating that the top h-BN layer was gradually removed
by Ar ion beam sputtering. According to Figure 3-6(b), as the sputtering depth reaches
~5-6 nm, N1s and B1s peaks become negligible, which suggests that the top h-BN film
has been entirely removed. On the other hand, the C1ls peak intensity increases as the
sputtering depth increases and saturates beyond the depth of ~5-6 nm. This is consistent
with the observed evolution of N1s and B1ls peaks. Figure 3-6(d) shows the calculated
relative atomic concentration for B, N and C as a function of the sputtering depth. As the
sputtering depth increases, both N and B concentrations decrease gradually and reach an
insignificant percentage at a sputtering depth of ~5-6 nm, while C concentration
gradually levels up and then becomes steady as the etching depths extends from 6 to 20
nm, where the sputtering experiment was stopped. The steady behavior of Cls peak
intensity and C concentration can be understood since the thickness of graphene (~27-28
nm) is in fact larger than the total sputtering depth (20 nm). Based on all the above
information, it can be concluded that the h-BN/G structure has a top h-BN layer with a

thickness of ~5-6 nm and a bottom graphene layer of ~27-28 nm.
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Figure 3-6 (a) Cross-sectional TEM image of as-grown h-BN/G heterostructure on cobalt foil
(Sample D). Evolution of (b) N1s, B1s and (c) C1s peaks as a function of sputtering depth in the
depth-profile XPS characterization. (d) Relative atomic concentration of B, C and N versus
sputtering depth.

In order to evaluate the quality of the h-BN layers, Co(foil)/G/h-BN/Co(contact)
capacitor devices were fabricated based on Sample D. The devices with a top Co metal
contact of 250 pum x 250 um are evenly distributed on the sample. Since the devices were
directly fabricated on the Co foil substrate rather than based on any transferred h-BN/G
films, usual contamination/residues that almost always come with transferring process
was truly avoided [6, 24]. Figure 3-7 shows curves of current density (J) versus electric

field (E) applied on 20 Co(foil)/G/h-BN/Co(contact) capacitor devices. These curves
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exhibit similar behavior, which suggests the film has uniform quality across the sample.
As the biases across the capacitors increase, the currents evolve clearly in four regions
from fast-increasing region at the beginning, to linearly increasing region under moderate
biases, to non-linearly increasing region at higher biases, and finally to sharp-increasing
region. These are corresponding to trap-assisted tunneling [24, 36, 37], Ohmic behavior,
Fowler-Nordheim tunneling [38], and dielectric breakdown, respectively. By extracting
the slope value from the linear portion of the J-E curve in the moderate-bias region, the
resistance of 1.16 MQ can be obtained. Although this value includes contributions from
Co/h-BN contact resistance, it implies good insulating characteristics of the h-BN. The
breakdown electric field is shown to be ~2.5-3.2 MV/cm in the graph, which is
comparable with the observed values from other epitaxial h-BN films [6, 24, 38].
Nevertheless, these fields are slightly lower than that obtained from devices based on
exfoliated h-BN films [39]. There are two factors: one is associated with the grain
boundaries, wrinkles and pinholes possibly existing in the h-BN films, which can provide
leakage paths 2*; the other is related to the rough cobalt foil substrate, whose corrugated
surface can induce highly localized electric field by the field enhancement factor [6].
Figure 3-8 shows specific capacitance with the frequency response up to 1 MHz. During
the characterization, we calibrated both open-circuit and short-circuit capacitances in
order to minimize the impact of the cable capacitance and other noises. As it can be seen
from Figure 3-7(b), the specific capacitance decreases as frequency increases. The
specific capacitance can be estimated from low-frequency response, i.e., ~4.5 pF/cm?® (2

kHz). The unit-area capacitances of the devices can be estimated to be 700 nF/cm? by
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using an ideal parallel-plate capacitor model: C=goxe/d, where g is vacuum permittivity,
e is relative permittivity of bulk h-BN of 4 [24], and d is h-BN thickness of 5 nm. The
measured capacitance is about six times as much as this theoretical value, which should
be due to the significant increase in the effective surface area of the rough Co foil
substrate, hence, the device has higher charge storage capacity than that of an ideal
parallel-plate capacitor. Similar results have been reported that the gully-shape surface
can significantly enhance the effective surface area, which serves as tens of thousands of

nanoporous or microporous capacitors [40-41].
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Figure 3-7 Current density versus electric field of 20 Co(foil)/G/h-BN/Co(contact) capacitor
devices. All devices have the same size of 250 um x 250 pm. Inset displays histogram plot of Egp.
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Figure 3-8 Specific capacitance as a function of frequency.
3.4 Summary

In conclusion, we demonstrated the synthesis of stacked h-BN/graphene (h-BN/G)
heterostructures on Co foil by sequential deposition of graphene and h-BN through
plasma-assisted MBE. Wafer-scale h-BN/G heterostructures consisting multilayer
graphene and few-layer h-BN sheets were obtained. Capacitor devices with Co(foil)/G/h-
BN/Co(contact) structure were fabricated. Various characterizations including Raman,
XPS, AFM, SEM, TEM, UV-Vis absorption, I-V, and C-V were carried out to study the
structural, morphological, compositional, resistive, capacitive and dielectric properties of
the heterostructures. The breakdown electric field was estimated to be ~2.5-3.2 MV/cm,
demonstrating that MBE is an excellent tool for growing high-quality h-BN and G/h-BN

heterostructure 2D films.
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Chapter 4: Lateral growth of graphene on in situ epitaxial h-BN flakes by plasma-

assisted MBE

4.1 Introduction

Layers-structure h-BN currently attract considerable attentions both for its
fascinating properties of the individual monolayer and successful incorporation as a
complementary two-dimensional dielectric substrate in graphene based electronics from
experimental and theoretical work [1-12]. H-BN has a crystal lattice structure similar to
that of graphene with less than 2% lattice mismatch [13]. In addition, it is a wide band
gap (~5.9 eV) I11-V compound with remarkable physical and chemical properties, such as
high chemical inertness, high temperature stability, low dielectric constant, large thermal
conductivity, and high mechanical strength [4-6]. So far, many methods have been used
to obtain atomic h-BN films, such as micromechanical cleavage [14-15], liquid
sonication [16] and chemical vapor deposition (CVD) [4-8]. Recently, we have
synthesized large single-crystalline h-BN domains and continuous wafer-scale h-BN thin
films on epitaxial graphene using plasma-assisted molecular beam epitaxy (MBE) [17].
This result serves as an important first step toward functional nanoelectronic devices
based on graphene/h-BN heterostructures. To further enhance processing and integration
capability of graphene/h-BN heterostructures for various devices, it is essential to reliably

grow graphene on h-BN as well. CVD has already been used to grow single-domain
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graphene on exfoliated h-BN [18-19]. Recently, Gao et al reported in-plane and vertically
epitaxial growth of graphene on h-BN using benzoic acid precursor on Cu substrate in a
CVD system [20]. Nevertheless, direct deposition of high-quality graphene on in situ
epitaxial h-BN remains challenging.

In this chapter, we report our results of epitaxial growth of two-dimensional h-BN
flakes on Co substrate and growth of wafer-scale graphene on these h-BN flakes using
plasma-assisted MBE. Hexagonal boron nitride (h-BN) single-crystal domains were
grown on cobalt (Co) substrates at a substrate temperature of 850~900 °C using plasma-
assisted molecular beam epitaxy. Three-point star shape h-BN domains were observed by
scanning electron microscopy, and confirmed by Raman and X-ray photoelectron
spectroscopy. The h-BN on Co template was used for in situ growth of multilayer
graphene, leading to an h-BN/graphene heterostructure. Carbon atoms preferentially
nucleate on Co substrate and edges of h-BN and then grow laterally to form continuous
graphene. Further introduction of carbon atoms results in layer-by-layer growth of
graphene on graphene and lateral growth of graphene on h-BN until it may cover entire

h-BN flakes.

4.2 Materials growth and characterization

First, an E-beam evaporation system was used to grow Co film of 400 nm on a 300-
nm-thick SiO, coated Si (100) substrate. The substrate of 1 cm by 1 cm was cut from the
wafer and transferred into an MBE chamber. A Knudsen effusion cell filled with B;O3

powder (Alfa Aesar, 99.999%) was used as boron (B) source. A thermocracker was used
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to crack acetylene gas (Airgas, 99.999%) as carbon (C) source. An electron cyclotron
resonance (ECR) system was used to generate nitrogen plasma (Airgas, 99.9999%) as
nitrogen (N) source.

For the growth of h-BN (Sample A), the substrate was firstly annealed at 900 °C
under a hydrogen flow rate of 10 sccm for a duration of 60 minutes. Then, the hydrogen
gas flow rate was decreased to 6 sccm, and h-BN was grown at a B cell temperature of
1050 °C and a nitrogen flow rate of 10 sccm. The ECR current was set at 60 mA with a
power of 228 W. The growth lasted for 15 minutes. During the growth of h-BN/graphene
stacked layer (Sample B), the h-BN part was grown with a similar growth condition as
that of the reference Sample A, except that the substrate temperature was kept at 850 °C
and B cell temperature was 1000 °C. Graphene was subsequently grown at an acetylene
flow rate of 3 sccm through the thermocracker heated at 1200 °C for 30 seconds. Finally,
the substrate was cooled down to room temperature at a rate of 10 °C/min.

Raman characterizations were performed using a HORIBA LabRam system
equipped with a 50-mW 514-nm green laser. Scanning electron microscope (SEM)
images were acquired using an XL30-FEG system. X-ray photoelectron spectroscopy
(XPS) was carried out using a Kratos AXIS ULTRA XPS system equipped with an Al
Ko monochromatic X-ray source and a 165 mm mean radius electron energy
hemispherical analyzer. Atomic force microscope (AFM) images were obtained using a

Veeco AFM D3100 system.
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4.3 Results and discussions
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Figure 4-1 (a) SEM image of as grown h-BN domains on Co substrate (Sample A), (b) magnified
SEM image of one single h-BN domain, (c) schematic illustration of a possible atom arrangement
scheme of the three-point star shape domains. (d) Raman spectrum of Sample A. A peak located
at 1370cm™ is observed, relating to Ey, optical phonon peak of h-BN, (e) Bls XPS, and (f) N1s
XPS spectra of Sample A. Bls peak and N1s peak are at 190.6 eV, and 398.0 eV, respectively,
indicating the existence of h-BN.

Figure 4-1(a) shows an SEM image of h-BN sample (Sample A) obtained in
secondary electron imaging mode. As seen from the image, three-point star shape h-BN
domains of ~1 um are evident, which are different from the perfect triangular shape of
the h-BN domains grown on Cu foil and Ni (111) by CVD [7, 21, 22]. Figure 4-1(b)
shows a magnified SEM image of a typical three-point star shape h-BN domain. Each
three-point star shape h-BN domain is composed of a central triangle and three sharp
triangles at its edge. Visualization of any one of the sharp triangles together with its
central triangle, which is marked using dashed lines in the image, gives a “diamond shape”

area. Similar results have been also observed for h-BN domains in CVD process [7] and
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in other epitaxial two dimensional materials, such as MoS; [23] and WS; [24]. Figure 4-
1(c) shows a schematic of a possible mechanism, which indicates that a nitrogen-
terminated triangular shape region connects another boron-terminated triangle back-to-
back [7]. From theoretical calculations [21, 25], the nitrogen-terminated triangles have
lower edge energy than that of the boron-terminated ones, which suggests that nitrogen-
terminated h-BN flakes would be energetically favorable. Therefore, it is likely that the
central triangle is boron-terminated while the edges of the three surrounding triangles are
nitrogen-terminated. Figure 4-1(d) shows Raman spectrum of Sample A. A Raman peak
at 1370 cm™ is observed, which is corresponding to the E,q vibration mode of h-BN and
indicates the h-BN film is monolayer [26-28]. Very small full width at half maximum
(FWHM) of the peak (15cm™) suggests that the h-BN is of high quality. Figure 4-1(e)
and (f) show XPS spectrum of Bls and N1s state of the sample, respectively. B1s and
N1s exhibit an energy position at 190.6 eV and 398.0 eV, respectively, which are typical
characteristics of h-BN [5, 29]. Based on the integrated peak intensity, B/N ratio was
estimated to be 1:1.03. It means that the compositions of B and N elements are almost

equal, indicating that h-BN domains are stoichiometric.
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Figure 4-2 (a) Optical microscope image, and (b) SEM image of as grown h-BN/graphene
stacked structure (Sample B), (c) AFM image of a transferred h-BN/graphene structure on SiO,,
(d) Raman spectrum of a transferred h-BN/graphene structure on SiO,. The G/2D peak ratio of
graphene indicates the existence of multi-layer graphene. H-BN peak is observed besides G peak.
The inset zooms in h-BN peak of 1372 cm™, relating to E,, optical phonon peak of h-BN, (e), (f),
and (g) XPS spectra of C1s, N1s and B1s peaks.

Figure 4-2(a) and (b) show a typical optical microscope image and an SEM image of
as grown h-BN/graphene heterostructure (Sample B), respectively. Both images show
continuous as grown film, however, color non-uniformity is evident in the images,
indicating that the thickness of respective graphene and h-BN layers varies across these
imaging areas of the sample. This is a reasonable result from the fact that h-BN is not a
continuous film but consists of discrete flakes on the Co substrate. Figure 4-2(c) shows
an AFM image of a transferred h-BN/graphene heterostructure, which was transferred
onto a SiO; substrate using a similar transfer process described in reference [5]. The

height profile of a scanned line indicates that the h-BN/graphene has a thickness of ~7
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nm on average. Figure 4-2(d) shows Raman spectrum of the transferred sample. The
G/2D peak ratio of the graphene signals indicates the existence of multi-layer graphene.
An evident peak is also observed at 1372 cm™, which is corresponding to h-BN Eag
optical phonon mode. Moreover, there is no graphene D peak, indicating high-quality
graphene film. Figure 4-2 (e), (f), and (g) show XPS spectra of Cls, N1s and B1s,
respectively. Cls peak at 284.6 eV originates from sp2 C-C bond [30], which is an
indication of the formation of graphene. B1s and N1s exhibit energy positions at 190.6
eV and 397.8 eV, respectively, which are consistent with previous reports of these XPS
characteristic lines of h-BN [5, 30]. Moreover, a weak peak at 400.2 eV is observed in
Figure 4-2(f), which originates from N-C bonding [31]. The N-C bonding indicates the
existence of in-plane hybridization of graphene and h-BN in the heterostructures and
further confirms that the h-BN flakes have nitrogen-terminated edges.

Figure 4-3(a) and (b) show Raman mapping result of Sample B for h-BN Eyq peak
and graphene G peak from one area on the sample, respectively. The insets in (a) and (b)
show Raman spectrum of the spots indicated by squares on the image, respectively. It is
evident that graphene covers all mapped area, while h-BN Raman signal is found
sporadically on the mapped area. It indicates that graphene has grown across these h-BN
flakes. Figure 4-3(c) and (d) show Raman mapping result for h-BN E,; peak and
graphene G peak on another area on the sample where there is a larger h-BN flake,
respectively. As seen from the image in Figure 4-3(c), graphene has not been formed on
the h-BN flake. Further careful study of the boundary between the graphene and h-BN

leads to an identification of three regions A, B, and C, which are marked on Figure 4-3(d).
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Each region manifests its representative Raman spectrum, as shown in the inset. Region
A and C show pure h-BN and graphene, respectively, while the boundary region (Region

B) exhibits both h-BN and graphene signals.
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Figure 4-3 Raman mapping of Sample B for a) h-BN E,;peak of h-BN, and b) graphene G peak
at one surface area, and c) h-BN E,q peak and d) graphene G peak at another surface area. Insets
show Raman spectra accordingly. All scale bars are 1 pm.

Finally we briefly discuss a phenomenological growth mechanism based on the
above experimental results, which is schematically shown in Figure 4-4. At the beginning,
boron atoms and activated nitrogen atoms impinge on the Co substrate surface to form h-
BN flakes (Figure 4-4 (a)). After the growth of h-BN flakes, carbon atoms are introduced
and graphene starts to nucleate both on the Co surface [32-33] and at the edges of h-BN
flakes [34-35] since these edges serve as perfect atomic steps (Figure 4-4 (b)). The
nucleation of graphene on these defect-free surfaces of h-BN flakes is relatively slow.

Although the mechanism is still poorly understood, there are experimental findings that
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the growth of single-layer graphene on h-BN would take a few hours [17-18, 36]. Then
graphene grows laterally to connect each other to form continuous film (Figure 4-4(c)).
Further introduction of carbon atoms leads to the layer-by-layer growth of graphene on
graphene and further lateral growth of graphene on uncovered h-BN (Figure 4-4(d)). For
those small h-BN flakes, graphene can grow across them resulting in h-BN/graphene
stacked heterostructures, while for larger flakes, longer graphene growth time is
necessary for the entire flakes to be covered. It suggests that the size of h-BN flakes have

played a key factor on graphene growth across h-BN flakes.

Boron Nitrogen Carbon

(a) (b)

(©) d)

Figure 4-4 Schematic of growth mechanism for the MBE growth of h-BN/graphene
heterostructure on Co substrate. a) h-BN nucleation on Co substrate, b) initial graphene
nucleation on Co substrate and edges of h-BN flakes, c) lateral growth of graphene, d) layer-by-
layer graphene growth on graphene and lateral graphene growth on h-BN flakes.
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4.4 Summary

We demonstrated h-BN epitaxial growth on Co substrate by plasma-assisted MBE.
Three-point star shape h-BN domains were observed. Based on h-BN growth, we also
achieved direct epitaxial growth of h-BN/graphene heterostructures with atomic multi
layers. It is found that graphene starts to nucleate on the Co substrate and edges of h-BN
flakes, and then grows across h-BN flakes to form local h-BN/graphene heterostructures.
Due to negligible nucleation rate of graphene on the surface of h-BN compared with
those on the Co substrate and edges of h-BN, larger h-BN flakes are only partially
covered by graphene near the edge areas due to lateral graphene growth under a short

growth process.
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Chapter 5: Growth of large-area and multi-layer hexagonal boron nitride film on

polished Co foils by plasma-assisted MBE

5.1 Introduction

Two-dimensional h-BN film has received a great deal of attention due to its
remarkable properties [1-4], such as large band gap, high thermal conductivity, excellent
thermal and chemical stability, and its significant potential as an indispensable dielectric
layer of building blocks in high-performance 2D integrated electronics and photonics [5-
10]. Among those efforts, 2D h-BN, which has a small lattice mismatch (1.7%) with
graphene, and an atomically smooth surface that is relatively free of dangling bonds and
trapped charges [5], has been recently demonstrated to be an ideal encapsulation for
graphene and other 2D materials [8, 11-14]. In addition, h-BN has been used as a gate
dielectric to greatly enhance the performance of graphene electronics [5, 15-16]. To
realize the technological potential of h-BN, it is essential to synthesize large-area, high-
quality h-BN thin films through a scalable and controllable method. So far, tremendous
efforts have been made to obtain large-area and high-quality h-BN films. Mechanical
cleavage [17] and liquid exfoliation [18] can provide micrometer-sized, atomic-layer-
thick h-BN flakes, but they are not suitable for large-area production due to the difficulty
of controlling the thickness and size of the materials. Much progress has been made by
chemical vapor deposition (CVD) of h-BN growth on various substrates, including Cu [4,
19-21], Ni [22-23], Fe [11, 24], Ru [25] and Pt [26-27]. In addition, other methods, such
as physical vapor deposition (pulsed laser deposition [28], reactive magnetron sputtering
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[25], ion beam sputtering deposition (IBSD) [21, 29]) and co-segregation [30-31], have
been attempted. Nevertheless, there is still much to be done in each one of these methods
in order to controllably and scalably synthesize high-quality h-BN thin films.

Most recently, molecular beam epitaxy (MBE) has been used to synthesize h-BN
films on Co thin film and nickel (Ni) foil substrates [32-34]. As an alternative approach
to other methods, MBE can provide precise control over the growth conditions thanks to
its ultra-high vacuum (UHV) environment, atomic layer epitaxy accuracy and
controllability, instant introduction and control of multiple sources, ease of doping of
materials and in-situ layer-by-layer characterization. In addition, MBE is promising for
the in-situ growth of vertically stacked heterostructures with defect-free interfaces [35],
which can bring new opportunities to develop integrated 2D nanoelectronics,
nanophotonics and spintronics [34]. The growth mechanism is discussed based on the
effect of substrate surface morphology on h-BN growth. In this chapter, we report the
growth of h-BN films on mechanically polished Co foils using plasma-assisted molecular
beam epitaxy for the first time. Under appropriate growth conditions, the coverage of h-
BN layers can be readily controlled by growth time. A large-area, multi-layer h-BN film
is confirmed by Raman spectroscopy, scanning electron microscopy, X-ray photoelectron
spectroscopy and transmission electron microscopy. Dielectric property of as-grown h-
BN film is evaluated by characterization of Co(foil)/h-BN/Co(contact) capacitor devices.
Breakdown electric field is in the range of 3.0-3.3 MV/cm, which indicates that the

epitaxial h-BN film has good insulating characteristics. In addition, the effect of substrate
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morphology on h-BN growth is discussed regarding different domain density, lateral size,

and thickness of the h-BN films grown on unpolished and polished Co foils.

5.2 Sample preparation and characterization

A re-designed Perkin-Elmer MBE system was used for sample growth. A Knudsen
effusion cell filled with B,O3; powder (Alfa Aesar, 99.999%) was used as boron (B)
source. Nitrogen plasma (Airgas, 99.9999%) generated by an electron cyclotron
resonance (ECR) system and high-purity ammonia (American Gas Group, 99.9995%)
were used as nitrogen (N) sources. It is worth to mention the reasons that two nitrogen
sources were selected in this growth. As is known, N, molecules have a strong N-N bond
energy, which is very difficult to break up. Although ECR or radio frequency (RF) can be
used in exciting the nitrogen molecules into active N atoms or free-radicals, the
efficiency of the related growth is quite low in general [36-37]. In addition, there are
some reports showing the accelerated ionized nitrogen species would result in structural
defects [38]. On the other hand, it is relatively easy to dissociative NHs, and especially
the molecular break-up process can be easily achieved on a heated substrate surface. In
addition, hydrogen from decomposition of NH3 can effectively help remove the oxygen
from growth environment. However, using high flux of NH3; would cause safety issue and
high H load for the MBE chamber [39]. Considering all above, the mixture of nitrogen
and ammonia as nitrogen sources was selected as a trade-off to minimize the possible

negative effects.
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Co foils (0.1 mm thick, 99.995%) from Alfa Aesar were cut into 1 cm x 1 cm pieces
as substrates. These pieces were degreased with acetone and IPA and rinsed in deionized
(DI) water prior to use. Besides these unpolished substrates, polished substrates were
mainly used in this experiment. The Co foil surface polishing was performed on an SBT
920 Lapping and Polishing workstation. The Co foil surface polishing was performed on

an SBT 920 Lapping and Polishing workstation, as schematically shown in Figure 5-1.

Fixt
Xture ~ Slurry feed

Figure 5-1 Schematic of the polishing machine.

Co foil pieces of 1 cm x 1 cm were mounted on a model 155 lapping and polishing
fixture and placed against the workstation. The polishing process was divided into two
stages: lapping and polishing. During lapping process, 8-inch abrasive discs of 30, 15, 6
and 3 um were utilized to remove subsurface damage (scratches and grooves) caused by
sawing or grinding, producing a smooth, flat, unpolished surface (generally less than 2.5-
um uniformity). The lapping plate usually rotates at a low speed (<80 rpm). Then, 2-um
silicon oxide powder, 1-um and 0.3-pum alfa aluminum powder, and 0.06-pum colloidal

silica suspension were used sequentially to fine polish Co and produce a scratch-free,
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specular surface. Polishing is typically done at very low speeds (<50 rpm) using
polishing clothes. After polishing, the polished foil was sonicated by putting in acetone,
IPA and DI water, respectively, to remove possible residues. In Figure 5-2, scratched
lines are visible on unpolished Co foil while polished Co foil exhibits a shining surface.
SEM and EDX have been done to examine the morphology and elemental survey of
polished foils, which shows clean and flat surface with the only EDX peak of Co (Figure

5-3).

Figure 5-2 Photographs of (a) unpolished Co foil and (b) polished Co foil.

b (b)

14 4 4 4 4 4 4 4 g

Figure 5-3 (a) SEM image of the polished Co foil and (b) its corresponding EDX spectrum.
These Co foil substrates were cleaned with diluted hydrochloric acid (10%) to

remove residual native oxide layer, rinsed with deionized (DI) water, blown dry, and
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immediately loaded into the MBE chamber. The substrates were heated to 850 °C and
annealed at this temperature under a 10-sccm (standard cubic centimeters per minute)
flow of hydrogen gas for 10 minutes. Then, h-BN growth was started at the same
substrate temperature. During the growth, B cell temperature was maintained at 1150 °C;
N, gas flowed at 5 sccm through an ECR source, and NH3 gas at a flow rate of 5 sccm
was also introduced to the chamber through a needle valve. The ECR current was set at
60 mA with a power of 228 W, and the growth took 900 s for a reference sample on an
unpolished Co foil (Sample A), and 450 s, 900 s and 1800 s on polished Co foils for
Samples B, C, and D, respectively. Finally, the samples were cooled to room temperature
at a rate of 10 °C/min. Table 5-1 gives a summary of the growth conditions.

Raman characterizations were performed using a HORIBA LabRam system
equipped with a 50-mW, 532-nm green laser. Scanning electron microscopy (SEM)
images were acquired using an XL30-FEG SEM system. X-ray photoelectron
spectroscopy (XPS) characterization was conducted using a Kratos AXIS ULTRA XPS
system equipped with an Al Ka monochromatic X-ray source and a 165-mm mean radius
electron energy hemispherical analyzer. Atomic force microscopy (AFM) images were
obtained using a Veeco D5000 AFM system. Transmission electron microscopy (TEM)
images and selected area electron diffraction (SAED) patterns were acquired using a FEI
Tecnai 12 TEM. Plan-view TEM sample was prepared using a PMMA-assisted transfer
method. After spin-coating with PMMA, the sample was submerged in FeCls solution to
etch away the Co metal layer. The film was then transferred onto a carbon-coated Cu

TEM grid and treated with acetone and DI water to remove the PMMA. Samples
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transferred onto SiO,-coated Si substrates were obtained using the same PMMA-assisted

method.
Step Parameters Sample A | Sample B | Sample C | Sample D
Pre- Temperature 850 °C 850°C 850 °C 850 °C
growth
) Hydrogen gas flow 10 sccm 10 sccm 10 sccm 10 sccm
Annealing i i i
Duration 10 minutes | 10 minutes | 10 minutes | 10 minutes
Substrate Unpolished | Polished Polished Polished Co
Co foil Co foil Co foil foil
Substrate temperature | 850°C 850°C 850°C 850°C
H-BN 0 0 0 0
Boron cell | 1150°C 1150°C 1150°C 1150°C
Growth
temperature
Ammonia gas flow 5sccm 5sccm 5sccm 5sccm
Nitrogen gas flow 5sccm 5sccm 5sccm 5sccm
Nitrogen ECR | 60 mA 60 mA 60 mA 60 mA
current
Growth duration 900 450 900 1800
seconds seconds seconds seconds

Table 5-1 Summary of sample growth condition

Co(foil)/h-BN/Co(contact) capacitor devices were fabricated by a standard

photolithography and lift-off process. A Co layer of 100 nm was patterned (square) as top

contacts with a lateral size of 20 pum, 50 pm and 100 pum on the surface of as-grown h-

BN film. Reactive ion etching (RIE) was performed with a 50-sccm SFs plasma, under a

power of 50 W, and for 15 seconds to etch the h-BN film between devices, which ensured

isolation of different devices on the same substrate. The current-voltage (I-V)

characteristics were obtained by an Agilent 4155C semiconductor parameter analyzer
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equipped with probing tips having a diameter of 5 pum (Signatone, SE-TL).

5.3 Results and discussion

RMS ~23x nm

Figure 5-4 Optical microscopy images of (a) unpolished Co foil and (b) polished and high-
temperature annealed Co foil. AFM images of (c) unpolished and (d) polished and high-
temperature annealed Co foils. The RMS roughness is about 231 nm and 11 nm, respectively. The
inset in (d) shows an AFM image of a zoomed-in area with a RMS roughness of ~3 nm.

The surface morphology comparison between unpolished and polished Co foils was
characterized by optical microscopy and AFM, and the result is given in Figure 5-4. The
rough and deep parallel grooves on the surface of unpolished Co foil can be clearly seen
from the optical microscopy and AFM images, as shown in Figure 5-4 (a) and (c),
respectively. After mechanical polishing and high-temperature annealing, significant
improvement of the surface flatness is evident, as revealed by the optical microscopy and

AFM images in Figure 5-4 (b) and (d), respectively. Within a scanned area of 50 x 50
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um?, the root mean square (RMS) roughness of the polished Co foil is 11 nm, compared
to 231 nm for the unpolished Co foil. Moreover, the RMS roughness of selected areas of

the polished foil is as small as 3 nm within a scanned area of 10 x 10 pum®.

Figure 5-5. SEM images of h-BN films grown on (a) unpolished foil for 900 s (Sample A), and on
polished foils for (b) 450 s (Sample B), (c) 900 s (Sample C) and (d) 1800 s (Sample D). The
inset in (a) is a magnified image of an h-BN flake on Sample A.
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Figure 5-6 Additional SEM images of (a) Sample A, (b) Sample B, (c) Sample C, (d) Sample D.
These images were taken with lower magnification compared to those in figure 5-5 in order to
show h-BN coverage in larger areas. Insets in (c) and (d) show their corresponding magnified
SEM images.

Figure 5-5 (a)-(d) and Figure 5-6 (a)-(d) show SEM images of the four as-grown
samples under different magnifications. The contrast between the h-BN films and Co
surfaces is clear. White triangular h-BN domains are observed on unpolished Co. The
inset of Figure 5-5 (a) shows a magnified SEM image of a typical white triangle which
should be multilayer h-BN stacks [21, 24]. This result suggests that the MBE growth of
h-BN is not self-limited [21]. As the growth time increases from 450 s to 1800 s, the
morphology of h-BN film evolves from discrete flakes into continuous film, as shown in
the SEM images in Figure 5-5 (b)-(d). At a growth time of 450 s, Sample B exhibits
sparse h-BN flakes in random domain orientations with various edge-sizes from a few
micrometers to few tens of micrometers (as large as 40 um), which indicates the
nucleation sites are constantly formed over time, resulting in the earlier seeds grew into
larger domains. Longer growth time of 900 s led to denser and relatively larger h-BN
flakes, as well as conjoined h-BN domains (Figure 5-6 (c)) on Sample C. However,
flakes with smaller sizes can still be seen at this stage, further approving that new seeds
have been formed continuously on the exposed Co surface. After the growth is extended
to 1800 s, continuous h-BN film is finally formed on most of the Co surface except the
edge areas of the sample, where discrete flakes still exist. The single domain boundaries
can be easily identified, as indicated in (Figure 5-6 (d)) and the single domain size can be

estimated to be in the range of 20-100 um. H-BN flakes growing across Co grain

80



boundaries are also frequently observed, which suggests that h-BN growth is surface-
mediated [19, 21] under these conditions.

Considering the surface morphology effect on the nucleation and growth of h-BN,
we compare SEM and AFM images of Sample A (Figure 5-5 (a) and Figure 5-7) and
Sample C (Figure 5-5 (c) and Figure 5-8), showing h-BN films on both unpolished and
polished Co foils grown under the same growth conditions. In general, the h-BN grown
on polished Co foil has larger single-domain size and more uniform thickness, compared
with the h-BN grown on unpolished Co foil. It has been proposed that one key approach
to grow large, single-crystalline h-BN domains is to reduce the nucleation density at the
early stage of growth [20]. The defects, such as grain boundaries, rough edges, uneven
grooves, and impurities on unpolished Co substrates provide relatively lower activation
energy for h-BN to nucleate compared with smooth regions [40-41]. Since polishing
process can remove a large amount of these defects, the nucleation sites are significantly
reduced and more evenly distributed on polished Co surfaces. Thus, the h-BN domains
grown on polished Co are more uniform in both domain size and thickness, compared
with their counterparts on unpolished Co. The low nucleation density decreases the
competition for impinging atoms among different seeds locally, which helps maintain the
same growth conditions for different seeds. Farther apart seeds grow at the same rate and
are evenly spread. After the initial h-BN nucleation, smooth polished Co surface provides
lower kinetic energy barrier and longer diffusion length for B and N atoms to diffuse.
These atoms with high Kkinetic energy can diffuse across a large area, and react and settle

at the active edges of BN seeds, which continue to grow into large, single-crystalline
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domains. In contrast, on unpolished Co surfaces with a larger kinetic energy barrier and
lower diffusion length caused by rough surface, B and N atoms tend to accumulate
locally and form adlayers, rather than diffuse across the barrier. The formation of
adlayers is associated with defects both at the center and edges of existing h-BN layers.
In particular, these defects act as nucleation sites and cause more strain at the centers of
existing h-BN layers, which favor further nucleation on top of the existing layers [40].
Our result proves that it is indeed important to decrease the number of nucleation sites to
achieve large domain sizes. In other words, there is a great possibility to achieve high-
quality h-BN films with large-size and single-crystalline domains on smooth Co foil

substrates.

Figure 5-7 SEM (a) and AFM (b) images of an individual h-BN domain from Sample A after
transferring on SiO,/Si substrate. Inset of (b) shows the height profile.
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Figure 5-8 SEM (a), AFM (b) and Raman mapping (c) of an individual h-BN domain from
Sample C after transferring on SiO./Si substrate. Inset of (b) shows the height profile. Inset of (c)
is a typical Raman spectrum of transferred h-BN film.

It is interesting to note that besides regular triangular domains, other complex
polygons with well-defined edges are observed as the initial form of h-BN flakes among
all samples on polished Co substrates. Figure 5-9 (a)-(e) show SEM images of these
flakes, and Figure 5-9 (f)-(j) show one-to-one corresponding possible schematic
illustrations of their atomic arrangements: triangle shape, “kite” shape, “hourglass” shape,
“butterfly” shape and multi-apex-star shape, respectively. From theoretical calculations
[42], the triangular h-BN domain is single crystal with nitrogen-terminated zigzag edges
due to energetic preferences, as shown in Figure 5-9 (a, f). Figure 5-9 (b, g) show a kite-
shape domain composed of two triangles with alternating nitrogen-terminated edges and
boron-terminated edges [19]. According to similar consideration to kite-shape domain,
hourglass-shape domain is composed of two similar quadrangles with nitrogen-
terminated edges and boron-terminated edges, as shown in Figure 5-9 (c, h). In addition,
mutually perpendicular edges are observed from butterfly-shape domain (Figure 5-9 (d, 1))
and multi-apex-star-shape domain (Figure 5-9 (e, j)), which indicates the connection of
one zigzag edge with a neighboring armchair edge from simple geometry. Although the
growth mechanism of complex domain structures remains elusive, the two merging
modes, namely, point-to-edge and edge-to-edge modes [43] can be a possible explanation.
For example, as the nucleation sites are close enough to one another, the coalescence

between the domains would occur, resulting in multifaceted shapes.
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Figure 5-9 SEM images paired with schematic illustrations of h-BN domains with different
atomic arrangements: (a, f) triangle shape, (b, g) “kite” shape, (c, h) “hourglass” shape, (d, i)
“butterfly” shape and (e, j) multi-apex-star shape. Scale bars in (a)-(e) are 5 um.

Based on the continuous film of Sample D, further characterizations have been
performed to assess the h-BN. Figure 5-10 (a) shows Raman spectrum of as-grown h-BN
film. A single peak is observed at 1368 cm™, which can be assigned to the E,q vibration
mode of h-BN [20]. In addition, the full width at half maximum (FWHM) of this Raman
peak is only 11 cm™, which is indicative of high-crystalline h-BN film [33]. XPS spectra
in Figure 5-10 (b) and (c) show an evident peak for B 1s and N 1s at 190.6 and 398.0 eV,
respectively, further confirming the existence of the B-N bond [4, 11]. The B/N elemental
ratio can be extracted as ~1:1.06 based on the integral intensities of the characteristic

peaks, which suggests an almost equal composition of B and N elements.
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Figure 5-10. (a) Raman spectrum of as-grown h-BN film (Sample D). XPS spectra of (b) N1s and
(c) B1s peaks. Current density-electric field characteristics of Co(foil)/h-BN/Co(contact) devices
with different contact sizes. Inset shows a schematic of the devices.

Figure 5-11 (a) shows optical microscopy image of the h-BN film transferred onto a
SiO,/Si substrate, showing a large-size continuous film with a clear contrast from the
SiO,/Si substrate. The surface morphology of the h-BN film was further characterized by
AFM, which is shown in Figure 5-11 (b). The height profile of a scanned line indicates
that the h-BN has a thickness of ~5-6 nm on average for 1800 s growth. It is worth noting
that the thickness of h-BN flakes for Sample C (900 s growth) is estimated to be 2.2 nm
(Figure 5-8), which suggests the h-BN growth may start with a few layers of nucleation
sites and then grow large domains [44]. Comparing the thickness and coverage for
Sample C and D, it indicates that, under a longer growth time, the initial flakes grow
laterally as well as vertically into multilayer film. Figyre 5-11 (c) shows a plan-view
TEM image of the transferred h-BN film. A continuous thin film is observed. The SAED
pattern of the h-BN thin film is seen with a clear hexagonal set of diffraction spots. The
in-plane lattice constant can be estimated as approximately 2.47-2.5 A, which is in good
agreement with previously reported values of h-BN [22]. High resolution TEM image

(Figure 5-11 (d)) shows the lattice fringes of the h-BN film with an interlayer distance of
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0.33nm, which matches previous reports of h-BN [11, 31]. The thickness is further

measured to be ~ 6 nm, consistent with the AFM results.

Figure 5-11. (a) Optical micrograph and (b) AFM image of the transferred h-BN film (Sample D)
on SiO.. (c) Plan-view TEM image of the transferred h-BN film on a carbon-coated Cu TEM grid.
Inset is an electron diffraction pattern, showing six-fold symmetry of the h-BN film. (d) High-
resolution TEM image showing multi-layer structure of the h-BN film near its edge.

To evaluate the film quality, breakdown analysis was performed on Co(foil)/h-
BN/Co(metal contact) capacitor device based on Sample D. Figure 5-12 shows the
typical curves of current density versus voltage field for different size devices: 100 um,
50 um, 20 um (lateral size of the squared electrode). For the 100 um size device, it shows
significant leakage with no evident breakdown point, which can be originated from the
pinholes, grain boundaries or significant defects (Figure 5-6(d)), leading to a conducting
behavior. In contrast, devices with 50 um and 20 um size show much-improved
insulating characteristics although there were still many of the tested devices showing

short behavior due to the same factors above mentioned. In addition, it is worth to note
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that these smaller size devices has similar leakage current at lower bias compared with
those based on mechanically exfoliated BN films [45], the hard breakdown phenomenon
can be observed in the range of 3.0-3.3 MV/cm, which is comparable with the values
from the devices based on h-BN films grown by CVD [8, 11, 46] and exfoliated h-BN
films [47]. In addition to the vertical electrical characterizations, in-plane electrical
characterizations were also carried out on a transferred h-BN thin film of Sample D on
SiO;, as shown in Figure 5-13. Currents are negligible under a voltage sweep across pairs
of separated metal contacts placed on top of the film. These results suggest good

insulating characteristics of the h-BN film grown by MBE.

2
1t (pA/pm’)
c. c.

Current (,
=

1 .2 3
Electric field (MV/em)

Figure 5-12. Current density-electric field characteristics of Co(foil)/h-BN/Co(contact) devices
with different contact sizes. Inset shows a schematic of the devices.
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Figure 5-13 Current-voltage characteristic for a transferred h-BN film on SiO,/Si substrate. The
inset shows a SEM image of the devices for two-point probe measurement. The 100 nm Co layers
were deposited as top contacts by a standard photolithography and lift-off process. Both devices
(horizontal and vertical) show almost no current flow through the devices in the scanned range of
voltage (-5/+5), indicating the insulating nature of h-BN.

5.4 Summary

In conclusion, we demonstrated large area growth of multi-layer h-BN films on
mechanically polished Co foils using plasma-assisted MBE. Time-dependent h-BN
growth indicates that the coverage of h-BN domains with various polygon shapes on the
surface increases as the increase of the growth time. The dielectric properties of as-grown
h-BN film are evaluated by characterization of Co(foil)/h-BN/Co(contact) capacitor
devices. Breakdown electric field is estimated to be 3.0-3.3 MV/cm, which indicates that
the epitaxial h-BN film has good insulating characteristics. In addition, by comparing the
results of h-BN growth on unpolished and polished Co foils, it is concluded that the

morphology of Co foil surface affects h-BN growth with respect to domain density,
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lateral size and thickness since the control of the density of nucleation sites plays a key

role toward the growth of h-BN films.
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Chapter 6: Summary

Graphene and h-BN, as promising 2D materials have been studied intensively to
prepare for the next generation nano-electronics. To realize the technological potential of
2D system, it is essential to synthesize large-area, high-quality 2D thin films through a
scalable and controllable method. In this dissertation, the growth of graphene, h-BN and
their vertical and lateral heterostructures by MBE is mainly investigated, and the growth
mechanism, fundamental physics and possible applications are also discussed.

In chapter 2, in-situ epitaxial growth of graphene/h-BN heterostructures on Co film
substrate was achieved by using plasma-assisted MBE. The direct Graphene/h-BN
vertical stacking structures were demonstrated and further confirmed by various
characterizations, such as Raman spectroscopy, SEM, XPS and TEM. Large area
heterostructures consisting of single-layer/bilayer graphene and multilayer h-BN were
achieved. The mismatch angle between graphene and h-BN is below 1°.

In chapter 3, the growth of graphene-h-BN capacitor structures on Co foil substrate
by plasma-assisted MBE is discussed. It is found that the coverage of h-BN layers on the
epitaxial graphene is growth-time dependent. Wafer-scale, uniform-thickness h-BN
heterostructures were successfully deposited on multilayer graphene. Capacitor devices
with Co(foil)/G/h-BN/Co(contact) configuration were fabricated to evaluate the dielectric
properties of h-BN. The measured breakdown electric field showed a high value of 2.5-
3.2 MV/cm. Both I-V and C-V characteristics indicated that the epitaxial h-BN film is of

insulating characteristics.
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In chapter 4, the lateral growth of graphene on in situ epitaxial h-BN flakes by
plasma-assisted MBE was studied. Single-crystal h-BN domains were grown on Co film
substrates at a substrate temperature of 850~900 °C. Three-point star shape h-BN
domains were observed by SEM, and the B-N bonds were confirmed by Raman and XPS.
In addition, the lateral growth mechanism is discussed. The h-BN flakes on Co surface
can be a template used for sequential growth of multilayer graphene, leading to an h-
BN/graphene heterostructure.

In chapter 5, it mainly studied the growth of large-area and high-quality h-BN
atomic layers on polished Co foils by plasma-assisted MBE. The coverage of h-BN layers
can be readily controlled by growth time under appropriate growth conditions. A high-
quality, wafer-scale h-BN film is confirmed by various characterizations. Dielectric
property of as-grown h-BN film is evaluated by characterization of Co(foil)/h-
BN/Co(contact) capacitor devices. Breakdown electric field is in the range of 3.0-3.3
MV/cm, which indicates that the epitaxial h-BN film has good insulating characteristics.
In addition, the effect of substrate morphology on h-BN growth is discussed regarding
different domain density, lateral size, and thickness of the h-BN films grown on
unpolished and polished Co foils.

In summary, we have developed and optimized MBE based growth of multilayer h-
BN, single/multi-layer graphene, as well as their vertical and in-plane heterostructures.
Structural, electrical and optical characterization has been carried out to evaluate
electrical and optical properties of the films. Our results reveal that MBE, as a versatile

tool, can provide an excellent alternative way for reliable growth of high-quality and
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large-size 2D materials and their heterostructures, which will attract more attention for

the utilization of MBE in 2D materials research.
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