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ABSTRACT OF THE DISSERTATION 

Molecular Beam Epitaxial Growth and Characterization of  
Graphene and Hexagonal Boron Nitride Two-Dimensional Layers   

 
by 

Renjing Zheng 

Doctor of Philosophy, Graduate Program in Electrical Engineering 
University of California, Riverside, June 2017 

Dr. Jianlin Liu, Chairperson 
 

         Van der Waals (vdW) materials (also called as two-dimensional (2D) material in 

some literature) systems have received extensive attention recently due to their potential 

applications in next-generation electronics platform. Exciting properties have been 

discovered in this field, however, the performance and properties of the systems rely on 

the materials’ quality and interface significantly, leading to the urgent need for scalable 

synthesis of high-quality vdW crystals and heterostructures. Toward this direction, this 

dissertation is devoted on the study of Molecular Beam Epitaxy (MBE) growth and various 

characterization of vdW materials and heterostructures, especially graphene and hexagonal 

boron nitride (h-BN). The goal is to achieve high-quality vdW materials and related 

heterostructures. There are mainly four projects discussed in this dissertation.  

       The first project (Chapter 2) is about MBE growth of large-area h-BN on copper foil. 

After the growth, the film was transferred onto SiO2 substrate for characterization. It is 

observed that as-grown film gives evident h-BN Raman spectrum; what’s more, h-BN peak 

intensity and position is dependent on film thickness. N-1s and B-1s XPS peaks further 

suggest the formation of h-BN. AFM and SEM images show the film is flat and continuous 
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over large area. Our synthesis method shows it’s possible to use MBE to achieve h-BN 

growth and could also pave a way for some unique structure, such as h-BN/graphene 

heterostructures and doped h-BN films by MBE.  

       The second project (Chapter 3) is focused on establishment of grapehene/h-BN 

heterostructure on cobalt (Co) film. 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- /bilayer graphene and multilayer h-BN were 

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

       The third project (Chapter 4) is about graphene growth on Fe by MBE at low 

temperature. Temperature-dependent growth of graphene on Fe using MBE is studied. 

Two-dimensional (2D), large-area graphene samples were grown on Fe thin films, and 

characterized by Raman, X-ray photoelectron spectroscopy, X-ray diffraction, optical 

microscopy, transmission electron microscopy and atomic force microscopy. Graphene is 

achieved on Fe at a wide growth temperature range and as low as 400 °C. The growth 

mechanism is studied and shows graphene growth is associated with formation and 

decomposition of iron carbide.  

       The forth part is about a convenient way to produce vdW heterostructures: graphene 

growth of exfoliated h-BN on Co. We demonstrated graphene/h-BN heterostructures by 

growing graphene onto the substrates which consist of exfoliated h-BN on Co thin film 

using MBE. The heterostructure samples grown at different temperatures and growth 
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durations were characterized by Raman, optical microscopy, atomic force microscopy, 

microwave impedance microscopy and scanning tunneling microscopy. It is found that the 

graphene/h-BN heterostructures were formed by the formation of graphene underneath 

rather than on top of the h-BN flakes. The growth mechanism is discussed.  

          In summary, we develop and optimize growth of vdW materials (h-BN and 

graphene), and vdW heterostructures by MBE. Various characterization has been carried 

out to evaluate properties of the films in structural, optical and electrical aspects. Our 

results reveal that MBE can provide an excellent alternative way for reliable growth of 

high-quality and large-size vdW materials and related heterostructures, which will attract 

more attention for the utilization of MBE in vdW materials research. 
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Chapter 1 Introduction to van der Waals materials and molecular beam epitaxy  

1.1 Van der Waals materials and related heterostrucures       

       Van der Waals (vdW) materials are layer-structured materials with strong covalent 

bond within layer and weak vdW forces between layers, which is named as two-

dimensional (2D) materials in some literatures. This group of materials have received high 

interest recently for their novel properties and high potential in various applications 

(photovoltaics, semiconductors, etc.) [1-8]. VdW materials have a big family as shown in 

Table 1.1. While graphene is currently one of the most prominent vdW members, beyond 

graphene materials such as MoS2, ZnSe, topological insulators and hexagonal boron nitride 

(h-BN) are also being eagerly investigated [9-16]. 

 

Table 1.1 Current 2D library. The assorted colors indicate the different stability under 

ambient conditions (room temperature in air): blue (stable), green (probably stable), pink 

(stable in inert atmosphere), grey (little further information). ‘Others’ indicates that many 

other 2D crystals—including borides, carbides, nitrides and so on. (adapted with copyright 

permission [17]) 
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         For exploring new paradigm in the 2D devices, atomic-scale vdW heterostructures, 

which are made from a combination of alternating layers of graphene, h-BN, MoS2 and so 

on, have been paid a great deal of attention to. Such heterostructures provide a fantastic 

and flexible platform to investigate novel phenomenon in fundamental physics, which has 

been reported in a lot of recent publications indicating superior properties for device 

applications [17-20]. Among these vdW heterostructures, the stacking of graphene with 

another vdW layer, in particular, h-BN [21-24], is of imminent interest.  

Fig. 1.1 Building up a vdW heterostructure. If one considers 2D crystals to be analogous 

to Lego blocks (right panel), the construction of a huge variety of layered structures 

becomes possible. Conceptually, this atomic-scale Lego resembles molecular beam epitaxy 

but employs different ‘construction’ rules and a distinct set of materials. (adapted with 

copyright permission [17])        
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         To achieve vdW materials and heterostructures, mechanical exfoliation and chemical 

vapor deposition (CVD) growth were widely used [25-27]. A lot of success has been 

achieved. Nevertheless, direct deposition of high-quality, wafer-scale, well-aligned vdW 

materials and heterostructures remains challenging. As a versatile tool, molecular beam 

epitaxy (MBE) has natural advantages in high-quality heterostructure growth thanks to its 

ultra-high vacuum (UHV) environment, atomic layer epitaxy accuracy and controllability. 

Additionally, MBE has advantage of instant introduction and control of multiple sources, 

easy of doping of materials and in situ layer-by-layer characterization. As a matter of fact, 

vdW epitaxy was first demonstrated using MBE process [28]. Most recently, MBE has also 

been used to successfully synthesize single- and bi-layer graphene [29]. All of these give 

the hope and necessity to grow vdW materials and heterostructures by MBE, which is the 

main goal of this dissertation. 

1.1.1 Graphene 

       Graphene is composed of single- or few-layer sp2-bonded carbon (C) atoms arranged 

in a 2D hexagonal crystal lattice, and its lateral dimension can span from nanoscale to 

wafer-scale. The atomic thin graphene layers are stacking together by weak vdW force, 

which forms few-layer graphene or even thick graphite. Besides graphite, the single layer 

graphene can be wrapped into fullerenes or carbon nanotubes, as shown in Fig. 1.2. 

Graphene has unintentionally been produced in small quantities for centuries, for example, 

pencil core is made from graphite mixed with clay and we are writing graphene layers on 

paper. However, until the year 2004, the microscale single-layer graphene was first 

successfully produced by mechanical exfoliation method [30].  Since then, a lot of research 
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efforts have been put into this extraordinary material and graphene-related research has 

developed to be a very important area of modern physics. 

Fig.1.2 Graphene is a 2D building material for carbon materials of all other 

dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes or 

stacked into 3D graphite. 

        Because of its unique arrangement of carbon atoms (Fig.1.2), graphene has many 

unusual properties including core-like band structures (Fig. 1.3), high carrier mobility 

(~2*105 cm2·V-1·s-1) [31, 32] with low resistivity (sheet resistance ~10-6 Ω·cm) [33], high 
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thermal conductivity ((4.84±0.44)×103 to (5.30±0.48)×103 W/mK for room temperature) 

[34], superb chemical and thermal stability, optical transmittance (~97% transmission for 

white light) [35] and extraordinary mechanical strength (~ 1 TPa Young’s modulus) [36], 

which allows for its wide variety of applications in the field of electronics, optics, sensors 

and biodevices [37, 38]. 

Fig. 1.3 Electronic dispersion in the honeycomb lattice. Left: energy spectrum (in units of t) 

for finite values of t and t′, with t=2.7eV and t′=−0.2t. Right: zoom in of the energy bands 

close to one of the Dirac points. (adapted from [86], with copyright permission) 

        However, graphene properties are hugely influenced by its quality and the interface. 

(as shown in Table 2.1) Numerous researchers have looked into methods to produce highly-

crystalline wafer-scale graphene. Besides conventional “scotch tape” approach for 

exfoliating graphene from highly ordered pyrolytic graphite (HOPG) mentioned above, 

graphitization of silicon carbide surfaces [39-41], epitaxial growth on catalytic metal 
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substrates using CVD [42–44] and MBE [45, 46] are also used. To date, various substrates 

have been used as templates or substrates for high-quality graphene synthesis, such as Ru, 

Ir, Cu, etc. [42-49]. Among the graphene producing methods, CVD is the main technique 

to achieve large-scale high-quality graphene: In most cases, metal substrates are used for 

graphene growth by CVD method. During the growth, carbon-hydrogens gas is introduced 

into a CVD reaction chamber, and is decomposed into disassociated carbon at the surface 

of the metals, and then the disassociated carbon atoms form graphene structure. The 

decomposition asks for high levels of heat, which requires growth temperature around 1000 

˚C, with catalyst effect of metal substrates. Graphene CVD growth has been proved to be 

successful and been used for industry process, which produces the acceptable quality of 

graphene with effective control of the growth process. [50]    

Table 1.2 Reported uniformity (domain size) and quality (carrier mobility) of graphene 

prepared by various methods. (reproduced with copyright permission [130]) 
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         However, there are still problems associated with the graphene created by CVD. First, 

the growth mechanism is not yet fully understood, which leads to the difficulty in 

separation of graphene from the substrate without damaging structures or introducing other 

defects/particles. Second, it’s still an obstacle to create a perfectly uniform layer of 

graphene, which is due to the kinetic dynamics of the gas during the reaction process. Third, 

because of the limitation of base pressure and vapor phase preferred sources, it remains 

challenging to realize graphene doped with some other elements. Therefore, the in-depth 

study of graphene growth by MBE is highly demanded.  

Fig.1.4 Illustration of CVD graphene growth procedure. Substrate is put in the middle of 

the furnace (low pressure CVD or atmospheric CVD), with carbon-hydrogens and carrier 

gas introduced as carbon source.  

1.1.2 Hexagonal boron nitride 

          Hexagonal boron nitride (h-BN), known as ‘white graphene’, is wide band gap 

(~5.9 eV) [51] semiconductor sharing the same honeycomb lattice structure with 
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graphene. (Fig. 1.5) Similar as graphene, h-BN has strong covalent bond between B and 

N atoms within each layer, and weak vdW force between layers. H-BN has a very small 

in-plane lattice mismatch with graphene (~1.7%), which increase the possibility of 

graphene suspending perfectly on h-BN. H-BN has a low dielectric constant (relative 

permittivity) ~ 4 [52], which is comparable with SiO2 (~3.9) [53]. Also, h-BN shows 

atomic flat surface with low intrinsic defects. Additionally, h-BN is equipped with 

extraordinary chemical and thermal stability. These properties enable h-BN as an 

excellent barrier and substrate dielectric material for graphene and other vdW materials 

electronic devices. H-BN is also a promising material for ultraviolet (UV) light-emitting 

devices, which would be an alternative way for achieving compact UV optoelectronics 

[54-56].   

      Fig.1.5 Structure of h-BN. (adapted from Wikipedia) 

          Similar as graphene and other vdW materials, h-BN’s performance is also largely 

influenced by thickness and quality. For example, although the band gap of single or few 

layer h-BN is almost the same as bulk h-BN, some direct tunneling phenomena has been 
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observed at ultra-thin h-BN layers [59]. H-BN’s barrier height for tunneling is measured 

to be 3.07 eV with breakdown voltage ~ 7.95 MV/cm, which is at same level of the most 

commonly used dielectric material SiO2. To get h-BN better used as ultrathin insulators 

and gate dielectrics, it is highly demanded of synthesis of high-quality h-BN layers with 

control of the thickness. To achieve the goal, conventional mechanical exfoliation and 

CVD are the main methods for h-BN layers production, similar as other vdW materials. 

Mechanical exfoliation has helped people to obtain high quality h-BN films but the 

efficiency for volume production is low. [60] The exfoliated h-BN flakes’ sizes are usually 

around tens of micrometer with various thickness (single-layer h-BN is even harder to get 

compared with other thickness), and it would take a lot of efforts to achieve desired 

alignment per optimization request of vdW heterostructure.  

          To have wafer scale, single-crystalline h-BN and fine-control of the number of layers, 

using CVD method to produce h-BN has been studied intensively. Also, people have tried 

to use MBE to do the growth. [139. 140] Various precursors such as BF3/ NH3, BCl3/ NH3, 

and B2H6/ NH3, borazine, hexachloroborazine, or trichloroborazine have been used for 

CVD h-BN growth [61-65]. Different substrates have been tried for the h-BN growth, such 

as Ru [135], Ni [88], Pd [136] and Pt [137]. Besides metal substrate, some other substrates, 

such as Si and sapphire, have also shown to be a successful substrate for h-BN growth. [71, 

72] The growth usually starts with substrate cleaning procedures: substrate is polished by 

argon sputtering and then annealed to remove possible residues and achieve better flatness. 

After that, precursor gases will be introduced into the chamber to form h-BN layers. 

Success has been achieved via this method [61-65]. However, for most CVD growth of h-
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BN, it suffers the problem of low growth rate. The growth of h-BN does not proceed in a 

layer-by-layer mode but becomes super slow after formation of the first monolayer, which 

is possibly because of the strong reduction reaction and weak vdW forces between layers 

to adhesive stacking layers. Additionally, compared with graphene, the interaction between 

substrates and h-BN is much weaker, which is due to the insulating property of h-BN. To 

solve the thickness issue, several treatments have been tried but are still under developing: 

for example, using ambient pressure CVD with low temperature growth followed by a post 

annealing process. In short, the crystal quality, homogeneity and the number of h-BN layers 

are all critical for practical applications, which calls for a mature recipe to satisfy all the 

requirements. People have tried different tuning process to achieve the goal, such as change 

precursor and H2 partial pressure, and the research work is still on-going [73, 74].  

1.1.3 Graphene and h-BN heterostructures 

        The current progress in graphene and h-BN materials has already provided us a 

versatile platform for discovering new physics and developing new devices, and it can 

further lead to a new paradigm of ‘complex materials’ by constructing graphene and h-BN 

as building blocks and then combining them into various ‘architectures’ as demanded, 

which is named as heterostructures. Thanks to well-matched lattice constants and the 

flexibility to create artificial materials which would make full use of the unique properties 

of graphene and h-BN, the heterostructures open doors for novel performance and 

numerous applications. For example, it has been discovered that the charge mobility in 

graphene on h-BN is much better compared with other substrates, about three times larger 

for graphene deposited on SiO2 at the same carrier concentration. (Fig. 1.6) 
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Fig.1.6 Effective mobility versus carrier concentration in graphene on various substrates 

at room temperature. Graphene on h-BN offers the best-case effective mobility because it 

is lattice matched with graphene. (adapted from [58] with copyright permission)   

        A unique characteristic of graphene and h-BN heterostructures is the weak vdW force 

between layers. As a result, there is no dangling bond and strain at the interface, which 

gives large tolerance of lattice mismatch between selective material vdW heterostructures 

[75, 76]. However, vdW force at the interface will result in a periodic distortion, which 

induces a unique Moiré pattern [77, 78]. A direct utilization of the Moiré pattern analyses 

is to derive the relative rotation angle of the stacked nanosheets when using transfer process 

(Fig. 1.7) to fabricate graphene-on-BN devices [133, 134]. Another thing needed to keep 
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in mind is that it has been verified that the AB stacking of the graphene/h-BN 

heterostructures (nitrogen atoms are positioned at the center of the graphene hexagon and 

boron atoms are positioned at the carbons location) is the most stable by first-principles 

calculations. Moreover, it is found that as the stress increases, the band gap of graphene h-

BN heterostructures increases linearly. [83-86]  

Fig. 1.7 Schematic of the transfer process to fabricate graphene-on-BN devices (adapted 

from [21] with copyright permission)          

        Based on the graphene and h-BN heterostructures, there are four key areas where the 

heterostructures can have a strong impact: (1) 'smart' ultra-strong nano-composite materials; 

(2) electro-mechanical devices for ultra-fast electronics; (3) materials with predetermined 

band-gap and work functions for next generation photovoltaic (solar-cells) applications; (4) 
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atomically thin film transistors for photonic applications. All of these raise huge demand 

for the production of high-quality and wafer-scale vdW materials and heterostructures, and 

in this thesis, we use MBE as the main growth tool to realize it. 

1.2 Molecular beam epitaxy (MBE) 

 

Fig. 1.8 Perkin Elmer MBE chamber in Quantum Structuresl Lab       

        MBE is a growth method which was invented in the late 1960s at Bell Lab by J. R. 

Arthur and Alfred Y. Cho. [87] The growth happens in high vacuum environment to 

produce high-quality, single-crystalline epitaxial ultrathin films and heterostructures made 

of semiconductors, metals and insulators. It is considered as one of the fundamental tools 
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for the research and development of the nanotechnology and has main natural advantages 

listed below. 

        First, the base pressure of MBE chamber is kept at high vacuum or ultra-high vacuum 

(UHV) (10−9 - 10−12 torr). This offers growth happening at clean condition and eliminates 

defects from contaminations. In Quantum Structures Lab (QSL), we use Perkin Elmer 425 

system for vdW materials growth, as shown in Fig. 1.7. There are three connected 

chambers which ensure UHV base pressure: 1. Load lock chamber, whose pressure is ~ 10-

5 – 10-6 torr with help of mechanical and turbo pumps, can be open to atmosphere to load 

and unload samples before/ after growth. 2.  Buffer chamber, whose pressure is ~ 10-7 – 

10-8 torr with an ion pump, is used as transiting chamber between load lock and main 

chamber. And it serves to protect main chamber from exposed to load lock; sometimes it 

also performs necessary annealing process to remove possible water vapor. 3. Main 

chamber, also known as growth chamber, whose base pressure is ~ 10-9 – 10-10 torr with 

help of a series of powerful pumps (mechanical, turbo and ion pumps, etc.), is the place 

where growth happens. These chambers are separated with stainless steel valves. 

         Second, MBE’ deposition rate is very low (typically less than 100 nm per hour), 

which allows the films to grow epitaxially, provides atomic layer accuracy and 

controllability, and easily dopes various materials. Since carrier gases will significantly 

affect mean free paths of diffused atoms or molecules, the slow deposition rates ask for 

UHV to achieve the same impurity levels as other deposition. Most of the sources in MBE 

chamber are solid sources with the materials in ultra-pure form (99.999% or higher). The 

materials are stored and heated in separate quasi-Knudsen effusion cells or electron beam 
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evaporators until they begin to slowly melt and evaporate. With precisely controlling of 

cell temperature or e-beam current, we can achieve growth rate as needed.        During the 

growth, the on-and-off status of diffused elements is controlled by physical shutters. 

Various materials are created with a form of “molecular beam”, which means that 

evaporated atoms do not interact with each other or chamber base pressure gases before 

reaching the substrate, due to the long mean free paths of the atoms. After a long-distance 

traveling (larger than several inches), the elements condense onto a substrate, subsequently 

reacting with each other to form epitaxial films. Additionally, the atoms/ molecules travel 

to the surface of substrate with low momentum, which will also give low intrinsic defects. 

In QSL, the chamber is equipped with various sources to provide more possibilities and 

combinations for the growth, as shown in Fig. 1.8. Besides solid sources such as boron 

oxide cell, we also introduce different gas sources into the chamber to provide carbon, 

nitrogen and hydrogen atoms for the growth, which is controlled by needle valve and mass 

flow controller (MFC).  

        Third, MBE can provide in-situ layer-by-layer characterization. During growth 

procedure, reflection high energy electron diffraction (RHEED) is often used for 

monitoring the growth of the crystal layers. With a computer connected with a camera to 

record RHEED images during the growth, we can observe crystallite changes during the 

growth and further employ precise control of growth of each layer. In-situ growth of 

heterostructures or superlattices of different materials may be fabricated.  

        Fourth, the substrates are mounted on a manipulator which can be rotated in plane and 

out of plane to guarantee isotropic growth. The substrates can be heated to several hundred 
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degrees Celsius during operation with heater (made from graphite or tantalum filament) 

behind, which provides more chance for MBE’s application for the growths flavoring high 

temperature. The temperature adjustment precision is 1 ˚C which can help accurately 

optimize growth temperature.  

         In conclusion, MBE system is powerful and versatile tool for vdW materials and 

heterostructures growth. 

Fig. 1.8 Schematic of MBE growth chamber in Quantum Structures Lab 
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Chapter 2 Molecular beam epitaxy growth of hexagonal boron nitride on copper foil 

2.1 Overview  

           Hexagonal boron nitride (h-BN) is a wide bandgap (5.97 eV) insulator, with the 

same layered honeycomb structure as graphene. It is a promising material for various 

applications, such as compact ultraviolet laser devices, dielectric substrate for graphene 

electronics, etc. A lot of success has been achieved with chemical vapor deposition (CVD) 

[88-91], but it hasn’t been achieved by molecular beam epitaxy (MBE). 

         In this chapter, we report our study of MBE growth of large area h-BN on copper 

(Cu) foil. Various growth parameters combinations have been tried to achieve and optimize 

h-BN growth on Cu with MBE. After the growth, we transfer the film onto SiO2 substrate 

for further characterization. As-grown film gives evident h-BN Raman spectrum; peak 

intensity and position of h-BN is dependent on film thickness. N-1s and B-1s are detected 

by XPS, which further suggest the formation of h-BN. AFM and SEM images show the 

film is flat and continuous over large area. 

2.2 Growth procedures 

       Before growth, commercial Cu foil (99.999%, 0.025 mm thick, Alfa Aesar) is etched 

in 5% nitric acid for 30 s and then annealed by 10 sccm H2 in MBE chamber at 900 ºC for 

30 min. With help of etching and annealing, Cu surface has been improved significantly, 

which can be observed from AFM images shown in Fig. 2.1.  The roughness (RMS) value 

decreases from previous 2.64 nm to 1.03 nm at 2 um scale, which gives a better chance to 

achieve h-BN growth by MBE. 
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Fig. 2.1 AFM images of Cu foil (a) before and (b) after etching and annealing process.  

Fig. 2.2 Schematic of h-BN growth procedures on Cu foil by MBE.   

        After annealing, Cu foil is directly used for h-BN growth. With boron oxide effusion 

cell and nitrogen radio frequency (RF) plasma working as boron and nitrogen source, 



 

19 
 

respectively, H2 is also introduced into the chamber to help anneal and grow h-BN. There 

are a lot of details to be optimized in such a growth. Four major parameters need to be 

tuned to achieve the success: substrate temperature, H2 flow, nitrogen plasma flux (adjusted 

by RF plasma power and N2 gas flux) and boron growth rate which is controlled by cell 

temperature. And the different time durations of four slots also have influence on the 

growth result, as discussed here:(i) ramping up of substrates and cell temperature; (ii) 

annealing of substrate; (iii) growth; (iv) cooling the system. After a lot of trials and fails, 

the typical growth parameter is determined as shown in Fig. 2.2. The substrate temperature 

is 900 ºC and boron cell temperature is 1000 ºC. The growth time is 60 min with ramping 

and cooling rate of 10 ºC/min. During the growth, H2 flux is 5 sccm with N flux at 5 sccm.  

2.3 Wet transfer technique of h-BN film onto SiO2 

       After growth, the sample on Cu foil is detached from substrate holder. Since the thin 

thickness and softness of Cu, the foil is not flat over large scale. For further characterization, 

we use the standard wet transferring process to etch the copper foil and transfer h-BN film 

onto SiO2 substrate. The transfer process can be found in Fig. 2.3. As-grown film is spun 

using 495 PMMA with a spin speed of 4000 rpm, which leaves the PMMA supporting 

layer thickness of ~2 um. After that, the film is baked at 100 ºC for 10 min in the air. Then, 

the sample is emerged into 5% FeCl3 etchant to dissolve Cu and have grown film with 

PMMA floating on the solution. After washing the film in DI water for several times, we 

use SiO2 wafer to take film out from DI water. The film is naturally dried on SiO2 for 1 day 

to remove water and then put onto hot plate at 60 ºC overnight to remove possible water 

residue or vapor between film and SiO2. The last step is dissolving PMMA in acetone and 
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blowing the sample dry with N2 gun. After all these step, a piece of clean grown film is 

exposed on SiO2 wafer.   

Fig. 2.3 Wet transferring procedure to produce h-BN/SiO2 sample for further measurement.  

2.4 Various characterization of h-BN film 

       After transferring, continuous h-BN film is observed on SiO2, as shown in Fig.2.4. 

From optical microscopy image (Fig.2.4 (a)), h-BN film shows micrometer scale continuity, 

with most area showing green color. At some folded areas, yellow color is observed which 

is due to h-BN transmittance of white light changing with thickness. From SEM image 

(Fig.2.4 (b)), we observe h-BN film in contrast with SiO2 substrate, which shows brighter 

color compared with SiO2. At the edge of the film, triangular-like flakes with triangular 

teeth are observed. The shape indicates h-BN growth preference, which has been observed 

in CVD growth. [90] A lot of theoretical works focus on the formation of the triangular. 

[92, 93] The widely acceptable one is h-BN has different terminated edge: boron-
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terminated or nitrogen-terminated because of composition of boron and nitrogen. The 

nitrogen-terminated edge has lower edge energy compared with boron-terminated edge. To 

minimize surface energy, triangular shape is energetically favorable compared with other 

shape from Wulff construction.  

Fig. 2.4 Optical and SEM analysis of transferred h-BN on SiO2.  

          Raman spectrum is measured using 532 nm laser as the excitation source on the 

transferred h-BN film, as shown in Fig. 2.6. The dominant peak locates at 1360 cm-1, which 

is attributed to the B-N E2g mode within h-BN layers. This is a direct proof of h-BN 

existence. Another two peaks are located at 520 cm-1 and 950 cm-1, which are from SiO2/Si 

Fig. 2.5 AFM image of transferred h-BN 

film on SiO2. 

       From AFM image shown in Fig. 2.5, 

it gives a locally uniform film with some 

residues left. The RMS is ~1.5 nm at 2 

um scale. 
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wafer. However, h-BN peak owns a large Full-Width-Half-Maximum (FWHM) value, 

which indicates the poor quality of grown h-BN.  

Fig. 2.6 Raman spectrum of h-BN on SiO2. 

         Additionally, Raman is measured at different locations of transferred h-BN film. It 

can be observed that the peak intensity is dependent on thickness. (Shown in Fig. 2.7) 

When Raman spectrum is measured at thinner film (black circle), it gives smaller signal 

compared with thicker area (blue circle).  What’s more, peak position changes slightly with 

different locations. The Raman peak of thinner h-BN is higher compared with thicker h-

BN. The observed change is due to thickness effect of optical phonon and the intrinsic 
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stretching of h-BN layers. The relationship between thickness and Raman shift paves a way 

to distinguish h-BN with different thickness. For example, atomically thin h-BN is harder 

to find under optical microscopy compared with graphene since h-BN does not absorb 

visible light. With using Raman related analysis, it is possible to see h-BN monolayers 

once a Raman spectrometer is calibrated for a given substrate.  

Fig. 2.7 Raman spectrum measured at different locations. Different colors are locations 

shown in the corresponding-color circles of inset optical microscopy image.  

        XPS spectrum is done on h-BN/SiO2, which is shown in Fig. 2.8. The spectra of B1s 

exhibits curve with peak of ~191.6 eV and N1s peak ~397.7eV, which agrees with the 
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value of a boron compound with nitrogen. From all of the characterization, we can claim 

the successful growth of h-BN on Cu foil. 

Fig. 2.8 XPS result measured on transferred h-BN/SiO2 sample, located at (a) B1s and (b) 

N1s, respectively. 
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2.5 Discussion and problem encountered    

         We have successfully grown h-BN film on Cu foil with MBE method. Raman and 

XPS spectra indicate existence of h-BN, and the film is continuous under various 

microscopes. Our synthesis method could also make some unique structure possible, such 

as h-BN/graphene heterostructures and doped h-BN films. However, the growth suffers a 

very low success rate (<5%), which is due to heavy Cu evaporation under UHV condition. 

The heavy evaporation causes damage to heater. To solve the problem, we are looking for 

better substrate candidate which can resist evaporation at high temperature. 
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Chapter 3 In-situ epitaxial growth of graphene/h-BN van der Waals heterostructures 

by molecular beam epitaxy 

3.1 Overview 

         As discussed at the end of Chapter 2, h-BN growth on Cu foil has succeeded but 

suffered low success rate and severe damage to the chamber due to heavy Cu evaporation. 

A new substrate material is highly demanded for h-BN growth. And besides van der Waals 

(vdW) materials themselves, the vdW heterostructures have also received a great deal of 

attention for their exceptional layered structures and exotic properties, which can open up 

various device applications in nanoelectronics. The production of graphene and h-BN 

heterojunctions with well-aligned, defect-free structure is the main demand to improve 

performance of graphene related devices. However, direct stacking of vdW materials 

remains difficult.  

        In this chapter, we demonstrate a solution for fabricating the graphene and h-BN vdW 

heterostructures on cobalt (Co) substrates. 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 1º. This work has been published in [131]. 

3.2 Growth procedures tuning process  

         Thermally oxidized Si wafers with a SiO2 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 holders and 
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transferred to an MBE system (shown in Fig. 3.1) for growth. A Kundson effusion cell 

filled with B2O3 powder (Alfa Aesar, 99.999%) was used as B source. A thermos-cracker 

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. Each individual 

source has its own gas cut off valve or front shutter to precisely control the growth. Those 

sources can be used in any combination to meet different structure requirements.  

Fig. 3.1 Configuration of MBE chamber to grow graphene/h-BN heterostructure 

         During the growth, graphene was grown on Co film and then used as substrate for 
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subsequent h-BN growth. As shown in Fig. 3.2, there are various parameters to be tuned to 

reach optimized growth result. Five major parameters are listed as: 1. Co substrate 

temperature, on which growth happens; 2. C2H2 flux which is key for graphene growth; 3. 

N plasma flux and 4. Boron cell temperature, which has influence on the h-BN growth; 5. 

H2 flux, which shows considerable influence on the growth result. The growth can be 

divided into four parts in terms of time flow: (i) ranging from ramping up of substrate and 

boron cell temperature; (ii) annealing substrate to remove possible oxides and 

contamination; (iii) growth of graphene and h-BN; and (iv) cool the system down. How 

long each portion takes also have impact on the result. Compared with h-BN growth on Cu 

in Chapter 2, the addition of parameter and time flow (iii) increases difficulty of the growth. 

With a lot of efforts on engineering of these parameters and different trials of combinations, 

we achieved successful growth conditions and results discussed below.  

         For a typical growth, the substrate is firstly annealed at 800~850 ºC 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 

ºC for graphene/h-BN heterostructure growth. The thermal cracker temperature is ramped 

to 1200 ºC 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 ºC 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 ºC/min. The slow substrate cooling process suggests that the epitaxy undergoes 
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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 [94, 95]. 

Fig. 3.2 Growth parameters and time division of graphene/h-BN heterostructure.     

3.3 Various characterization of grown graphene/ h-BN heterostructures    

         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 
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carried out using a Kratos AXIS ULTRA XPS system equipped with an Al Kα 

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. Plan-view TEM sample was 

prepared using direct transfer method. After spin coated with PMMA, the sample was 

submerged in FeCl3 solution to etch away the Co metal layer, which often takes several 

days. The film was then transferred onto carbon coated Cu TEM grid and treated with 

acetone and DI water to remove PMMA. 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.  

Fig. 3.3 Optical microscopy image of graphene/h-BN heterostructure sample with discrete 

h-BN triangular domains (Sample A). Rough surface with many holes has been observed. 

Different thickness of graphene shows on the image, as indicated in red square. 
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         As grown vdW thin films are transparent, it is not visible for bare eye or through 

optical microscope, shown in Fig. 3.3. However, there are some surface imperfections 

easily seen, which result from the high temperature effect on Co. Similar results are 

observed with AFM shown in Fig. 3.4, Co roughness (RMS) increases from 1nm to 15nm 

at scale of 2 um, and Co forms grains of size is around several-hundred nanometers. The 

domains have different crystallinity but are locally flat. 

Fig. 3.4 AFM images of sample before and after growth (Sample A) 

          As the samples are imaged by SEM, a surface contrast is observed in secondary 

electron imaging mode because secondary electron signals from h-BN and graphene/Co 

substrate have different intensity. Fig.3.5 shows an SEM image of a graphene/h-BN sample 

(Sample A) on which large triangular domains of ~20 μm are 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 SEM (Fig. 3.5) and Raman scattering 
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results (Fig. 3.6). As observed in the inset of Fig. 3.5, we can observe several large 

triangular flakes of size about 20 µm, which is direct proof of existence of h-BN. Holes 

features are observed, which is due to Co evaporation at high temperature. Moreover, some 

bright features are also observed, which is possibly due to excessive boron. It gives the hint 

that boron to nitrogen ratio needed to be further tuned to remove boron’s over-deposition.  

Fig. 3.5 SEM image of graphene/h-BN heterostructure on cobalt substrate (Sample A). 

Inset is taken under the same condition with larger magnification. The background is the 

rough substrate surface with packed Co grains resulted from heat treatment. 

         From Raman spectrum shown in Fig. 3.6(a), which is measured away from triangular 

shape. Three main peaks can be observed: first one is located at 1351 cm-1, which is 
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graphene defect peak (D). Besides that, G and 2D peaks are also seen, namely, only 

graphene signal is detected. From G to 2D ratio, we conclude it is multilayer graphene. 

When Raman is measured on a triangle (Fig. 3.6 (b)), the first peak changes from 1351 cm-

1 to 1360 cm-1, which is more likely to be h-BN E2g optical phonon peak. Besides that, the 

signature graphene G and 2D peaks are observed similar as (a). This result is in close 

agreement with the SEM result shown before. 

 

Fig. 3.6 Raman spectra of graphene/h-BN sample with discrete h-BN triangular domains 

(Sample A) acquired at different locations across the sample surface.  

3.4 Morphology evolution 

       With growth conditions talked above, we achieved h-BN and graphene heterostructure, 

which is the first graphene/h-BN heterostructure grown by MBE method to the best of our 

knowledge. However, the surface quality is not good and h-BN are formed in discrete flake 

format. In order to achieve continuous wafer-scale h-BN film instead of discrete flakes, 

Off triangle On triangle 
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fine-tuning of the sample growth condition was performed. Detailed difference in growth 

condition is summarized in Table 3.1.  

Table 3.1 Comparison of growth conditions of sample A and B.       

         First, the total growth duration was shortened to reduce heat treatment duration which 

helps to suppress Co evaporation. The shorten time is mainly from h-BN growth duration: 

decreasing from previous 15 min to 10 min. Additionally, both graphene and h-BN were 

grown at the same substrate temperature of 850 °C, thus the growth time delay between 

graphene layer and h-BN layer was minimized. After these adjustment, a direct 

improvement was observed with optical microscopy (Fig. 3.7). The resulting sample 

(Sample B) shows smoother surface morphology compared with Sample A (Fig. 3.5).  
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Fig. 3.7 Optical microscopy image of graphene/h-BN sample with wafer-scale film 

(Sample B) 

           Second, we try to improve graphene growth with direction of high quality and 

thinner layer thickness. A thinner graphene is expected with less carbon deposition. With 

this assumption, carbon thermal cracker temperature was decreased from 1200 °C to 

1000 °C, and growth duration was changed from 1min to 10 s. Graphene growth 

temperature was increased by 50 °C which will help to align crystalline of graphene domain 

and achieve better quality of the film. 

          Third, parameters were tuned to balance boron to nitrogen ratio and further improve 

h-BN layer coverage and stoichiometry. Boron cell temperature was lowered from 1000 °C 

to 950 °C to lower boron deposition rate. And the ECR current of nitrogen plasma was 

increased from 50 mA to 60 mA to produce more nitrogen plasma to react with boron. 

Additionally, the growth temperature of h-BN was decreased from 900 °C to 850 °C. 
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         With work of tuning these parameters, Sample B exhibits the graphene/h-BN film 

that covers the entire sample surface, and triangular h-BN domains are no longer visible 

(Fig. 3.8).  

Fig. 3.8 SEM image of Sample B showing wafer-scale h-BN and graphene coverage, and 

without evident triangular domains. 

          To better study the parameters’ effect on the growth result, two more samples were 

grown for reference using the same substrate annealing conditions as that of Sample A, 

while their graphene layers were grown at higher temperature (Sample C: 900 °C) and the 

h-BN layers were grown with a longer time (Sample D: 30 min h-BN growth duration). 

From the optical microscopy image and Raman spectra shown in Fig. 3.9, we find both 
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Sample C and D show continuous graphene/h-BN heterostructure films, however they are 

not as uniform as that of Sample B. 

Fig. 3.9 Optical microscopy images and Raman spectra for reference Sample C (a, b) and 

Sample D (c, d). Raman spectra were measured in the red circle indicated in optical images, 

respectively. 
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Fig. 3.10 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-1 region. Two peaks are 

resolved, relating to graphene D mode and E2g optical phonon peak of h-BN, respectively. 

           Fig. 3.10 shows Raman spectrum of sample B. Three evident peaks are observed 

from the spectrum. When we zoom into the peak lying at 1356 cm-1, the data is plotted in 

the inset. The appearance of D peak has been observed in other reports of graphene/h-BN 

heterostructure [96]. In addition, an h-BN E2g optical phonon peak is evident at 1364 cm-1, 
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which indicates existence of h-BN. Besides that, graphene G and 2D peaks located at 1592 

cm-1 and 2592 cm-1 are observed. The G/2D peak ratio indicates the grown graphene has 

thickness of single-/bi-layer. Analyzing the 2D peak of graphene to detect the mismatch 

angle of graphene and h-BN has been reported recently [97]. In this experiment, the 

FWHM of the 2D peak of as grown sample is 38 cm-1, which indicates the mismatch angle 

is below 1º. This self-assembled well-aligned heterostructure growth method shows a huge 

advantage in time and work consumption compared with mechanical exfoliation method, 

which has to use microscopy to locate sample and achieve alignment.   

         Fig. 3.11(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. Fig. 3.11 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 sp2 C-C bond at 284.0 eV [98]. 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 [99]. Based on integrated peak intensity and 

corrections, B/N ratio was estimated to be 1.1 from the surface of h-BN, indicating that h-

BN is slightly B-rich. 

        Fig. 3.12 shows results of plan-view TEM measurement together with selective area 

electron diffraction (SAED) of the transferred graphene/h-BN heterostructure. The film 

was prepared using PMMA transfer method. After spin coated with PMMA (4000 rpm for 

40 s), sample was baked on the hot plate at 100 °C for 10 min. After that, sample was 

submerged in 5% FeCl3 solution to etch away the metal layer. With assistance from PMMA 
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supporting layer, the film was off from Co and floating on the solution after one day etching. 

Then we used SiO2 wafer to transferred the film onto carbon coated Cu TEM grid. With 

leaving the grid at room temperature for one to two days to fully remove water, then we 

treat it with acetone, IPA and water to remove PMMA.  After drying the grid again, it is 

ready to do TEM on the transferred film. 

Fig. 3.11 XPS spectra of graphene/h-BN heterostructure on Co substrate (Sample B). a) 

the 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. 
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Fig. 3.12 (a), (b) Plan-view TEM image of transferred graphene/h-BN heterostructure 

(Sample B). (c) SAED pattern of Sample B. Diffraction patterns with six-fold symmetry 

are observed. (d) Enlarged image of the red square area marked in Fig. 3.12 (c). Two 

diffraction spots are observed, revealing the (100) plane distance of 2.21 Å and 2.12 Å, 

which matches h-BN and graphene lattice constants, respectively.     

           As shown in Fig. 3.12 (a), continuous thin film is observed with some edges folded. 

Black spots observed mainly originate from PMMA residue during film transfer process. 
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When a high magnification TEM imaging is done on the folded edge (Fig. 3.12(b)), lined 

pattern is observed which is because of the layered structure of graphene and h-BN. The 

thickness of the graphene/h-BN heterostruture can be measured from the edge, which is 

~12nm at this specific location.   

         Fig. 3.12(c) and (d) show 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, shown in Fig. 3.12(d), which is a zoom-in image of the area marked with a red 

square. Two sets of diffraction spots are clearly observed, which correspond to the electron 

diffraction from (100) planes of h-BN and graphene. The calculated interplanar spacings 

corresponding to the two spots are 2.13 Å and 2.06 Å, which match well with expected 

numbers for h-BN and graphene, respectively. The strong intensity of h-BN diffraction 

pattern may indicate a well-aligned, multi-layer h-BN. There is a small rotation (<1º) 

observed between the two sets, similar to other reports on graphene/h-BN heterostructures 

[100], which also matches our conclusion from Raman studies. 

       Fig. 3.13 shows a cross-sectional TEM image of the heterostructure with different 

magnifications. The sample was prepared using focused ion beam (FIB) technique.  The 

graphene/h-BN thin film was covered by an iridium (Ir) layer and further protected by 

electron-beam and ion-beam deposited platinum (Pt) layers during TEM specimen 

preparation. Lattice fringes are observed in the 15nm thick band. The inter-fringe distance 

is 0.33nm, measured from Fig. 3.13 (d), which is in close agreement with the out-of-plane 

lattice constants of h-BN and graphene. 
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Fig. 3.13 Cross-sectional TEM images of transferred graphene/h-BN heterostructure 

(Sample B) at different magnifications.  

         To analyze electrical properties of the heterostructure, a transistor device was 

fabricated as shown in Fig. 3.14(a). The process is as follows: After the film was transferred 

onto an oxidized silicon substrate with a 300 nm SiO2 layer, photoresist was spun onto the 

film and photolithography was done to create the pattern. Then, SF6 gas was used to etch 

unprotected h-BN and graphene to expose the edge of the heterostructure. After that, a 

10/70 nm Ti/Au contact was deposited. Fig. 3.14 (b) shows an optical microscopy image 

of the device. The channel length is 1mm and channel width is 5 mm. Figure 3. 14 (c) and 

(d) show ID–VG transfer characteristics and ID-VD characteristics of the transistor device, 

respectively. The mobility is then extracted from the linear regime of the transfer 
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characteristics. For a typical transistor device, its mobility was found to be around 101 cm2 

V-1 s-1. The present relatively low mobility may mostly originate from the device 

fabrication process. For example, h-BN was grown on top of graphene, which may not 

have improved the performance of graphene underneath too much.   

Fig. 3.14 Device fabrication and electrical measurement on the transferred film. 

3.5 Conclusion 

        In this chapter, we have demonstrated direct epitaxial growth of h-BN on graphene 

utilizing MBE. Signature triangular h-BN flakes with sizes as large as 20 μm were observed. 

Further improvement on the growth condition results in high-quality wafer-scale 

graphene/h-BN heterostructure film. The epitaxial single/bi-layer graphene/few-layer h-
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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°. 

While MBE synthesis of high-quality graphene/h-BN heterostructures is a critical step 

toward the realization of 2D electronics, reasonable electronic functionality of 

heterostructures is of greater concern. We fabricate a device to demonstrate the basic 

electric property of the heterostructure. In the future work, two- and three-terminal devices 

will be fabricated and the electrical measurements will be carried out to evaluate their 

electrical performance. 
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Chapter 4 Low-temperature growth of graphene on iron substrate by molecular 

beam epitaxy 

4.1 Overview 

   As discussed in previous chapters, graphene has attracted a great deal of interest due 

to its fascinating properties and a wide variety of potential applications. Several methods 

have been used to achieve high-quality graphene films on different substrates. To date, 

various transition metals have been used as templates or substrates for high-quality 

graphene synthesis. Compared with other metals, such as Cu [128], Ni [138], Co [29], Pt 

[47], there are very few reports about graphene growth on iron (Fe) [102-104], which is 

the most widespread transition metal. The main reason could be the challenging procedure 

of graphene growth on Fe due to its higher chemical reactivity. In addition, its growth 

mechanism, which may correlate with the complex Fe-C phases (shown in Fig. 4.1), 

remains elusive.  

Table 4.1 Different metal substrates used for graphene growth. 
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         Table 4.1 lists part of metals which have been used for substrates of graphene growth. 

Based on different carbon solubility in different metals, there are two growth mechanisms 

studied here: bulk-mediated and surface mediated. We have already shown that Cu and Co 

can be used for vdW materials growth in MBE chamber, which usually needs high growth 

temperature. Compared with other metals, Fe has higher carbon solubility, which will have 

more carbon dissolved in the metal during the growth and might lead to lower growth 

temperature. And the complex Fe-C diagram also offers versatility for engineering 

graphene layer numbers.  

Fig. 4.1.  Fe-C phase diagram showing which phases are to be expected at metastable 

equilibrium for different combinations of carbon content and temperature. (adapted from 

calphad.com) 
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         In this chapter, we demonstrate low-temperature growth of high-quality, large-area 

graphene thin films on Fe substrates by gas-source MBE. Two-dimensional (2D), large-

area graphene samples were grown on Fe thin films, and characterized by Raman, X-ray 

photoelectron spectroscopy, X-ray diffraction, optical microscopy, transmission electron 

microscopy and atomic force microscopy. It is found the optimized large-area graphene 

growth temperature is relatively low between 500 °C and 550 °C. Unique mechanism 

involving the formation/decomposition of iron carbide (FexCy) is responsible for the 

growth of graphene on Fe, in contrast to precipitation of C atoms without involving metal 

carbides from other metals. The formation of graphene by involving the chemical reaction 

between Fe and C rather than temperature-sensitive physical precipitation process enables 

precise control of the thickness of the film because the reaction of Fe and C can be well 

controlled at certain temperature, compared with drastic wide-range temperature change 

requirement for the precipitation growth of graphene on other metals. Moreover, the 

reaction of Fe and C can occur at relatively low temperature (graphene flakes can be grown 

on Fe at a growth temperature as low as 400 °C), leading to low-temperature synthesis of 

graphene. Thus, this work not only elucidates the mechanism of graphene growth on Fe 

but also provides a convenient route to achieve scalable epitaxial graphene films for those 

applications that can only sustain moderate- and low-temperature processes. The result in 

this chapter has been published in [132]. 

4.2 Materials and growth method 

A Perkin-Elmer MBE system was used for graphene growth. Acetylene gas (C2H2, 

Airgas, 99.9999%) was connected to the MBE chamber as a C source and the flow rate 
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was tuned by a mass flow controller (MFC). H2 gas (Airgas, 99.9999%) was also 

introduced to the chamber by a needle valve during the process when necessary. The Fe 

film of 300 nm was grown on a SiO2/Si wafer by an e-beam evaporator and used as 

substrate. After the substrate was transferred to the growth chamber, the substrate was 

heated to a targeted growth temperature between 250 °C and 800 °C at a rate of 10 °C/min 

and annealed for 10 minutes. During the annealing process, 10 sccm H2 was introduced 

into the chamber to remove possible iron oxide and suppress evaporation of Fe. After that, 

H2 flow rate was decreased to 6 sccm, and the graphene growth started by the introduction 

of 2-5 sccm acetylene. During the growth, the pressure was usually between ~1×10-4 and 

1×10-5 torr depending on the source flow rates. The growth lasted for 2 minutes. After the 

growth, the sample was slowly cooled to room temperature at a rate of 10 °C/min. 

Fig. 4.2 Schematic of a typical graphene growth on Fe by MBE 
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        After growth, graphene surface becomes rough as shown in Fig. 4.3. Before growth, 

the substrate RMS is 1.03 nm, which is at reasonable range of e-beam evaporation growth. 

After grown, the surface became very rough with RMS increased to 13. 18 nm at 2 um 

scale due to heat effect on Fe.  

Fig. 4.3 AFM of sample (a) before and (b) after growth. 

4.3 Characterization methods and analysis of graphene growth on Fe 

Optical microscopy and Raman characterization were performed using a HORIBA 

LabRAM system equipped with a 50-mW 514-nm green laser. X-ray photoelectron 

spectroscopy (XPS) characterization was carried out using a Kratos AXIS ULTRA XPS 

system equipped with an Al Kα monochromatic X-ray source and a 165-mm mean radius 

electron energy hemispherical analyzer. X-ray diffraction (XRD) spectra were measured 

with a Bruker APEX system. Cross-sectional transmission electron microscopy (TEM) 

image was obtained by an FEI/Philips CM20 system, and plan-view TEM image was 

acquired by an FEI Tecnai12 system. Atomic force microscopy (AFM) characterization 
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was performed using a Veeco Dimension 5000 system. Some characterizations were done 

on transferred graphene films, which were removed from Fe substrates by etching of 

substrate in FeCl3 solution and the assistance of a polymethyl methacrylate (PMMA) 

coating layer.  

         Fig.4.4 shows a typical Raman spectrum of graphene grown on Fe at 550 °C, in which 

graphene signal can be detected with graphene G and 2D peaks. Additionally, the G (1594 

cm-1)/2D (2709 cm-1) ratio is 1.1, indicating that the as-grown film is few-layer graphene, 

which need to be further improved to achieve single- or bi layer graphene. D peak located 

at 1350 cm-1 is also seen in the spectrum, indicating that defects exist in the graphene film 

grown at 550 °C. [105] 

Fig. 4.4 Raman spectrum of graphene grown on Fe, the growth temperature is 550 °C.  
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        Raman mapping is also carried out and the result for the 550 °C sample, is shown in 

Fig. 4.5. Graphene signal is always detected over the mapping area 40 μm * 40 μm of the 

sample. Mapping is measured with respect to the intensity of the G peak, which provides 

graphene thickness information. From the mapping result, most area is uniform in the 

thickness (green color), and some area is thicker (red color). It is consistent with the optical 

microscope imaging results, namely, the as-grown graphene is uniform at most areas with 

darker spots representing thicker film. 

Fig. 4.5 Raman G peak intensity mapping of graphene grown on Fe.  

          With local flatness shown in the center area, the graphene is non-uniform when 

measured over large scale. As shown in the optical images and Raman spectrum of Fig. 

4.6, A, B are measured at center area while C, D are measured at edge area. Center area 

provides thinner graphene film compared with edge area, which is mostly due to higher 

temperature at the edge area. What’s more, more condensed and larger black domain can 

be observed at edge area of the film, which is possibly due to unbalanced temperature 

distribution and over-heated temperature at edge area. From all of these, the importance of 
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temperature on graphene growth with Fe substrate has been proven and will be studied in 

details later. 

Fig. 4.6 Different optical microscopy and Raman signals achieved at center and edge of 

graphene. A, B are measured in the same center area, while C, D are measured at the edge 

area. 
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        Fig. 4.7 shows XPS spectrum of the graphene sample grown at 550 °C. Graphene-like 

C sp2 peak is located at 284.8 eV, and C-O peak (288.3 eV) is also observed [106], which 

is synthesized in carbon groups. In addition, Different Fe bonds are detected: Fe 2p 3/2 and 

2p 1/2 peaks [107]. With these different phases of Fe, high-quality graphene film can still 

form on Fe, further indicating that the chemical reaction of C and Fe has played an 

important role in the formation of graphene.  

Fig. 4.7 XPS spectrum of graphene sample grown on Fe at 550 °C. Carbon group C sp2, 

C-O peak, Fe group: Fe 2p 3/2, and Fe 2p 1/2 peaks are mainly detected, which indicates 

existence of oxides of polycrystalline Fe. 
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4.4 Graphene at different growth temperatures 

Fig. 4.8 (a)-(l) Optical microscopy images of graphene samples grown on Fe at different 

substrate temperatures. As temperature is below 350 °C, there is no obvious growth. 
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Graphene flakes are seen at 400 °C, and keep enlarging with the increase of temperature. 

As temperature is between 500 °C and 550 °C, the Fe substrates are fully covered by 

uniform graphene films. As temperature is over 600 °C, condensed graphite grains are 

observed. The scalebar is 10 um.        

         To find temperature dependence of graphene growth, a set of optical microscopy 

images of as-grown graphene samples on Fe substrates at growth temperatures between 

250 °C and 800 °C with a step of 50 °C, the optical microscopy images of grown sample 

is shown in Fig. 4.8. Significant change in morphology of graphene films is observed. At 

low growth temperatures (≤350 °C), no film is visible. Starting from 400 °C, graphene 

flakes are formed and enlarged with the increase of the growth temperature. Graphene film 

extends to cover the whole substrate as the growth temperature reaches 550 °C. From 

600 °C, graphene films can still be seen, however, condensed graphene domains start to 

appear randomly. The domains become larger and thicker with the increase of growth 

temperature. It should be noted that micrometer-sized graphene flakes are grown at a 

growth temperature as low as 400 °C, and large-area continuous graphene films on Fe are 

achieved at growth temperature of 500~550 °C, while much higher growth temperature is 

required to form graphene on other metal substrates (Cu, Co, etc.)  

  A detailed Raman analysis of sample grown at different temperatures is shown in Fig. 

4.9. (Raman was measured at center area of each sample) Fig. 4.9 (a) shows G/2D ratio 

and (b) shows full width at half maximum (FWHM) of 2D peaks from Raman spectra of 

the samples grown from 400 °C to 800 °C, respectively. Fig.4.9 (c) shows D/G ratio as a 
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function of growth temperature, which reflects relative density of defects in the graphene 

films [108].  

 

From Fig. 4.9 (a), the lowest G/2D 

ratio is ~1 as the growth temperature is between 500 °C and 550 °C, as shown in red region 

of Fig 4.9. Similar trend is shown in measured FWHM, which reaches its minimum of ~ 

Fig. 4.9 Raman analysis of 

graphene samples grown on Fe at 

different temperature. (a) A 

typical Raman spectrum of a 

sample grown at 550 °C. The 

inset is a Raman mapping result 

of graphene film grown at 

550 °C. The mapping area is 40 

μm×40 μm. (b) G/2D ratio, (c) 

FWHM of 2D peak, (d) and D/G 

ratio as a function of growth 

temperature for samples grown 

from 400 °C to 800 °C. The red 

area indicates optimized growth 

window. 
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50 cm-1 at the same growth temperature range, indicating again that the graphene film has 

2 or a few layers [109]. As seen from Fig.4.9 (c), D peak is always detected as growth 

temperature is lower than 650 °C, and disappears as the temperature exceeds 700 °C. 

Similar results of temperature-dependent effect on D peak were also observed for graphene 

grown on other metals [110-112]. Balancing the thickness and defects, the growth 

temperature window of graphene on Fe is determined between 500 °C to 550 °C in our 

MBE system. 

Fig. 4.10 SEM images of some as-grown films, which are grown with different temperature 

and locations. (a) (b) are samples grown at 550 °C but different locations: center and edge, 

respectively. (c) is sample grown at 700 °C. (d) is sample grown at 400 °C. 
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        SEM was also performed to find graphene coverage information at different 

temperatures. As seen in Fig. 4.10, continuous graphene film with locally uniform 

thickness is evident at the center of 550 °C grown sample. For 400 °C grown sample, only 

discrete graphene flakes are observed. And thick graphite is observed on 700 °C grown 

sample. The results are in good agreement with optical microscopy images. 

   Fig.4.11 gives XRD patterns of graphene samples grown at different temperatures. 

Fe [110], [200] and [211] peaks are evident in the spectra of all these samples, showing 

that Fe thin films are polycrystalline [113, 114].  Graphitic signal, which is located at 27.5 

2θ diffraction angle [115], is observed for the samples grown at a temperature of 600 °C 

and higher. The intensity of the graphene peak increases with the increase of temperature. 

This result is in close agreement with optical microscopy result shown in Fig. 4.8: As the 

temperature is higher than 600 °C, graphite features form instead of graphene films. 2θ 

diffraction peaks at 38.2°and 43°are observed for the samples grown between 350 °C and 

650 °C, which indicates the existence of various iron carbide FexCy with different Fe and 

C mole fractions, including cementite (Fe3C) [116]. As the temperature is lower than 

350 °C, C solubility in Fe is so low that FexCy cannot be formed. As the temperature is 

higher than 650 °C, decomposition of FexCy into Fe and graphite speeds up, which 

essentially prevents the formation of graphene thin film. Only within a growth temperature 

window, in this case, 350~650 °C, the formation and decomposition of FexCy can be 

balanced to form graphene films. It suggests that the graphene on Fe growth is not a simple 

layer-by-layer deposition process or C precipitation process, but related to the chemical 

reaction of C and Fe atoms. 
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Fig. 4.11 XRD patterns of graphene samples grown on Fe at different temperatures. 

Graphite signal is detected as growth temperature is higher than 600 °C. FexCy signal is 

observed as the growth temperature is between 350 °C and 600 °C.  

Fig. 4.12 (a) shows a high-magnification cross-sectional TEM view of a thicker film 

area. Layered graphene with a measured inter-layer distance of 0.34 nm is evident, which 

matches out-of-plane inter-layer distance of graphene very well. This is a solid proof to 

show graphene existence. Fig. 4.12 (b) shows a low-magnification cross-sectional TEM 

image of the graphene sample grown at 550 °C. The surface of Fe thin film is not flat, 

which is originated from the heat treatment at the growth temperature. It is evident that a 
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continuous graphene film grows conformally on the Fe substrate. Nevertheless, the film 

thickness is not uniform across the surface. Fig. 4.12 (c) shows a plan-view TEM image of 

the sample grown at 550 ºC. Relatively thin and uniform graphene film with some darker 

spots representing thicker areas is observed. The inset image shows a clear selected area 

electron diffraction (SAED) pattern, leading to a calculated A-plane distance of 0.211 nm, 

which is in good agreement with the theoretical value of graphene. It shows that graphene 

is of highly-crystalline.  

Fig. 4.12 (a) Cross-sectional TEM image of graphene sample grown on Fe at 550 °C. 

Graphene is seen in between Fe substrate and Ir/Pt protection layers used during TEM 
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sample preparation. (b) A higher-magnification TEM image of a local thicker film region 

on this sample, showing graphene layered structure. (c) Plan-view TEM image of a 

transferred graphene film from the sample grown at 550 °C. The inset is its SAED pattern. 

(d) AFM image of a transferred graphene film on SiO2. The inset shows a line scan profile, 

indicating a graphene thickness of about 0.7 nm.        

       AFM measurement of a transferred graphene on SiO2 is shown in Fig. 4.12 (d). From 

it we can find most areas are flat and thin. A line scan profile shown in the inset of Fig. 

4.12 (d) reveals a thickness of graphene film is about 0.7 nm, which indicates the existence 

of a bi-layer graphene. This result is in close agreement with the Raman result of this 

sample shown earlier. Some bright spots observed in the AFM image could be either related 

to the convex areas in the graphene film, which are inherited from rough Fe surface, or 

from thicker graphene domains. 

4.4 H2 influence on graphene on Fe growth 

Fig. 4.13 Optical microscopy images of graphene grown on Fe at 550 ˚C with different H2 

flux: (a) 0 sccm, (b) 6sccm and (c) 15 sccm. The improvement of morphology can be easily 

observed with the increase of H2 partial pressure.  
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Fig. 4.14 Raman spectra of graphene grown on Fe at 550 ˚C with different H2 flux: the red 

curve is 0 sccm, green curve 6 sccm and blue curve 15 sccm. 

          H2 has been predicted to have significant influence on graphene growth. [117-119] 

To understand its effect on graphene growth on Fe with MBE, we introduce different H2 

flux during the growth. Optical microscopy images of the samples are shown in Fig. 4.13. 

With the increase of H2 flux, the surface of graphene is thinner and more uniform, which 

indicates possible advantage of using H2 for the growth. Raman analysis was done on the 

same series of samples and the result is shown as red, green blue curves in Fig. 4.14, 

respectively. It is observed that with the increase of H2, the intensity of D peak gradually 

decreases and finally disappears. At the same time, graphene characteristic peaks G/2D 

ratio decreases, which means graphene is becoming thinner. From that, we conclude that 
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the presence of H2 benefits graphene growth in such ways : 1. H2 will dilute carbon partial 

pressure in the chamber, which slows down the growth rate; 2. With reactive H2, the 

unorganized or defective graphene edges can be etched that improves the crystallinity of 

graphene. It provides a possible direction to improved graphene quality, which will be 

needed to be studied further in the future. However, the ability of MBE chamber should 

also be taken into consideration, which are kept in UHV condition with the help of various 

pumps (turbo, mechanical, ion pumps). Too much H2 will increase work load to the pumps 

and decrease the lifetime of pumps. And H2 itself is very difficult to be pumped away due 

to very small atomic number. 

4.5 Growth mechanism of graphene on Fe growth 

           Finally, we briefly discuss the graphene growth mechanism. As the temperature is 

lower than 350 °C, the solubility of C in Fe is low, therefore, reaction between C and Fe is 

negligible, leading to no graphene growth. As the temperature is higher than 350 °C, 

enough C atoms are dissolved into Fe substrate and react with Fe to form iron carbide: Fe 

+ C →FexCy, which transform into graphene at the same time: FexCy →Fe + C. The 

sequential reaction and decomposition mechanism leads to the growth of graphene in the 

intermediate temperatures (400~650 °C). As the temperature is higher than 650 °C, the 

formation and decomposition speed of FexCy increases drastically, which leads to the quick 

formation of discrete thick graphite domains rather than 2-D uniform graphene films. Thus, 

the formation and decomposition of FexCy plays an indispensable role in the growth of 

graphene on Fe, which is different with graphene growth on other metals.   
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4.6 Conclusion 

         In this chapter, we have carried out temperature-dependent growth of graphene thin 

films on Fe by MBE. Graphene begins to grow at a very low temperature of 400 °C and 

covers entire Fe surface at a relatively low temperature of 500~550 °C. Graphitic islands 

dominate the growth at a temperature higher than 600 °C. It is found that the 

formation/decomposition of FexCy is responsible for the growth of graphene on Fe, which 

differs with the precipitation growth of graphene on some other metals. Graphene samples 

were characterized by Raman, X-ray photoelectron spectroscopy, X-ray diffraction, optical 

microscopy, transmission electron microscopy and atomic force microscopy, which gives 

information of graphene quality. Additionally, introducing H2 helps to grow thinner and 

higher quality graphene.   
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Chapter 5 Precipitation growth of graphene under exfoliated hexagonal 

boron nitride to form heterostructures on cobalt substrate by molecular 

beam epitaxy 

5.1 Overview 

            Research on graphene and hexagonal boron nitride (h-BN) heterostructure has 

attracted intense attentions for band engineering and device performance optimization of 

graphene. The advantages of the system have attracted widespread interest of the growth 

and properties study of the heterostructures containing graphene and h-BN. Much work 

has been reported about the preparation of the heterostructures by employing various 

growth methods and using on different substrates. However, the growth of graphene and 

h-BN heterostructure is still challenging. Because of the stability of boron and nitrogen 

molecules under inert conditions, the reaction to form h-BN usually requires high growth 

temperature (>900 ˚C) and long growth duration (several hours). Additionally, due to the 

weak vdW interaction, it is difficult for boron and nitrogen atoms to stick to the top of the 

deposited film and, therefore, hinders the thick h-BN growth, which is the basic 

requirement for dielectric substrates and barriers. 

       In this chapter, we use exfoliated h-BN on Co thin film as the substrate to easily 

achieve thick h-BN and grow graphene ‘on’ the substrate by molecular beam epitaxy 

(MBE). The heterostructure samples were characterized by Raman, optical microscopy, 

atomic force microscopy, microwave impedance microscopy and scanning tunneling 

microscopy. It is found that graphene can be grown at relatively low growth temperature 
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(~740 °C) and ‘underneath’ h-BN flake. In this way, we demonstrate a new pathway to 

produce graphene/h-BN heterostructure on Cobalt (Co) by MBE. Growth mechanism 

involving the dissolution/precipitation of carbon atoms in Co is used to explain the 

unconventional growth behavior. The results in Chapter 5 have been submitted to Applied 

Physics Letter. 

5.2 Substrate preparation and equipment information 

The substrate is prepared with the conventional mechanical exfoliated method to 

produce h-BN flakes on the tape and then put on various wafers ((i)A 300 nm Co substrate 

was grown on SiO2/Si wafer by e-beam evaporator mainly discussed in this study and (ii) 

SiO2/Si wafer for reference) as shown in Fig. 5.1. After that, the substrate is cleaned with 

acetone, IPA and water to remove tape residue.After that, h-BN flakes were transferred on 

Co by typical tape-exfoliation method to finish substrate preparation. The substrate was 

afterwards transferred into a Perkin-Elmer MBE chamber for graphene growth. Acetylene 

gas (C2H2, Airgas, 99.9999%) was connected to the MBE chamber as C source, while H2 

gas (Airgas, 99.9999%) was also introduced to the chamber by a needle valve to suppress 

Co evaporation. The substrate temperature was ramped to a target growth temperature 

between 720 °C and 800 °C with a ramping rate 10 °C/min. Before growth, substrate was 

annealed in 10 sccm H2 for 10 minutes to remove possible contamination. Then H2 flow 

rate was decreased to 6 sccm, and graphene growth started by the introduction of 3 sccm 

acetylene. The growth duration lasted from 60 to 1200 s. After the growth, the sample was 

cooled to room temperature with a cooling rate of 10 °C/min. 
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Fig. 5.1 Micromechanical exfoliation of h-BN. (a) Adhesive tape is pressed against a 2D 

crystal so that the top few layers are attached to the tape (b). (c) The tape with crystals of 

layered material is pressed against a surface of choice. (d) Upon peeling off, the bottom 

layer is left on the substrate. (Adapted from [101], with copyright permission) 

        Before the growth, AFM was done on prepared exfoliated h-BN flakes on Co substrate 

(Fig. 5.2). H-BN flakes sit on the Co substrate with much lower density compared to that 

of SiO2/Si substrate using the same procedure, which is due to the rougher Co surface 

(RMS roughness ~ 1.5 nm at 4 µm2 area) compared with pristine SiO2/Si. Raman spectrum 

(Fig. 5.2) shows a sharp h-BN E2g peak located at 1367 cm-1 for a flake size ~ 100 µm2. 

The inset images of Fig. 5.2 are measured by tapping mode AFM and show the h-BN flake 

thickness is of ~65 nm, which is desirable thickness compared with the thin grown h-BN 
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film. The RMS roughness of h-BN at the center area is 0.85 nm (4 µm2 area), and some 

‘wrinkles’ from h-BN are also observable from AFM image which is from exfoliation 

process.  

Fig. 5.2 Raman and AFM analysis of exfoliated h-BN on Co substrate before growth. The 

main image is Raman spectra measured on exfoliated h-BN area, shown as the red spot of 

the inset. The inset images are tapping mode AFM images, with top one showing 

topological information and bottom one showing thickness profile along the black line of 

top inset image. 

The characterization equipment information is listed. The surface roughness of the 

substrate was measured by a tapping mode Veeco D5000 atomic force microscopy (AFM) 
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system. Optical microscopy and Raman characterizations were performed using a 

HORIBA LabRam system equipped with a 60-mW 532-nm green laser. A lab-built 

Microwave Impedance Microscope (MIM) based on a contact-mode Bruker Dimension 

Icon AFM platform was used for surface morphology analysis and conductance of samples 

after growth. The samples were also studied using a Nanosurf Naio Scanning Tunneling 

Microscope (STM). 

5.3 Growth procedures and characterization of grown films 

Fig. 5.3 Characterizations of graphene on exfoliated h-BN growth. (a) Optical microscopy 

image of graphene on exfoliated h-BN on Co. Blue square is h-BN flake. There is a black 
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hole at left corner of blue square, which is due to Co loss. (b) Raman spectra of as-grown 

sample, which are measured on the part shown in the red and black circles in (b). (c, d) 

Raman mapping of h-BN E2g and graphene G peaks. The mapping area is indicated in (b) 

blue square.  

       A typical graphene growth was done at 770 ˚C for 100 s. In the optical microscope 

image (Fig. 5.3(a)), two h-BN flakes can be found and a hole is shown (blue square) which 

is resulted from the tape peeling off process and Co evaporation at high-temperature. Most 

area of Co surface shows uniform color contrast but still some contrast is observed 

(especially on the top left part), which means graphene growth is locally. Raman spectra 

were measured at various locations. The red spectrum is measured on h-BN flake and black 

one is away from h-BN flake, as shown in the red and black circles in Fig. 5.3 (a). Clear 

graphene Raman peaks at 1572 and 2685 cm-1 are observed with G/2D ratio of ~1 when 

measured on Co film, indicating existence of bi- or tri-layer graphene. A 20 cm-1 blue shift 

of 2D peak is found when measurement was done on h-BN flake, which will be discussed 

later.  

          Detailed Raman mappings of h-BN E2g and graphene G peaks were done to achieve 

a better distribution information, shown in Fig. 5.3 (c) and (d). The mapping area is shown 

by the blue square of Fig. 5.3 (a). When mapping over h-BN peak intensity, a h-BN flake 

shape is identified in Fig. 5.3 (c), which agrees with the optical microscopy observations. 

Different colors are observed, which is from different intensity/thickness of h-BN layers 

from the exfoliation process: the red area is thicker compared with green area, and blue 

area is measured on SiO2. A more uniform color distribution in Fig.5.3 (d), which is 
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mapping of graphene G peak intensity, shows the graphene film coverage. Most of the area 

is covered by yellow color, indicating graphene’s good uniformity over 20 um *20 um area. 

However, weaker or even no graphene signal (red and green color) can be observed in the 

center part of h-BN flake (light blue shape indicated). An interesting phenomenon was 

discovered here: the distribution of graphene is not correlated with the thickness or 

roughness of h-BN flake, but relies on the off-edge distance or h-BN flake size, which 

helps clarify growth mechanism.          

5.4 Temperature and time dependence of the growth analysis 

5.4.1 Growth temperature dependence  

    In chapter 4, we discussed and revealed that the growth temperature has very large 

influence on the characteristics of graphene film grown on Fe. And it has revealed carbon 

solubility and reaction with metal substrate plays a key role on the growth result. For better 

understanding of graphene growth on exfoliated h-BN on Co, besides the sample grown at 

770 ˚C, we tried another three more samples with the same growth conditions but different 

growth temperatures: 800 ˚C, 740 ˚C and 720 ˚C.  

     Once the samples were grown, a direct Raman measurement with optical microscope 

was performed shown in Fig. 5.4. Optical microscopy images show different graphene 

contrast in Fig. 5.4 (a-c). Thicker graphene regions (darker spots) with higher density are 

observed at higher growth temperature samples, shown in Fig. 5.4 (a) 800 ˚C. The thicker 

graphene islands become less and disappeared when growth temperature decreases, shown 

in Fig. 5.4 (a) 720 ˚C.  
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Fig. 5.4 Temperature-dependent graphene growth on exfoliated h-BN on Co. (a-c) Optical 

microscopy images of graphene on exfoliated h-BN on Co, with growth temperature 

changes from 800 ˚C to 720 ˚C. (d-f) Raman spectra measured at locations indicated as red 

and black circles shown in (a-c).  
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    A series of Raman spectra were measured at the locations shown in the optical images 

with red and black circles (on h-BN and away from h-BN respectively) of samples grown 

at different temperature. Sharp h-BN peak is observed from all three samples. However, 

graphene signal (G/2D ratio) becomes weaker with the decrease of growth temperature, 

and when the growth is at 720 ˚C, visible D peak is shown on Raman spectrum and 

graphene signal is ignorable. The fact that ‘the lower growth temperature, the weaker 

graphene signal is’ happens not only in the bare Co but also h-BN regions, as shown in red 

and black curves of each individual Raman spectra. The result agrees with the optical 

microscopy observations, and shares similar trend as graphene growth on other metals. It 

stimulates our interest in more analysis to find graphene growth similarity and difference 

on insulating h-BN and conductive Co substrates. 

5.4.2 Growth time dependence  

Fig. 5.5 Optical microscopy images of graphene on exfoliated h-BN on Co, with growth 

duration varies from (a) 60 s, (b) 300 s and (c) 600 s. 

        Different samples were grown on exfoliated h-BN on Co at 770 ˚C for 60 s, 300 s, 

and 600 s to find graphene dependence of growth time. As shown in the optical microscopy 

images of Fig. 5.5, with longer growth time, blacker domains with higher density and larger 
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area are observed, which is direct proof of thicker graphene flakes. The phenomenon is 

similar to the graphene growth on Fe that we observed in Chapter 4. 

Fig. 5.6 Time-dependent graphene growth on exfoliated h-BN on Co. Raman spectra of 

graphene grown with different duration, discussed in Fig. 5.5. The measurement was done 

on exfoliated h-BN region. 

         Here we also present Raman characterization (as shown in Fig. 5.6) for samples 

shown in Fig. 5.5. Three main peaks are observed, which is h-BN located at ~1365 cm-1, 

graphene G located at 1570 cm-1 and 2D at 2700 cm-1. When the growth time is short (≤ 

60 s), only h-BN peak is detected with no graphene signal, as shown in the black curve, 

which means graphene cannot grow within this growth duration; and as growth time 
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increases, G peak appears and becomes larger which means graphene starts to grow and 

thickness is increasing (shown in the blue curve). When the growth time reaches 600 s, 

G/2D ratio (representing graphene thickness) reaches largest among three Raman spectra, 

and G peak is higher compared with h-BN ratio, which gives a relative thickness 

information of graphene normalized with h-BN thickness. It agrees with result from optical 

microscopy images. Graphene is growing thicker with the increase of growth of time. With 

this guidance, we then try to grow even longer time, up to 1200 s. 

       A detailed analysis of Raman spectra was done based on 2D peak information 

collected from Raman spectrum with wider growth temperatures changing from 60s, 100s, 

200s, 300s, 600s, 900s and 1200s. As observed in Fig. 5.6, double-peak phenomenon was 

observed on graphene 2D peak. A zoomed-in Raman spectrum of 2D peak at 2700 cm-1 is 

shown in Fig. 5.7 (a). After fitting, two peaks are found to exist at 2693 and 2736 cm-1 

which are the two components of graphene 2D peak [120]. Similar broaden 2D peaks have 

been observed for all heterostructured samples, which is due to the orientation and stacking 

of multilayer graphene.  

        The graphene thickness dependence on growth time is studied in Fig. 5.7 (b). 

Assuming thickness of h-BN flakes is roughly the same, we use G/h-BN ratio to identify 

the graphene thickness. With the increase of growth time, graphene thickness increases, 

which agrees with what is observed from optical microscopy studies (Fig. 5.5); however, 

the increasing rate slows down and then reaches the saturation level after a long growth 

duration (≥ 900 s in our experiment). It provides an assumption that the graphene might 

not be epitaxially grown ‘on’ h-BN, instead precipitated from Co substrate. The limitation 
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of the graphene thickness is from carbon solubility in Co at certain growth temperature. 

When growth time is short, carbon solubility hasn’t reached its saturation at the growth 

temperature. With the increase of the growth time, more carbon atoms dissolve into Co and 

precipitate to form graphene during the cooling process. However, when the growth time 

is long enough, carbon solubility reaches its saturation in Co metal. The carbon atoms in 

metal have reached maxima which prevent graphene to grow thicker. Thus graphene 

thickness won’t be influenced by growth time anymore.  

Fig. 5.7 Detailed analysis on Raman spectrum of 2D graphene peak. (a) Zoomed-in Raman 

spectrum showing two components of graphene 2D peak at around 2700 cm-1. (b) G/ h-BN 

ratio dependence of graphene growth time. 

        For reference, a series of samples were grown at the same conditions as the sample 

discussed in Fig. 5.3 but the substrate is different: no Co film was deposited and exfoliated 

h-BN flakes were put on SiO2 directly. The growth duration varies from 100s to 1 hour. 

Sample shown in Fig. 5.8 (a) (b) was grown for 100 s, same as the sample described in Fig. 
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5.3. Sample shown in Fig. 5.8 (c)(d) was grown for 20 min, and sample shown in Fig. 5.8 

(c) (d) was grown for 1 hour.  The optical images and related Raman spectra are shown in 

Fig. 5.8. No graphene signal can be detected at all growth durations, which means graphene 

cannot grow epitaxially on exfoliated h-BN without assistance of Co. This phenomenon 

implies the importance of Co: Co plays a key role of graphene growth on exfoliated h-BN 

growth. And when the growth duration is getting even longer, amorphous carbon as 

indicated from the Raman peak located ~1560 cm-1 starts to show up at the wrinkle edges 

of h-BN. For long growth duration, atomic carbon could deposit on the surface but prefer 

staying at the defects area of h-BN, but won’t form graphene layer without catalyst effect 

of Co metal.  

Fig. 5.8 Characterizations of graphene on exfoliated h-BN on SiO2 growth. Different 

growth durations were used for three samples. (b) (d) (f) Optical microscopy image of 
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graphene on exfoliated h-BN on SiO2. The middle part is h-BN flake. (a) (c) (e) Raman 

spectra of as-grown samples shown in (b) (d) (f), respectively. The growth time varies from 

100 s to 1 hour. 

5.5 Scanning probe microscopy (SPM) measurement on the grown film 

         A series of scanning probe microscopy measurements were performed to further 

reveal that graphene grows underneath rather than on top of the exfoliated h-BN flake. An 

h-BN flake with a thickness of ~60 nm is observed by contact mode AFM (Fig. 5.9 (a)). 

The roughness of the flake is around 0.90 nm for 4 µm2 area, which is close to RMS 

roughness value before growth (Fig. 5.2). The deflection error image (Fig. 5.9 (b)), which 

gives qualitative mapping of the surface, shows some small ‘wrinkles’ on the h-BN flake 

and most of the area are locally flat.  

Fig. 5.9 (a) Contact AFM image of as-grown film and (b) deflection error image at same 

location.   

           Microwave impedance microscopy was carried out using a lab-built MIM [121, 122] 

with a solid platinum cantilever probe that has a sharp tip at the end. A microwave signal 
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at 1 GHz was sent to the metal probe, and the reflection signal, determined by the tip-

sample admittance (inverse of impedance) was analyzed (Fig. 5.10 (a)). When the tip 

makes direct electrical contact with a conductive region, a large increase in the MIM signal, 

referenced to the case when contacting an insulating region, can be detected. It is worth 

noting that the MIM detection of metallic regions does not require a back-electrode on the 

sample because MIM senses the local screening of microwave electric field by the sample. 

Fig. 5.10 SPM images on reference sample. (a) Illustration of lab-built AFM-based MIM 

setup. (b) AFM image of exfoliated graphene on SiO2. (c) MIM of sample shown in (b).  
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         A reference sample was first measured to guarantee proper function of MIM, as 

shown in Fig. 5.10 (b) and (c). An exfoliated graphene was transferred on SiO2/Si and then 

measured under contact AFM and MIM. The graphene thickness is ~1 nm from AFM 

measurement with pristine surface (Fig. 5.10 (b)), a folded-layer feature was observed at 

the edge of AFM image. Fig. 5.10(c) shows MIM image of the sample. When the tip is on 

graphene area, brighter color is observed compared with SiO2 area, which means larger 

conductance leads to larger signal in MIM measurement. 

Fig. 5.11 MIM image on grown sample. (a) Illustration of lab-built AFM-based MIM setup 

measured on as-grown sample. (b) MIM of sample shown in Fig 5.9. 

         In the simultaneously obtained MIM image for as-grown sample in Fig. 5.9, 

qualitatively different features are observed in the h-BN region and its surrounding Co area 

(shown in Fig. 5.11): random spark signals (bright spots) are observed in the Co area 

whereas the h-BN area has a consistently low MIM signal. The inhomogeneous MIM spark 

signals over the Co area is due to imperfection of graphene quality and substrate flatness, 
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different with the MIM image of pristine exfoliated graphene on SiO2 in Fig. 5.10 (c). In 

contrast, no sparks being detected in the h-BN area indicate that there is no graphene on 

top of h-BN. Since Raman spectra indicate the existence of graphene from h-BN area, it 

can be concluded that graphene has not been grown on top of the exfoliated h-BN, but 

underneath the flake. 

         When plotting MIM intensity vs. materials (Fig. 5.12), we can find that the MIM 

signal intensity increases with the increase of conductivity of materials, which agrees with 

the theoretical prediction. [122] 

Fig. 5.12 Comparison of MIM signal measured on different surfaces 
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Fig. 5.13 STM on as-grown sample. (a) Monolayer graphene, (b) ABA stacking of 

graphene to form triangular pattern of STM. (c) schematic of graphene on exfoliated h-BN 

sample. (d) STM measured directly on graphene. (e) STM measured on h-BN area. 

            STM was performed to check the atomic information of the as grown sample: 

typical graphene STM pattern with a lattice constant of 2.40 Å is observed on Co (Fig. 

5.13(d)), but no pattern can be detected when measured on exfoliated h-BN (Fig. 5.13(e)). 

This result implies the reason that (i) either there is completely no graphene (ii) or graphene 

is not continuous on top of insulating h-BN, leading to the difficulty to be detected. From 
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the graphene pattern and compared with Fig. 5.13(a)-(c), we can conclude graphene is 

ABA stacking mode. 

Fig. 5.14 (a) Optical microscopy image and (b-c) Raman spectra of graphene on exfoliated 

h-BN on Co film substrate. (b) are Raman spectra measured on h-BN flake, with red curve 

on the hole and black curve off the hole. (c) are Raman spectra measured on h-BN flake, 

with red curve off the hole and black curve on the hole. 
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           A sample was grown at the same growth conditions mentioned previously (Fig. 5.9), 

except that no H2 gas was used. After growth, some Co was evaporated and left holes, as 

shown in Fig. 5.14 (a). Raman analysis was done directly on the Co and h-BN area. When 

measured on Co, Raman shows graphene signal (Fig. 15 (b) black curve), but no graphene 

signal can be detected when measured on the holes (Fig. 15 (b) red curve). Similar result 

is found when measured on the exfoliated h-BN area. If the h-BN flakes cover holes (no 

Co underneath), no graphene signal can be observed (Fig. 5.14 (b) black curve). If there is 

Co underneath h-BN, it shows graphene signal as discussed before (Fig. 5.14 (b) red curve). 

It provides another evidence of the necessity of Co for the graphene/h-BN heterostructure 

growth.  

5.6 Transferred as-grown film and growth mechanism 

Fig.5.15 Optical and Raman images of transferred heterostructure on SiO2. (a) Optical 

image of graphene/exfoliated h-BN on SiO2. (b) Raman spectrum of black circle area 

indicated in (a). 
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        Further film transfer experiment was performed to remove the Co substrate (the 

etching and transferring procedure has been discussed in details in Chapter 2), and the 

resultant film consists of graphene/exfoliated heterostructure. After transferring, h-BN and 

graphene signal are both detected (shown in Fig. 5.15 (b)), meaning attractive force 

between as grown graphene and exfoliated h-BN can withstand transferring process, which 

indicates the existence of vdW forces between graphene and exfoliated h-BN layers. The 

transferable property of film would significantly broaden the application of exfoliation-

based heterostructure. 

Fig.5.16 Schematic growth mode of graphene on exfoliated h-BN on Co. 

          Finally, we can briefly discuss the growth mechanism as illustrated in Fig. 5.16. C2H2 

molecule decomposes into carbon and hydrocarbon atoms at the Co surface, and the 

dissolved carbon atoms diffuse into the area under the exfoliated h-BN flake and precipitate 

later in the same area to form graphene during the substrate cooling period. The graphene 

coverage underneath h-BN is determined by carbon solubility in Co, diffusion length (how 

far carbon atoms can reach the center area of h-BN from its edge), and substrate 
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temperature cooling rate. For example, we can transfer exfoliated h-BN onto Cu-Ni alloy 

and achieve h-BN on single- or bi- layer graphene with controlling the fraction of Ni. [123-

125] It would significantly broaden the application of exfoliation-based heterostructure. 

 

5.7 Conclusion and future working direction 

          In summary, we demonstrated h-BN/graphene heterostructure by precipitation 

growth of graphene under exfoliated h-BN flakes on Co film substrates. The growth was 

done by introducing C2H2 gas onto heated substrate in an MBE chamber. No graphene was 

grown on top of the h-BN flakes under the investigated growth conditions. The graphene 

coverage and thickness are dependent on the size of h-BN flakes and the growth 

temperature and duration, which is related to the carbon’s diffusion length and solubility 

in Co. This growth method provides a convenient path to produce graphene/h-BN 

heterostructures, which avoids high temperature and long duration needed for BN growth.  
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Chapter 6 Summary  

           2D van der Waals (vdW) material systems have received extensive attention 

recently due to their potential wide variety of applications. To stride over the limitation of 

silicon platform electronics and explore new paradigm in 2D materials and devices, 

scalable and wafer-scale synthesis of vdW materials and heterostructures is indispensable. 

Molecular beam epitaxy (MBE) provides a unique avenue to develop vdW materials and 

heterostructures because of its UHV condition, atomic layer deposition accuracy and in-

situ characterization techniques.  

          This dissertation summarizes my work in the past four years on the study of MBE 

growth and various characterization of vdW materials, specifically about graphene and 

hexagonal boron nitride (h-BN) on metal substrates. We studied the MBE growth 

conditions and characterizations of different vdW materials on different substrates. H-BN 

growth on Cu is achieved with MBE system. We developed the first h-BN/ graphene 

heterostructure with in-situ MBE growth on Co. We observed the layers’ interaction and 

orientation of vdW systems comprised of multilayer graphene and h-BN. We also 

developed an effective method to create graphene/h-BN heterostructures by utilizing 

mechanical exfoliation method of h-BN. By utilizing Fe, we have in-depth studied 

graphene growth mechanism and achieved graphene film at relatively low growth 

temperature to extend graphene’s usage for those devices which can only survive in 

moderate or low temperature. Various characterizations have been used to get better 

knowledge of grown film’s properties in the aspects of morphology, thickness, crystallinity 

and so on. 
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Based on what we have achieved, there are several promising directions needed to 

be paid attention to and worked on in the future: (i) Better understanding of growth 

mechanism including different growth conditions’ effect on growth result to achieve layer-

by-layer growth controllability. (ii) Further improve as-grown vdW materials and 

heterostrucutres’ quality and decrease difficulty of production: growth time, growth 

temperature and other requirements. With effort on this direction, realization of industrial 

application will be ramped up. (iii) Besides h-BN and graphene hybrid structures, realizing 

MBE growth of various 2D heterostructures comprising of alternating h-BN, BCN, 

graphene, topological insulators and other vdW materials. With achievement on this field, 

the close proximity of different layers may lead to new properties. (iv) Device applications 

in use of in-situ grown stacked 2D layers. For example, with graphene or other vdW 

materials as electrodes or active layers, h-BN as passivation and/or substrate and/or 

tunneling layers to discover novel properties in 2D transistors.  

In conclusion, vdW materials and related heterostructures are the most promising 

candidate for next-generation nanotechnology innovators. The broad applications of vdW 

materials and heterostructures are being studied by a lot of groups in the world. And growth 

and characterization of vdW materials and related heterostructures is the first and key step 

to make the practical application possible. 
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