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Abstract. Graphene is well known as a leading two-dimensional (2D) material. It is a single
atomic layer of sp²-bonded carbon. This material shows outstanding mechanical strength,
extremely high charge carrier movement speed, high thermal conductivity, and optical
transparency at the same time. These special properties make graphene a useful base for
next-generation electronics, sensing technologies, flexible devices, photonics, and quantum
applications. This paper first gives a general look at the wide range of 2D materials. Then it
focuses on graphene as a key case to compare major ways of making it. Mechanical
exfoliation can produce flakes of the best quality. It is still the best method for basic physics
research. On the other hand, liquid-phase exfoliation and oxidation–reduction methods help
make many dispersible flakes in large amounts, though these flakes have relatively higher
defect densities. Chemical vapour deposition (CVD) is a bottom-up method. It can make
continuous graphene films as big as a wafer, but the quality of these films depends heavily
on catalyst selection, process control, and clean transfer steps. Besides fabrication, the paper
also explains van der Waals heterostructures. These structures are made by stacking
atomically thin crystals without the need for lattice-matched epitaxy. They bring a powerful
way to design materials through interface engineering and twist-angle control. In particular,
when graphene is stacked on hexagonal boron nitride (hBN), it forms a moiré superlattice.
The long-wavelength periodic potential of this superlattice changes graphene's band
structure into minibands. This change leads to special transport features like secondary Dirac
points and fractal quantum Hall spectra, which are also called Hofstadter butterfly. The
paper also points out key challenges and chances for scaling up 2D materials to make
reliable device architectures. These include making wafer-scale materials with uniform
quality, ensuring contamination-free transfer, creating low-resistance contacts, and using
metrology to assess twist-angle and interface quality.
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1. Introduction

Graphene is a basic building block of graphitic structures. It is a flat monolayer of carbon atoms.
These atoms are packed tightly into a two-dimensional honeycomb lattice. The way graphene layers
are arranged lets it form different dimensional structures. These structures include 0D fullerenes, 1D
carbon nanotubes, and stacked 3D graphite. Looking at graphene as part of this "dimensional
family" helps us see why it has become such a focus in science. This atomically thin sheet is both a
limiting case of bulk solids and a platform. On this platform, we can study electron motion and
defects with extreme sensitivity [1,2].

The idea of a single atomic layer of graphite was studied theoretically many years ago. But it was
very hard to separate such a layer in practice. For a long time, people tried to get thin carbon layers
from graphite. Most of these attempts only produced mixtures of thicker flakes or chemically
changed structures. They did not get truly isolated, high-quality monolayers [2]. A big breakthrough
happened in 2004. Scientists mechanically exfoliated graphene and saw it as an optically visible
layer on a ~300 nm SiO₂/Si substrate. This discovery made it possible to make field-effect devices
and study the basic properties of graphene in a systematic way [3]. After this discovery, research on
2D materials grew very fast. It made graphene a cornerstone of modern condensed matter physics
and nanotechnology [1,4].

Figure 1. Demonstration of 0D, 1D, and 2D graphene

The foundation of carbon structures. As a two-dimensional material, graphene serves as the basis for
constructing carbon forms across all dimensions—it can be curved into zero-dimensional fullerenes,

cylindered into one-dimensional nanotubes, or layered into three-dimensional graphite.

Graphene has extraordinary properties. These properties make it one of the most remarkable
materials found in modern science. It combines great mechanical strength with being very light and
flexible. In terms of electricity, it can have extremely high charge carrier movement speed under the
right conditions. It can also show quasi-ballistic transport. People can adjust its conductivity through
electrostatic gating [4,5]. Its thermal conductivity is higher than that of many common heat-spreader
materials. It also has unusually low optical absorption, which is about 2.3% per layer in the visible
range. These features make it suitable for transparent conductive films and broadband optoelectronic
responses [4].
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Today, people see graphene as a platform material. It can be used in many applications, from
nanoelectronics and sensors to energy storage and composite materials [1,2]. But there are still big
challenges to solve. One of the main challenges is producing large-area, low-defect graphene in a
scalable and cost-effective way. Another challenge is integrating graphene reliably into device
architectures [4]. These challenges have driven the development of different fabrication methods.
They have also led to the rise of van der Waals heterostructures in recent years. These
heterostructures take advantage of the unique stackability of 2D crystals [6-8].

2. Graphene fabrication methods

People can make graphene through both top-down and bottom-up approaches. Each approach has its
own advantages in terms of scalability, crystallinity, and cost. In real situations, the "best" method
depends on the target application. Basic physics research usually cares most about ultra-low disorder
in the material. But industrial applications often focus on large area, reproducibility, and high
production speed [2,5].

2.1. Mechanical exfoliation (top-down: highest quality, lowest scale)

Mechanical exfoliation was first shown in the modern graphene era by Novoselov and Geim. It is
the process of peeling graphite crystals many times with adhesive tape. Then people transfer the
resulting flakes onto SiO₂/Si substrates [3]. The key thing that made this method work was the
ability to find monolayer graphene. Researchers could identify it through optical contrast on a
substrate with an appropriate oxide thickness. This allowed them to choose specific flakes for
making devices [3]. Exfoliated graphene usually has low defect density and high electronic quality.
These features make it perfect for basic transport studies and proof-of-concept devices [5].

Figure 2. Graphene layers under a microscope

This method is simple and can produce high-quality graphene, but it has a big problem with
scalability. The position of the flakes on the substrate is random. The size of the flakes is also
limited, often only tens of micrometers. It is not possible to produce graphene on a wafer scale with
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this method. This limitation is one of the reasons why commercial use of graphene has relied more
on scalable growth and solution processing methods [5].

2.2. Liquid-phase exfoliation (top-down: scalable flake production)

To solve the scalability problem, people developed liquid-phase exfoliation (LPE). This method
involves putting graphite into solvents like N-methyl-2-pyrrolidone (NMP) or aqueous surfactant
solutions. Then they use ultrasonication or shear mixing, followed by centrifugation. These steps
produce few-layer graphene flakes in large quantities [9]. LPE can make gram-scale dispersions.
These dispersions can be used to make inks, coatings, and composite reinforcement materials. This
makes LPE a good choice for applications that do not need perfect monolayer crystallinity. Some of
these applications are conductive films, polymer composites, and electromagnetic shielding [2,9].

But LPE products have some drawbacks. The flakes made by LPE have different thicknesses and
lateral dimensions. Sonication can create defects in the flakes or make them smaller. It is also hard
to produce large-area monolayers with this method. So LPE is better described as a way to make a
lot of materials, rather than a way to get graphene with ultra-high charge carrier movement speed
[2].

2.3. Chemical exfoliation via graphene oxide (top-down: highest throughput, higher disorder)

Chemical exfoliation methods are usually based on oxidation–reduction. They can produce a large
amount of material and are easy to process in solutions. The classic and widely used method is
Hummers-type chemistry. In this method, people oxidize graphite into graphene oxide (GO). GO
can be dispersed in water because it has oxygen-containing functional groups [10]. Then people can
reduce GO into reduced graphene oxide (rGO) through thermal or chemical methods [10]. This
method allows large-scale production and functionalization of graphene materials. It is useful for
making membranes, coatings, and certain energy-related products [2,10].

But there is a major trade-off with this method: structural disorder. Oxidation breaks the sp²
network of graphite. It creates vacancies and adds functional groups to the material. Reduction
cannot fully repair the electronic structure of the original graphene. As a result, rGO usually has
lower charge carrier movement speed and higher defect density. It is not as good as exfoliated or
high-quality CVD graphene [2,10].

2.4. Chemical vapour deposition (bottom-up: wafer-scale films)

Chemical vapour deposition (CVD) is a scalable bottom-up method. It can produce large-area
continuous graphene films. In a standard CVD process, people anneal a metal catalyst like Cu or Ni
under an H₂/Ar atmosphere. This step removes oxides from the catalyst and makes its grain size
larger. At high temperatures, around 1000 °C, hydrocarbon precursors, most commonly CH₄, break
down. Carbon species then form small nuclei and grow into graphene on the catalyst surface [11].

The choice of catalyst has a big impact on controlling the thickness of graphene. Copper has low
carbon solubility. On copper, graphene growth mainly happens on the surface. This usually leads to
monolayer graphene [11]. Nickel has higher carbon solubility. Carbon can dissolve into the bulk of
nickel. When the nickel cools down, the carbon comes out of the bulk and forms graphene. This
often results in multilayer graphene, unless people carefully control the cooling rate and precursor
concentrations [12]. After growing the graphene, people usually transfer it to insulating substrates.
They use a polymer support like PMMA, then etch the metal catalyst and remove any residues
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[13,14]. Contamination, wrinkles, and tears during the transfer process limit the performance of the
graphene. This has led to more research on cleaner transfer processes and ways to grow graphene
directly on dielectrics [13,14].

The quality of CVD graphene depends a lot on process parameters. These parameters include gas
flow ratios, pressure, substrate purity, and cooling rate [15]. Even when graphene is made on a wafer
scale, it is not easy to achieve uniform quality and control defects. Grain boundaries, multilayer
patches, and residues can have a big influence on device performance. This is especially true for
electronics that need high charge carrier movement speed [4,15]. Even so, CVD is still the most
practical way to make large-area transparent conductors and integrate graphene into many electronic
devices [4,11].

2.5. Fabrication summary: choosing the right route

All these methods have their own strengths and complement each other. Exfoliation methods can
produce high-purity flakes for basic research. LPE and GO-based chemistry can make a large
number of flakes for bulk applications. CVD can produce large-area transferable films that work
with microfabrication processes [2,4,9-15]. The field of graphene research is now focusing more on
bridging the gap between "research-grade" and "manufacturing-grade" graphene. Researchers are
working to improve the reproducibility, cleanliness, and uniformity of graphene on a wafer scale
[4,15].

3. Van der waals heterostructures: a new design paradigm

One of the key advantages of 2D materials is their stackability. Unlike conventional epitaxial
semiconductor heterostructures, they do not need strict lattice-matching. Many 2D crystals have
chemically inert basal planes without dangling bonds. This allows people to assemble them into
vertical stacks held together by van der Waals forces. With this feature, people can create
heterostructures that include conductors like graphene, insulators like hBN, and semiconductors like
MoS₂. These are custom-designed material systems. The electronic behavior of these systems
depends on the layer sequence, interfaces, and relative alignment of the layers, not just the bulk
chemistry of each material [6-8].

3.1. Why hBN is special in graphene devices

Hexagonal boron nitride (hBN) is a wide-bandgap insulator. It has an atomically smooth surface and
low charge-trap density. These properties make it an excellent dielectric substrate and encapsulation
layer for graphene. Using hBN as a substrate can greatly improve the electronic quality of graphene.
It reduces the disorder caused by the substrate compared to using SiO₂. It also creates a cleaner
electrostatic environment for the graphene [16]. Because of these benefits, graphene/hBN
heterostructures have become a standard platform. They are used to study intrinsic transport,
quantum Hall physics, and moiré superlattices.

3.2. Assembly and interface cleanliness

Making high-quality heterostructures often requires special techniques. These include "dry transfer"
and pick-up assembly methods. These methods are designed to minimize polymer residues at the
important interfaces between layers. The cleanliness of the interface is very important. Contaminants
and adsorbates trapped at the interface can form charge puddles and scattering centers. They can
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also cause hysteretic behavior in the device. Newer, improved assembly methods can cause "self-
cleaning" behavior. In this process, residues gather into isolated bubbles. This leaves large,
atomically clean areas that are suitable for making device channels [16]. In practice, getting clean
interfaces is just as important as getting high-quality individual layers of material.

3.3. Contacts and integration challenges

Even if the device channel has a clean interface, contact resistance can still limit the device's
performance. Researchers have developed advanced contact strategies to solve this problem. One
example is using one-dimensional edge contacts to encapsulated graphene. This method improves
current injection into the graphene and reduces the variability of the contact compared to
conventional top contacts [17]. These developments show a broader trend in 2D material research.
In 2D materials, the performance of the "device" is often determined by the interfaces. These include
interfaces between different layers and interfaces between metal contacts and 2D crystals. So
interface engineering is essential for getting the best performance from the device [17].

4. Graphene superlattice: moiré physics in graphene/hBN

When graphene is stacked on top of hBN, two factors create a long-wavelength moiré pattern. These
factors are the slight lattice mismatch, which is about 1.8%, and any relative twist angle between
their hexagonal lattices. This moiré pattern is a texture formed by interference in real space. It can
be much larger than the atomic lattice constant of the materials. The moiré pattern creates a periodic
potential for graphene's Dirac electrons. This effectively forms a superlattice, which is an extra
periodic structure added to graphene's original honeycomb lattice [16].

In a superlattice, electrons do not only react to the periodic structure of the carbon atoms. They
also feel a slowly changing modulation from the moiré pattern. This modulation is determined by
how the graphene and hBN lattices are aligned. It creates a smaller superlattice Brillouin zone. It
also allows band folding and Bragg scattering at the moiré reciprocal lattice vectors [14]. When the
alignment of the two lattices gets close to zero twist, which means near-perfect rotational alignment,
the wavelength of the moiré pattern increases a lot. This makes the superlattice potential have a
stronger influence on the electrons at carrier densities that can be achieved in experiments [16].

4.1. Secondary dirac points and miniband formation

In graphene/hBN devices with nearly aligned lattices, the moiré potential changes the band structure
of graphene. It breaks the original bands into minibands. This change leads to special transport
features, like secondary Dirac points. These features appear at carrier densities that are determined
by the period of the moiré pattern [18]. In experiments, these features show up as extra resistance
peaks and distinct Hall features. These are not seen in pristine graphene without the moiré
superlattice [18]. This is a clear example of "band engineering without chemistry". The underlying
carbon lattice of graphene does not change at all. But the effective electronic spectrum of the
material is reshaped by the long-wavelength periodic potential from the stacking with hBN [16,18].

4.2. Hofstadter butterfly and fractal quantum hall effect

The moiré superlattice shows even more amazing behavior when a magnetic field is applied. When
the magnetic length becomes similar to the moiré period, two factors interact with each other. These
are the magnetic flux and the superlattice periodicity. This interaction creates fractal Landau-level
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spectra, which are called the Hofstadter butterfly. This phenomenon was once just an abstract
theoretical idea. But now it has been clearly observed in graphene/hBN moiré systems. Researchers
can see it through a rich pattern of quantum Hall states and fractal gaps [19,20]. These results prove
that moiré engineering is not a small, minor change to the material. It creates a completely new
quantum transport environment that can be studied in real devices [19,20].

4.3. Link to twistronics and magic-angle systems

The basic principle behind graphene/hBN superlattices is twist-controlled long-wavelength
modulation. This principle is closely related to the broader field of twistronics. In twistronics, the
relative alignment of 2D layers is used as a continuous parameter to adjust the electronic structure of
the material. In twisted bilayer graphene (tBLG), small "magic" twist angles can create flat bands
and strongly correlated states. The discovery of unconventional superconductivity in magic-angle
graphene superlattices is a major achievement. It shows that twist angle alone can lead to new
quantum phases in the material [21]. Graphene/hBN does not have all the features of tBLG. But it is
a basic moiré platform. It has helped researchers gain experimental control and understanding of
minibands and quantum Hall fractals driven by superlattices [14,18-21].

5. Beyond graphene: the broader 2D materials landscape

Graphene does not have an intrinsic bandgap. This limits its use in conventional digital logic
devices. Because of this, researchers have become more interested in other 2D semiconductors.
Monolayers of transition-metal dichalcogenides (TMDs), like MoS₂, have direct bandgaps. They
also have strong interactions between light and matter. These properties allow people to make
atomically thin transistors, photodetectors, and optoelectronic devices [8,22]. Reviews of 2D
materials other than graphene point out that the "2D family" includes many types of materials. These
include conductors, semiconductors, insulators, and magnetic materials. This variety allows people
to create heterostructures that combine multiple functions in a single stack of layers [7,8].

From this wider perspective, different 2D materials have different roles. Graphene is often used
as a high-quality conductor or transparent electrode. hBN is used as a dielectric and encapsulation
layer. TMDs are used as optically active semiconductors. Combining these materials can create
vertical tunneling devices, ultrathin photodiodes, and hybrid optoelectronic stacks [23]. As
fabrication techniques get better, designing heterostructure devices is becoming more like designing
circuits. Researchers choose the right layer for each function, then engineer the interfaces to keep
the basic properties of each layer [6-8,23].

6. Applications and device opportunities

Graphene is very sensitive to changes on its surface. This makes it perfect for chemical and
biological sensing applications. When molecules stick to the surface of graphene, they can change
its conductivity or noise properties [2]. In flexible electronics, graphene is used as a mechanically
strong conductor. It can be transferred onto plastic and bendable substrates [5]. In energy
applications, graphene and rGO can improve the conductivity and surface area of electrodes. But the
performance of these electrodes depends on defect chemistry, pore structure, and the overall
architecture of the electrode [2,19].

In quantum and metrology research, high-mobility graphene encapsulated in hBN is very useful.
It can support stable quantum Hall states and provide ultra-clean conditions for transport studies
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[16]. At the same time, moiré materials are becoming tunable quantum simulators. By designing
minibands and interactions in these materials, researchers hope to create correlated insulators,
superconductivity, and possibly topological phases. They want to make these in controllable 2D
platforms [13].

7. Key challenges and outlook

Even though there have been many advances in 2D material research, several challenges still exist.
These challenges stop graphene and vdW heterostructures from being used on a large scale.

•  Wafer-scale uniformity and reproducibility: CVD growth needs to produce consistent
monolayers. These monolayers should have controlled grain size, low defect density, and stable
strain/doping profiles across the entire wafer [11,15].

•  Transfer-related contamination and damage: Polymer residues, wrinkles, cracks, and trapped
adsorbates can cause a lot of scattering. They can also reduce the charge carrier movement speed of
the material. Finding cleaner transfer methods or ways to grow graphene directly on device
substrates is still very important [13,15].

•  Contact resistance and integration: Low-resistance, stable contacts are necessary for high-
performance devices. Advanced contact strategies have shown that this is possible, but these
strategies need to be adapted for large-scale production [17].

•  Metrology and twist-angle control: As moiré engineering becomes more important, reliable
measurement and control of twist angle, strain, and interface cleanliness are needed. These need to
be routine processes, especially if moiré effects are going to be used in reproducible devices [14,18-
21].

A practical way forward is likely to use a hybrid approach. This approach will use scalable
growth methods, especially CVD. At the same time, it will take lessons from exfoliated research
devices. These lessons include how to ensure cleanliness, how to encapsulate the materials, and how
to engineer contacts. Achieving clean interfaces on an industrial scale will turn vdW heterostructures
from "handmade lab stacks" into technology platforms that can be manufactured reliably [13,15-17].

8. Conclusion

Graphene has become the typical two-dimensional material. It has a simple honeycomb lattice. It
also has exceptional mechanical, electrical, thermal, and optical properties. These properties allow it
to be used in many applications, from electronics to photonics [1,4-5]. To make the most of these
opportunities, we need to understand and manage the trade-offs in fabrication methods. Exfoliation-
based methods can produce graphene with excellent crystal quality for basic studies. Solution
processing and CVD can produce graphene in large quantities. For all these methods, managing
defects and ensuring cleanliness are key challenges [2-3,9-13,15].

Looking to the future, van der Waals stacking adds a powerful way to design materials beyond
just choosing the right materials. Lattice mismatch and twist angle can create moiré superlattices.
These superlattices change graphene's band structure into minibands. They also create new quantum
transport regimes, including secondary Dirac points and Hofstadter butterfly physics [14,18-20].
This same basic principle is the foundation of twistronics as a whole. The best example of this is
magic-angle graphene superlattices. The discovery of emergent superconductivity in these systems
shows how powerful twist angle can be as a parameter to control electronic properties [13].

Future progress in this field will depend on three key factors. First, it will depend on being able to
grow high-quality monolayers in a scalable way. Second, it will depend on developing cleaner
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transfer processes and better interface engineering. Third, it will depend on getting more precise
control of alignment in heterostructures. These advances will move 2D materials from being
interesting laboratory systems to being reliable platforms for next-generation electronic,
optoelectronic, sensing, and quantum devices [4,13,15,20].
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