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The rapid advancements in nanoelectronics have led to significant 
breakthroughs in the design and development of high-performance 
transistors. Graphene, with its exceptional electrical, mechanical, and thermal 
properties, has emerged as a promising candidate for next-generation 
computing devices. This research paper explores the fabrication and 
characterization of graphene-based transistors, emphasizing their potential to 
revolutionize computing technologies by overcoming the limitations of 
conventional silicon-based devices. Graphene’s high electron mobility, 
intrinsic strength, and atomic thickness make it an ideal material for the 
fabrication of nanoscale transistors. Unlike traditional semiconductors, 
graphene lacks an inherent bandgap, posing a challenge for its direct 
application in digital electronics. However, various engineering approaches, 
including chemical doping, strain engineering, and hybrid material 
integration, have been developed to induce a tunable bandgap, making 
graphene suitable for transistor applications. The research focuses on the 
synthesis of high-quality graphene through methods such as chemical vapor 
deposition (CVD) and mechanical exfoliation, followed by precise patterning 
and device fabrication techniques. The characterization of graphene-based 
transistors involves analyzing key performance metrics such as carrier 
mobility, on/off current ratio, threshold voltage, and power dissipation. 
Advanced techniques, including Raman spectroscopy, atomic force microscopy 
(AFM), and scanning electron microscopy (SEM), are employed to assess the 
structural and electrical properties of the fabricated devices. Furthermore, the 
impact of environmental factors, substrate interactions, and contact resistance 
on device performance is examined to optimize the reliability and scalability of 
graphene transistors. This study also highlights the integration of graphene-
based transistors with emerging computing architectures, such as 
neuromorphic and quantum computing, to enhance computational speed and 
energy efficiency. The potential of graphene transistors in flexible and 
transparent electronics is explored, paving the way for applications in 
wearable technology and next-generation communication systems. Despite the 
promising attributes of graphene, challenges such as large-scale production, 
material uniformity, and process compatibility with existing semiconductor 
fabrication remain critical hurdles. The paper discusses recent advancements 
in overcoming these obstacles, including novel fabrication techniques and 

https://orcid.org/0000-0001-9238-7625


Journal of Information Systems Engineering and Management 
2025, 10(43s) 

e-ISSN: 2468-4376 

  

https://www.jisem-journal.com/ Research Article  

 

 646 
Copyright © 2024 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons 

Attribution License which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is 

properly cited. 

 

Introduction:- 
Graphene semiconductors have revolutionized the field with their extraordinary mobility of 200,000 

cm²/V·s at low temperatures. They perform nearly 100 times better than traditional silicon. The 

semiconductor industry needed this breakthrough as it struggled with transistor miniaturization. 

Problems like current leakage and overheating become more severe as transistor density increases. 

Georgia Tech researchers have created a groundbreaking graphene-based semiconductor. Their 

innovation moves electrons 10 times faster than silicon and 20 times faster than other two-

dimensional semiconductors. This platform stands alone with everything needed for nanoelectronics 

applications. The new graphene-based transistors showcase impressive capabilities. Their intrinsic 

cut-off frequencies reach 427 GHz, which is about three times higher than silicon MOSFETs. 

 

This piece will get into the basic properties, fabrication methods and characterization techniques of 

graphene-based transistors. We'll also look at how they work with existing CMOS technology. The 

discussion includes performance optimization strategies and adaptable solutions to scaling challenges 

that could transform computing's future. 

Fundamentals of Graphene Semiconductor Properties 
Graphene's exceptional semiconductor properties come from its unique crystal structure. A single 

layer of carbon atoms arranged in a honeycomb lattice creates this foundation. Each carbon atom's 

three valence electrons form σ bonds with neighboring atoms in the plane, while the fourth electron 

sits in a pz orbital perpendicular to the lattice plane. 

Crystal Structure and Electronic Band Properties 
The graphene unit cell has two non-equivalent carbon atoms that we call sublattice 1 and sublattice 2. 

These atoms create a diamond-shaped pattern. The sublattices give rise to a distinctive electronic 

hybrid material approaches. Finally, the fabrication and characterization of 
graphene-based transistors represent a transformative step toward high-
speed, energy-efficient nanoelectronics. With continuous advancements in 
material engineering and device integration, graphene holds the potential to 
redefine the future of computing beyond the limitations of traditional 
semiconductor technologies. Further research and industry collaboration are 
essential to realize the full potential of graphene transistors in commercial 
applications, enabling the next generation of ultra-fast and low-power 
computing devices. 

Keywords - Graphene, Nanoelectronics, Transistors, Next-Generation 
Computing, Fabrication, Characterization, Carrier Mobility, Semiconductor 
Technology. 
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structure where electrons can localize around either sublattice, much like a pseudospin state. The 

band structure shows unique features near the K and K' points of the Brillouin zone, and the valence 

and conduction bands meet without an energy gap. 

Near these points, the linear dispersion relation follows E = vF h|k|, where electrons act like massless 

Dirac fermions. This sets graphene apart from conventional semiconductors because its charge 

carriers move at a Fermi velocity (vF) that's nowhere near the speed of light - about 300 times slower. 

The density of states has a linear relationship with energy, shown as D(E) = |E|/2πħ2v2. 

Carrier Transport Mechanisms 
Graphene's carrier transport shows remarkable features due to its unique band structure. The 

conductivity at high carrier densities depends on three main factors: carrier density, substrate 

dielectric constant, and impurity potential characteristics. On top of that, it shows an ambipolar 

electric field effect that lets both holes and electrons work as charge carriers. 

Twisted bilayer graphene's moiré potential boosts electron-phonon coupling, which leads to distinct 

transport behavior. The material switches between charged impurity and phonon-dominated 

transport at about 5K, compared to 500K in monolayer graphene. Understanding electron-phonon 

scattering requires analysis of both intraband and interband processes, especially near the magic 

angle. 

Temperature Effects on Performance 
Temperature substantially affects graphene's electronic properties through several mechanisms. The 

carrier mobility drops as temperature rises because of electron-phonon scattering effects. The contact 

resistance stays stable across temperature changes, but the channel resistance can switch between 

semiconducting and metallic behavior based on the applied gate voltage. 

The resistivity at the charge neutrality point drops when the temperature increases. However, at 

carrier densities above 1 × 10 cm, the resistivity goes up. This happens because the carrier density at 

the charge neutrality point rises with temperature. The mobility shows different temperature-

dependent patterns in various carrier regimes. The hole regime isn't as sensitive to temperature 

effects as the electron regime. 

Graphene-based field-effect transistors (GFETs) work reliably up to 175°C, making them perfect for 

high-temperature electronics. The material's intrinsic conductivity stays strong across a wide 

temperature range. Graphene's isotropic nature gives it uniform thermal conductivity, unlike carbon 

nanotubes that conduct heat differently in various directions. 

Advanced Fabrication Methods for Next-Gen Devices 
Chemical Vapor Deposition (CVD) leads to next-generation graphene semiconductor fabrication. 

Volatile precursors flow into a reaction chamber toward a substrate and initiate chemical reactions 

upon reaching the surface. These thin films are the foundations for advanced graphene-based 

transistors. 

Atomic-Scale Precision Growth Techniques 
Direct growth of monolayer graphene on single-crystal substrates has become a breakthrough 

approach that creates pristine interfaces. Scientists have achieved atomic-scale precision through 

ultra-high vacuum (UHV) conditions that allow the fabrication of clean, well-defined interfaces at 

lower temperatures. Silver substrates work particularly well with this method because atomic carbon 

sources overcome Ag's traditionally inert nature in standard CVD techniques. 

Success depends on careful control of multiple parameters. The methane-to-hydrogen flow ratio needs 

precise balancing because hydrogen helps eliminate amorphous carbon but can degrade graphene 

quality when used excessively. CVD growth conditions work best with temperature control between 

800–1000°C. 
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Graphene's epitaxial growth on cubic SiC (3C-SiC) marks a significant advance that forms an atomic 

Schottky junction with tunable barriers. Scientists can now skip conventional transfer processes and 

move straight to device fabrication. The process starts when a buffer layer forms as carbon atoms 

create a honeycomb structure strongly bonded to Si atoms. 

Novel Transfer Methods for Large-Area Integration 
New transfer techniques tackle persistent challenges in large-scale production. A combined spray-

coating and photolithography setup now helps fabricate graphene field-effect transistors on non-

planar surfaces. This setup patterns μm-long GFET channels across complex surfaces and creates new 

possibilities for wearable sensor applications. 

Chemical-modified ultraviolet curing adhesive offers a groundbreaking approach that transfers 

graphene films up to 17 inches in size onto polyethylene terephthalate substrates. Results show: 

• Sheet resistance of 205 Ω/□ without additional surface doping 

• Transmittance of 90.8%, just 0.9% less than pure PET substrate 

Scientists have developed a template-based approach using single-crystal graphene arrays for wafer-

scale integration. This approach places over 12,000 graphene crystals on a single wafer that matches 

specific configurations needed for photonic devices. 

Roll-to-roll (R2R) CVD process marks another major step forward in large-area applications. This 

continuous production method delivers: 

1. Enhanced scalability 

2. Improved processability 

3. Budget-friendly manufacturing potential 

Formvar as a sacrificial polymer support represents a recent advance in transfer techniques that cuts 

polymer removal time by one to two orders of magnitude compared to traditional PMMA methods. 

This support maintains graphene's structural integrity across transfers up to 3 cm². 

A wafer-bonding technique using bisbenzocyclobutene (BCB) resin helps address industrial 

scalability. This technique works with existing semiconductor manufacturing tools and fits high-

volume production while preserving the 2D material's electronic properties. The resin heats until 

viscous, then the 2D material presses against it and cools to room temperature to create a stable 

connection. 

Critical Process Parameters in Device Manufacturing 
Making high-performance graphene-based transistors requires you to control many key parameters. 

The quality and reliability of these devices depend on how well you optimize surface characteristics, 

and contact interfaces, and manage defects during fabrication. 

Surface Quality Control Metrics 
Surface contamination is a major challenge in graphene device manufacturing. This happens because 

of photoresist residues and trapped charges at interfaces. Thermal annealing helps improve 

graphene's adhesion to substrates and removes poly(methyl methacrylate) (PMMA) residues from 

transfer processes. Surface quality affects carrier mobility directly. Trapped water pockets can cause 

ion sedimentation that leads to uneven doping across the material. 

The way graphene interacts with underlying substrates plays a vital role in device stability. Graphene 

sheets work better on hydrophobic substrates and stay intact for several days. They quickly peel off 

within minutes on hydrophilic surfaces. Surface modification techniques using self-assembled 

monolayers like hexamethyl disiloxane (HMDS), octyltrichlorosilane (OTS), and octadecyl 

trichlorosilane (ODTS) help improve moisture stability. 
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Contact Resistance Optimization 
Contact resistance limits how well graphene electronics perform. The metal-graphene (M-G) interface 

creates unique transport challenges when carriers move from a 3D metal into a 2D-graphene sheet. 

Recent studies show contact resistance values usually range from tens of Ω μm to several kΩ μm. 

Scientists have found new ways to reduce contact resistance: 

4. Edge-contacted injection: Making cuts in graphene within contact regions, normal to the channel, 

helps bond contact metal and carbon atoms at cut edges. This reduces contact resistance by 32% for 

Cu contacts and 22% for Pd contacts. 

5. Laser irradiation: This expandable solution brings down specific contact resistance to about 250 Ω μm 

at 20 mW laser power, compared to 900 Ω μm for untreated devices. 

The process works better with both pre-treatments and post-treatments. Pre-treatments include 

plasma exposure, UV ozone treatment, and CO2 cluster impingement to clean M-G contact regions. 

Post-treatments use high-temperature annealing and electrical current techniques to improve 

interfacial bonding. 

Defect Density Management 
Controlling defects is vital in graphene device manufacturing. Some defects can actually improve the 

chemical and electrical properties of M-G contacts. You need precise control to maintain optimal 

defect density. Laser treatment studies show that defect density increases with laser power and 

reaches about 1.6 × 10^11 cm^-2 at 20 mW. 

Defects affect more than just electrical properties. They influence how stable graphene field-effect 

transistors (GFETs) are against environmental factors. Raman spectroscopy helps monitor defect 

density through D-band intensity and ID/IG ratio measurements. Scientists use surface 

characterization techniques like scanning electron microscopy (SEM) and atomic force microscopy 

(AFM) to find physically damaged regions that show dangling bonds and crystallite edges. 

Thermal processing is key to managing defects. Good thermal annealing reduces interface defects and 

improves graphene's electrical properties. The way graphene and oxide layers stick together needs 

careful attention because it affects interface stability and how long devices last. 

Characterization Techniques for Quality Assessment 
Scientists just need sophisticated characterization methods to assess the structural integrity and 

electrical performance of graphene-based transistors. These rigorous evaluation techniques give an 

explanation of crystalline quality, defect density, and uniformity that determine device performance. 

High-Resolution Microscopy Methods 
Scanning tunneling microscopy (STM) provides sub-nanometer spatial resolution to monitor 

nucleation kinetics and rearrangements in supramolecular adlayers at solid/liquid interfaces. STM's 

exceptional resolution works only to examine regions spanning tens of square nanometers. 

Atomic force microscopy (AFM) is a vital tool to analyze surfaces and measure root mean square 

roughness (RMS) values. Studies show pristine graphene films' RMS values reach 0.4-0.5 nm at 10 

µm × 10 µm scan areas. AFM also identifies photoresist residues (LRRs) that regular optical 

microscopy might miss. 

Raman spectroscopy stands as the life-blood technique to assess graphene quality. D, G, and 2D 

bands' intensity ratios provide significant information about: 

• Structural integrity 

• Layer thickness 

• Defect concentration 

• Crystalline quality 
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Scanning electron microscopy (SEM) adds to these methods by letting us see surfaces one atom thick. 

Graphene's excellent conductivity changes electron behavior at its surface and enhances contrast in 

SEM images. SEM paired with energy-dispersive X-ray Spectroscopy (EDS) helps with elemental 

analysis to identify contaminants or verify specific elements from fabrication. 

Electrical Performance Measurements 
Electrical characterization reveals vital insights into device functionality. Graphene field-effect 

transistors (GFETs) show exceptional carrier mobility at 200,000 cm2/Vs at room temperature. This 

mobility stays stable even at low carrier concentrations, which makes it perfect for high-speed 

electronic applications. 

Low-frequency noise (LFN) measurements help assess graphene quality in chips. Data reveals that 

82% of high-quality graphene chips show noise values as low as SU=(1-4)×10-13 V2·Hz-1. The 

reproducibility of graphene properties can be checked by comparing noise magnitude at 1.22 Hz 

between chips with similar geometry from the same film. 

Contact resistance optimization forms the foundations of device performance. Recent measurement 

techniques show contact resistance values range from tens of Ω μm to several kΩ μm. Thermal 

annealing at 200°C for one hour under low-vacuum conditions (10-3 Torr) removes doping causes 

effectively and enhances device characteristics. 

Drain-source current (IDS) measurements track formation and desorption dynamics in self-

assembled adlayers live. Experimental data shows IDS rises steeply during the original UV irradiation 

stages and reaches a plateau after about 30 seconds. This plateau shows complete coverage of 

graphene's surface by the monolayer. 

Temperature-dependent measurements teach us about device stability. GFETs maintain stable 

performance up to 175°C, making them suitable for high-temperature electronic applications. The 

material's intrinsic conductivity shows exceptional resilience against temperature variations and 

preserves performance across a wide thermal range. 

Scientists can break down self-assembly dynamics in regions similar to those STM investigates by 

reducing the graphene active channel area to W = L = 100 nm through standard e-beam lithography. 

This advancement keeps the same current variation (ΔI) seen in devices with six orders of magnitude-

larger active areas. 

Integration with Silicon CMOS Technology 
The successful merger of graphene-based devices with silicon CMOS technology is a vital step toward 

next-generation computing systems. When these technologies work together smoothly, they can 

improve performance through the three-dimensional construction of multifunctional high-rise chips. 

Process Compatibility Requirements 
Developing fabrication processes that match existing semiconductor manufacturing standards is a big 

challenge in graphene-CMOS integration. The process uses a three-dimensional technique where 

engineers build graphene field-effect transistors on top of silicon CMOS field-effect transistor ring 

oscillators. This needs careful material selection and precise fabrication steps. 

Two key aspects drive the integration process: 

• Back-end-of-line (BEOL) compatibility 

• Prevention of semiconductor surface oxidation 

Scientists developed a breakthrough method using pressure-assisted solid-phase diffusion. This lets 

them directly create high-quality multilayer graphene on dielectric substrates. The method works well 

with standard industrial-scale processes for making integrated circuits. They achieved integration at 
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temperatures under 180°C, which keeps metallic interconnection wires intact and stops transistor 

dopant migration. 

Thermal Budget Considerations 
Temperature control is key to successful integration. Back-end processes must stay below 500°C. 

Higher temperatures can cause several problems: 

6. They damage existing chip components 

7. They trigger impurity diffusion 

8. They change transistor characteristics 

New low-temperature techniques now work at around 300°C. These methods handle thermal limits 

better by using different approaches, like plasma-enhanced chemical vapor deposition (PECVD)-

grown SiO2 or SiN insulation. 

Interface Engineering Solutions 
Interface engineering helps achieve the best device performance. Chemical mechanical polishing 

(CMP) smooths insulator surfaces before adding graphene films. This step helps maintain consistent 

electrical properties across all devices. 

The integration process uses several clever solutions: 

Scientists use negative photoresist SU8 as a 1 μm thick passivation layer to protect graphene from 

common contaminants. They make it more stable by baking it at 150°C for an hour on a hot plate. 

Ar+ ion sputtering prepares semiconductor surfaces for graphene growth. This creates extremely 

clean surfaces that keep device quality high. 

Bisbenzocyclobutene (BCB) resin helps with wafer bonding for high-volume production while 

protecting 2D material electronic properties. The process heats the resin until it becomes viscous, 

presses the 2D material against it, then cools it to room temperature for a stable connection. 

Recent work shows graphene Hall elements working well with silicon CMOS ICs at just 3.3V. New 

graphene-silicon hybrid analog amplifier ICs show better linearity without complex calibration 

designs. 

This integration strategy goes beyond just placing devices. It needs careful attention to material 

interfaces and heat management. Scientists have made graphene devices work with silicon CMOS 

technology by controlling these factors precisely, which opens new paths to better computing 

capabilities. 

Performance Optimization Strategies 
Graphene field-effect transistors need careful attention to contact engineering and channel mobility 

improvement. These vital parameters shape how graphene-based semiconductor devices perform. 

Contact Engineering Methods 
Scientists have made breakthrough discoveries in contact engineering. They achieved extremely low 

contact resistance values that work perfectly for high-frequency applications. Gold contacts with 

innovative circular hole arrays underneath have reduced contact resistance to just 23 Ω·mm. This 

improvement works especially well near graphene's Dirac point where carrier density stays relatively 

low. 

The choice of metal makes a big difference in contact optimization. Gold, palladium, and nickel 

contacts work differently, each metal interacting uniquely with graphene's electronic structure. Take 

nickel as an example - its d-electrons interact with graphene's π-electrons, which substantially affects 

contact resistance. 

Scientists have developed several clever ways to reduce contact resistance: 
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• Maximizing edge-contact geometry 

• Manipulating surface states 

• Optimizing tunneling barriers 

• Boosting charge injection efficiency 

Ion-gel dielectric has brought major improvements to device characteristics. This highly efficient 

dielectric material shows capacitance values up to 4.7 μF/cm2. These devices now show better current 

saturation and improved on/off ratios when operating at low voltages. 

Channel Mobility Enhancement 
Room temperature carrier mobility in graphene reaches an impressive 200,000 cm2/Vs, almost 100 

times higher than silicon. This exceptional mobility stays stable even with low carrier concentrations, 

making graphene perfect for high-speed electronics. 

Surface quality directly affects channel mobility. Suspended graphene structures show remarkable 

mobility improvements, jumping from 1900 cm²/V·s to 2800 cm²/V·s by reducing substrate 

interactions. Graphene devices on boron nitride substrates work three times better than traditional 

SiO2 substrates in terms of field effect mobility. 

Engineers have found another way to boost mobility through substrate engineering. Ultrathin boron 

nitride on SiO2, applied through pulsed laser deposition, achieves maximum hole and electron 

mobilities of 4980 and 4200 cm2/V·s. This setup also shows better carrier homogeneity and less 

extrinsic doping, with an average Dirac point of 3.5 V and residual carrier concentration of 7.65 × 1011 

cm−2. 

Temperature plays a key role in mobility optimization. Graphene maintains excellent performance up 

to 175°C. This stability comes from graphene's isotropic nature, which ensures even thermal 

conductivity throughout the material. 

Polymer buffer layers (PBLs) between graphene and gate dielectric have shown promising results. 

While they slightly reduce gate controllability, PBLs help improve overall device performance. Surface 

polarized phonon scattering and charged impurity Coulomb scattering are the main factors that affect 

carrier mobility in these setups. 

Contact resistance optimization remains essential for peak performance. Standard ohmic contacts 

between graphene and various metals typically show resistance around 500 Ω·mm. Advanced 

engineering techniques have brought this value down below 50 Ω·mm, meeting the requirements for 

high-frequency applications. 

Quantum capacitance becomes increasingly important as transistors get smaller. Higher gate voltage 

leads to increased channel charge, which creates a linear boost in quantum capacitance. This 

relationship helps control device characteristics more precisely, allowing fine-tuned performance 

optimization. 

Reliability and Stability Considerations 
The widespread adoption of graphene-based semiconductors in electronic devices depends on two 

vital factors - stability and reliability. Learning about these foundations helps develop durable 

graphene transistors that work consistently in different environments. 

Environmental Stability Factors 
Device performance changes when graphene interacts with atmospheric elements. Research shows 

graphene structures stay exceptionally stable in vacuum environments over 1000 days at 300K. 

Different humidity levels create distinct behavioral patterns. Graphene shows moderate stability in 

low-humidity conditions, but high-humidity environments make layers degrade faster. 
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Temperature significantly affects environmental stability. Graphene shows noticeable volatilization in 

vacuum conditions at 450K and 500K. It also oxidizes substantially in both high and low-humidity 

environments. Water vapor works as an anti-oxidizer and prevents oxygen chemisorption on 

graphene surfaces. This protection leads to lower oxidation rates in high-humidity conditions 

compared to low-humidity settings. 

Surface modification techniques boost moisture stability substantially. Hydrophobic substrates work 

better - graphene sheets stay intact longer. Hydrophilic surfaces cause quick delamination within 

minutes. This dramatic difference shows why choosing the right substrate matters so much in device 

fabrication. 

Long-term Performance Degradation Mechanisms 
Several factors make graphene-based devices deteriorate over time. The main degradation paths 

include: 

• Water molecule chemisorption that forms surface oxygen groups 

• Continuous oxidation reactions that produce CO2 and CO 

• Layer number reduction in atmospheric conditions 

Raman spectroscopy analysis reveals systematic changes in graphene structure as time passes. D/G 

band ratios stay relatively stable, ranging from 0.11 at the original stages to 0.14, 0.17, and 0.06 after 

1000 days in a vacuum, low-humidity, and high-humidity conditions respectively. The 2D/G ratios 

gradually increase from 1.1 to 1.3, 2.2, and 3.0 under similar conditions. 

Contact resistance stability is another significant consideration. Aging tests at 85°C/85% relative 

humidity show that graphene film barriers help maintain stable contact resistance. Contact resistance 

increases faster during the first 200 hours of aging without these barriers. 

Thermal aging tests at 85°C prove graphene-based films maintain high reliability after 500 hours. 

This thermal stability combined with graphene's extraordinary thermal conductivity of up to 5000 

W/mK makes it a promising solution for high-power electronics. 

Water vapor chemisorption and oxidation reactions start the degradation mechanism at graphene 

edges. X-ray photoelectron spectroscopy (XPS) analysis shows increased oxygen functional groups in 

both high and low-humidity conditions at 300K. Water chemisorption at edge sites competes with 

oxidation via oxygen gas and affects the overall degradation rate. 

Substrate oxidation patterns affect long-term stability. Bare copper substrates oxidize first, followed 

by graphene edge oxidation through interaction with oxidized copper. The graphene's basal plane 

rarely oxidizes under standard conditions, which shows the material's natural resistance to 

degradation. 

Scaling Challenges and Solutions 
Quality preservation and scalability are the biggest hurdles in mass-producing graphene-based 

semiconductors. These devices will only become commercially viable when manufacturers can tackle 

these challenges while keeping their exceptional properties intact. 

Size-Dependent Performance Effects 
GNR scaling shows substantial performance changes based on size constraints. Research showed that 

carrier mobility drops from 3,000 cm2/Vs for probes over 100 nm to less than 200 cm2/Vs for probes 

under 20 nm. Edge scattering effects take over below 60 nm and lead to rapid mobility degradation. 

GNRFET's width-dependent characteristics follow specific patterns. The channel width reduction 

results in: 

• Lower ON-state and OFF-state currents 
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• Reduced drain-induced barrier lowering (DIBL) 

• Decreased subthreshold swing 

• Better ION/IOFF ratio 

Channel length reduction creates opposite effects. It leads to higher ON-state and OFF-state currents, 

increased transconductance, and higher DIBL values. These contrasting trends mean developers must 

optimize device dimensions carefully for each application. 

Process Scaling Roadmap 
Moving from lab-scale to industrial manufacturing needs innovative solutions. Current CVD processes 

just need too much time - often tens of hours for growth, transfer, and patterning. Laser scribing 

technology offers a better solution that can produce wafer-scale graphene patterns in about 25 

minutes. 

Plasma-based technologies are opening new doors for scalability. Arc discharge technology yields 1 

g×h-1m-2, which is better than conventional neutral-gas methods. These plasma-enhanced processes 

let manufacturers control electrical voltage and current parameters better than traditional thermal 

CVD approaches. 

High-throughput screening methods are a breakthrough in tackling scalability issues. This approach 

helps optimize both growth and transfer processes at once, resulting in: 

• Transfer yields over 95% 

• Electron mobilities up to 40,000 cm2/(Vs) at room temperature 

Substrate engineering is vital for scaling success. Silicon-on-insulator few-layered graphene structures 

have achieved remarkable improvements: 

• 7×108 on/off ratio boost 

• Subthreshold swing of 61.03 mV/dec 

• Drain-induced barrier lowering of 25.95 mV/V 

Quality consistency remains a challenge in industrial production. The synthesis method's choice 

shapes graphene's structure and determines its quality and purity compared to pristine graphene. 

Defective graphene still has market value through doping, but high-quality production is essential for 

advanced applications. 

Roll-to-roll (R2R) processing could be the answer to mass production with its scalability and 

economical solutions. This continuous method has successfully transferred graphene films up to 17 

inches onto polyethylene terephthalate substrates. These films achieved sheet resistance values of 205 

Ω/□ and 90.8% transmittance. 

Wafer bonding with bisbenzocyclobutene (BCB) resin marks another breakthrough. This technique 

uses existing semiconductor manufacturing tools to enable high-volume production while preserving 

2D materials' electronic properties. The process uses controlled heating and cooling cycles to create 

stable connections between layers. 

Conclusion 
Graphene-based transistors mark a breakthrough in semiconductor technology that shows mobility 

rates 100 times higher than traditional silicon. Scientists have made remarkable progress in 

developing practical graphene devices through atomic-scale fabrication techniques and advanced 

characterization methods. The integration of graphene with existing CMOS technology stands as a 

vital milestone, despite ongoing challenges. Recent advances in contact engineering have brought 

resistance down to 23 Ω·mm. New surface modification techniques improve device stability in 
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different environmental conditions. These developments bring graphene-based computing closer to 

market reality. 

Scaling challenges create new obstacles and opportunities. Dimensional constraints affect carrier 

mobility, but plasma-based technologies and roll-to-roll processing show promise to mass produce 

these devices. Graphene devices remain stable at temperatures up to 175°C and their exceptional 

thermal conductivity makes them ideal candidates for next-generation computing applications. The 

field moves forward with new breakthroughs in fabrication methods that optimize performance. These 

innovations indicate that graphene-based transistors will shape future electronic devices by offering 

speed and efficiency improvements beyond current semiconductor technology. 
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