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Abstract:

Since its experimental isolation in 2004, graphene has emerged as a cornerstone of
condensed matter physics due to its exceptional electronic, mechanical, and thermal properties.
This paper provides a comprehensive analysis of the electronic transport mechanisms within the
two-dimensional (2D) hexagonal lattice of graphene. We focus on the linear energy dispersion
relation near the Dirac points, where charge carriers mimic massless relativistic particles.
Furthermore, the study addresses the critical "bandgap problem" that hinders graphene’s
implementation in digital logic gates and evaluates current methodologies—such as
nanostructuring and substrate engineering—to overcome these barriers. Our findings, validated
by experimental results on back-gated FET devices, suggest that graphene remains the most
promising candidate for the next generation of ultra-fast nano-transistors.
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Introduction

The transition from bulk materials to two-dimensional (2D) atomic crystals has redefined
the boundaries of solid-state physics. Graphene, a single layer of carbon atoms arranged in a
honeycomb sp?-hybridized lattice, stands at the forefront of this revolution. Unlike conventional
three-dimensional semiconductors like Silicon (Si), graphene's electronic structure is governed
by the Dirac equation rather than the non-relativistic Schrodinger equation.

Figure 1 illustrates the atomic structure and the key reciprocal lattice points K and K' that are
critical to its electronic identity. The primary motivation for graphene-based nanoelectronics lies
in its record-breaking carrier mobility, which can exceed 200,000 cm?/Vs at room temperature.
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Figure 1. The honeycomb atomic lattice of graphene (left) and its corresponding hexagonal
Brillouin zone in reciprocal space (right). The high-symmetry points I', M, K, and K' are labeled,
with K and K' denoting the inequivalent Dirac points.

Theoretical Background: The Dirac Physics

The unique properties of graphene stem from its crystal symmetry. The carbon atoms
form two sub-lattices (A and B), leading to a band structure where the conduction and valence
bands meet at six discrete points in the momentum space, known as Dirac Points.

Near these points, the energy (E) relates linearly to the momentum (k):
E(k)=£VE/ £+
where Vi= 10° m/s is the Fermi velocity.

As shown in Figure 2, this linear relationship (Dirac Cones) implies that electrons travel
at an effective "speed of light" within the solid, leading to ballistic transport over sub-micrometer
distances.

Figure 2. Electronic band structure of graphene. The perspective view shows the energy
dispersion surface, where the valence and conduction bands touch at six distinct Dirac points (K
and K'). The magnified view on the right illustrates the linear E-k relation defined by the Dirac
equation, featuring the conical band intersections.

Experimental Details and Device Fabrication

To validate the theoretical advantages, we fabricated back-gated field-effect transistors
(GFETs). Monolayer graphene was synthesized via Chemical Vapor Deposition (CVD) on a
Copper (Cu) catalyst at 1000 °C and transferred onto an oxidized Silicon (Si/SiO) substrate.
Following the transfer, Source (S) and Drain (D) electrodes (Ti/Au) were defined using Electron-
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Beam Lithography. The final device architecture, shown in Figure 3 (left), uses the p**-Si
substrate as a back gate to modulate the carrier concentration.
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Figure 3. Schematic of a graphene-based field-effect transistor (GFET) device and its measured
transport characteristics. The V-shaped drain current Ips vs. gate voltage Vs curve indicates
ambipolar transport, with a minimum current at the Dirac point.

Results and Discussion
Ambipolar Transport and Mobility

The electrical characteristics are presented in Figure 3 (right). The measured drain current (Ips)
displays a distinct V-shape, a hallmark of graphene’s ambipolar transport. The minimum current
occurs at the Dirac point (Vpirac), representing the charge neutrality point.

The field-effect mobility («) was extracted using:

__gml
H = we,
oxV DS

where gn is the maximum transconductance, L and W are the channel length and width, Cox is
the gate capacitance per unit area, and Vps is the source-drain voltage. Our devices exhibited a
room-temperature mobility of approximately 4,500 ¢cm?/Vs which is significantly higher than
conventional Silicon-based devices.

The Bandgap Problem

Despite high mobility, the absence of a natural energy bandgap results in a low ON/OFF ratio.
To utilize graphene in digital logic, we evaluate three strategies:

1. Graphene Nanoribbons (GNRs): Inducing a gap via quantum confinement.
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2. Bilayer Graphene: Using an electric field to open a tunable gap.
3. Chemical Doping: Shifting the Fermi level via nitrogen or boron atoms.
Conclusion

Graphene remains a prime candidate for post-silicon electronics. While its zero-bandgap
nature poses a challenge for digital computing, its role in high-frequency analog electronics,
flexible sensors, and optoelectronics is undisputed. The synergy between theoretical modeling
and nanofabrication will likely lead to a new era of "More than Moore" technology.
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