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The Role of Graphene in Advancing 

Quantum Computing Technologies 

José Gabriel Carrasco Ramírez 

Abstract 

The advent of quantum computing heralds a transformative shift in computational capabilities, 

leveraging the principles of quantum mechanics to solve problems intractable for classical 

computers. Among the myriad of materials investigated for quantum computing, graphene 

stands out due to its exceptional electronic properties. This paper presents a comprehensive 

review of the current landscape in graphene-based quantum computing, highlighting the pivotal 

role of graphene’s ballistic transport, high carrier mobility, and unique band structure in the 

development of quantum bits (qubits). Focusing on recent advancements, including the 

integration of graphene into Josephson junctions and circuit quantum electrodynamics (cQED) 

systems, we analyze the progress and challenges in fabricating graphene-based quantum 

devices. Through a detailed examination of experimental milestones, particularly the seminal 

work by Kroll et al. (2018), we assess the potential of graphene to enhance qubit resilience and 

functionality. We identify key challenges facing the field, such as scalability and qubit 

coherence, and discuss potential solutions that could pave the way for next-generation quantum 

computing devices. Concluding with future research directions, this review underscores the 

necessity for interdisciplinary collaboration to harness graphene’s full potential in quantum 

computing, offering insights into unsolved problems and emerging technologies. 

Introduction 

The quest for quantum computing began with the recognition that the laws of quantum 

mechanics could enable computation to transcend the limits of classical physics [1]. Theoretical 

propositions by Benioff, and subsequently by Feynman and Deutsch, laid the groundwork for a 

new computational framework predicated on quantum superposition and entanglement [2]–[4]. 

This paradigm has the potential to revolutionize fields by performing certain calculations 

exponentially faster than classical computers. The progression from theoretical models to 

tangible quantum computers hinges on the advancements in materials science. The discovery 

and refinement of materials with quantum-coherent properties suitable for operating as qubits 

underpin the physical realization of quantum computers. The development of superconductors, 

semiconductors, topological insulators, and other novel materials have played crucial roles in 

the pursuit of scalable quantum computing technologies. Graphene, a monolayer of carbon 

atoms with a hexagonal lattice structure, has distinguished itself as a material with extraordinary 

potential for quantum computing applications [5]. Its exceptional electrical conductivity, high 

carrier mobility, and intrinsic quantum hall effects are among the properties that make it a 

subject of intense research focus. The isolation of graphene has catalyzed a new era in materials 

science, with implications for the scalability and fidelity of qubit architectures. The study by 

Kroll et al. (2018) represents a watershed moment in the field, demonstrating the integration of 
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graphene into high-coherence quantum circuits [6]. The researchers showcased the ability of 

graphene-based Josephson junctions to operate within circuit quantum electrodynamics (cQED) 

architectures in strong magnetic fields, an attribute that could be leveraged to create qubits with 

enhanced resilience and new functionalities. Their findings illustrate the potential of graphene 

to overcome some of the most persistent challenges in quantum computing, such as decoherence 

and the quantum-to-classical transition [1]. 

In light of the pivotal role of graphene in advancing quantum computing, this review aims to 

provide a comprehensive synthesis of the current state of research in graphene-based quantum 

computing technologies. By assessing the impact of the Kroll et al. (2018) study and subsequent 

developments, this paper will evaluate the promises and challenges of graphene as a platform 

for next-generation quantum computational systems. The review will discuss the implications 

of these findings and offer perspectives on the future directions of research in this rapidly 

evolving field. 

 
Fig. 1. timeline diagram showcasing the role of graphene in the evolution of 

quantum computing 

Graphene's Electronic Properties and Their Relevance to Quantum Computing 

Graphene, a single layer of carbon atoms arranged in a two-dimensional honeycomb lattice, has 

emerged as a groundbreaking material since its discovery [7]. Its unique physical and chemical 

properties have paved the way for innovations in various fields, including quantum computing, 

where it stands out due to its exceptional electronic properties [5]. Graphene's electrons are 

described as massless Dirac fermions, exhibiting a linear dispersion relation near the Dirac 

points within the Brillouin zone. This characterization leads to graphene's high electrical 

conductivity and exceptional carrier mobility. The material's ability to support ballistic transport 
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over micrometer-scale distances at room temperature distinguishes it from conventional 

electronic materials. The properties of graphene are particularly advantageous for quantum 

computing applications. Ballistic transport, facilitated by graphene's electronic structure, 

enhances the coherence and fidelity of qubit operations, critical parameters for the efficiency of 

quantum computing systems. Comparisons with other materials demonstrate graphene's 

superior potential in facilitating quantum coherence over longer distances and times, making it 

a material of choice for developing more stable and efficient quantum computers [8].  

Ballistic Transport and Coherence in Quantum Computing 

Ballistic transport in graphene refers to the unconstrained movement of charge carriers over 

relatively large distances without scattering from lattice imperfections or phonons. This 

phenomenon is a result of graphene's exceptional electronic properties, particularly its high 

carrier mobility and the linear energy-momentum relationship that its electrons exhibit near the 

Dirac points [6]. 

For quantum computing applications, ballistic transport in graphene can be exploited to 

minimize the quantum decoherence that typically arises from scattering events [9]. Since qubit 

operations rely on the superposition and entanglement of quantum states, the reduction in 

scattering afforded by ballistic transport can significantly enhance qubit coherence times, 

thereby improving the overall performance and reliability of quantum computations. The 

establishment of quantum channels using graphene is a direct application of its ballistic transport 

property. These channels act as conduits for quantum information, enabling the transfer of 

quantum states with high fidelity. In graphene, such channels can be engineered to carry not 

only charge, but also spin and even valley information, which are alternative degrees of freedom 

for encoding quantum information. The incorporation of ballistic graphene channels into 

quantum processors facilitates the interconnection of qubits and the coherent transfer of 

quantum information across the processor. The ability to maintain coherence over longer 

distances and timescales is pivotal in scaling up quantum processors from few-qubit 

demonstrations to larger, more complex quantum computing systems capable of tackling real-

world problems [10]. 

Carrier Mobility and Its Impact on Qubit Operability 

Carrier mobility, a measure of how quickly an electron or hole can move through a 

semiconductor when subjected to an electric field, is exceptionally high in graphene. This stems 

from its unique band structure, where electrons behave as massless Dirac fermions, and from 

the material's low intrinsic scattering rates [11], [12]. In graphene, mobility values can exceed 

200,000 cm²/Vs at room temperature, a testament to its potential for high-speed electronic and 

quantum devices. In the realm of quantum computing, the operability of qubits—especially 

those based on superconducting or semiconducting materials—can be significantly enhanced 

by high carrier mobility. Fast response to electric fields allows for swift manipulation of qubit 

states, a necessity for implementing quantum logic gates within the coherence time windows of 

the qubits. Graphene, with its high mobility, facilitates rapid qubit operations, potentially 
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increasing the operation speed of quantum gates and circuits . The ability to operate quantum 

gates at higher frequencies is a direct consequence of graphene's high carrier mobility. This 

attribute is crucial for scaling quantum computing systems, where the synchronization of gate 

operations across multiple qubits within their coherence times is a fundamental challenge. 

Graphene's properties can be harnessed to design qubits that are not only faster but also more 

resistant to decoherence, thus supporting the development of more efficient quantum algorithms 

and processing tasks. Graphene's contribution to quantum computing extends beyond just 

enhancing gate speeds; it also plays a role in maintaining qubit coherence. The fast operation 

enabled by high carrier mobility allows quantum gates to complete their operations before 

significant decoherence occurs, an essential factor for accurate quantum computation. 

Furthermore, the material's inherent properties can be leveraged to reduce noise and 

decoherence mechanisms that typically plague qubit systems. 

Band Structure and Its Exploitation for Qubit Creation 

Graphene's band structure is distinguished by its zero bandgap and linear dispersion relation 

near the Dirac points, where the conduction and valence bands meet. This unique electronic 

structure results in electrons behaving as massless Dirac fermions, which contribute to 

graphene's exceptional electrical, thermal, and mechanical properties. The linear dispersion, in 

particular, is crucial for the high carrier mobility and ballistic transport observed in graphene, 

making it a candidate for various quantum computing applications [13]. The absence of a natural 

bandgap in graphene poses a challenge for its direct use as a semiconducting material in 

traditional electronics and quantum computing, where a bandgap is often necessary for creating 

discrete energy levels or qubit states. However, researchers have devised methods to induce a 

bandgap in graphene, such as applying external electric fields, utilizing substrate-induced 

potentials, or through geometric confinement in graphene nanoribbons. These techniques allow 

for the tailored creation of qubit states within graphene, expanding its applicability in quantum 

computing. The ability to manipulate graphene's band structure for qubit creation has profound 

implications for quantum computing. By engineering a bandgap, it becomes possible to define 

and control qubit states with precision, facilitating the implementation of quantum gates and 

circuits. The versatility of graphene in supporting various qubit types, including charge, spin, 

and valley-based qubits, stems from its adaptable electronic properties. The symmetry of 

graphene's band structure plays a significant role in protecting qubits from decoherence 

mechanisms, such as backscattering by impurities or lattice defects. This symmetry ensures that 

electrons in graphene can maintain their phase coherence over longer distances and times, a 

critical factor for preserving the integrity of quantum information. The protection against 

backscattering enhances the coherence times of qubits, making graphene-based quantum 

computing platforms more robust and reliable. Despite the promising aspects of graphene's band 

structure for quantum computing, challenges remain in fully harnessing its potential. The precise 

control over bandgap engineering, maintaining uniformity across large areas, and integrating 

graphene with other materials in a quantum circuit require further research and development. 

Addressing these challenges will necessitate innovative fabrication techniques and a deeper 

understanding of the interactions between graphene and its environment. 
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Fig. 2. Advancements in Graphene-Based Quantum Electronics : (a) At a temperature of 
0.3 Kelvin, the conductance (σ) of sizable graphene quantum dots (approximately 0.25 
micrometers in diameter) exhibits Coulomb blockade, showing distinct peaks. These 
quantum dots can be modulated via a back gate or a graphene side electrode, with high 
resistance narrow constrictions acting as quantum barriers. (b) Graphene 
nanostructures, with a notable stability at standard conditions, display reliable 
transistor functionality even after being subjected to the extreme temperatures of liquid 
helium. At 300 Kelvin, such devices can completely modulate conductance across a wide 
gate voltage range, especially near the charge neutrality point. The accompanying 
electron micrograph inset illustrates two graphene dots, each roughly 40 nanometers 
across, connected by even narrower constrictions (less than 10 nanometers wide). The 
primary technical hurdle remains the consistent fabrication of room-temperature 
quantum dots that are sufficiently precise to ensure uniform device characteristics, 
which remains a challenge with conventional electron-beam lithography and isotropic 
dry etching techniques [5]. 

Potential for New Qubit Architectures Leveraging Graphene 

Graphene's extraordinary electronic properties not only provide a solid foundation for current 

quantum computing paradigms but also open the door to innovative qubit architectures [1], [14], 

[15]. The versatility of graphene arises from its unique band structure, high carrier mobility, and 

exceptional material properties, which can be harnessed to create various types of qubits. These 

include spin qubits, valley qubits, and superconducting qubits, each leveraging different aspects 

of graphene's electronic behavior. Spin qubits exploit the spin states of electrons for quantum 

information processing, with the quantum bit being represented by the spin orientation (up or 

down). Graphene's weak spin-orbit coupling and low intrinsic spin decoherence make it an 

attractive material for spin qubits. The challenge of isolating and controlling single spins in 

graphene has led to innovative approaches, such as using localized states in graphene quantum 
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dots or leveraging defects. The development of spin qubits in graphene could benefit from the 

material's high mobility and the potential for long coherence times. The valley degree of 

freedom in graphene refers to the energy degeneracy in the K and K' points of the Brillouin 

zone. Valley qubits utilize this degeneracy, encoding quantum information in the valley index 

of carriers. The manipulation of valley states can be achieved through electrostatic gating, strain 

engineering, or by applying magnetic fields, offering a new avenue for qubit design. Valley 

qubits in graphene stand out for their potential resilience to local perturbations, owing to the 

energy separation between valley states. Graphene itself is not a superconductor, but 

superconductivity can be induced in graphene via the proximity effect when it is placed in 

contact with a superconducting material. This induced superconductivity enables the creation 

of Josephson junctions and, consequently, superconducting qubits in graphene. The advantage 

of graphene-based superconducting qubits lies in their potential operability under higher 

temperatures and magnetic fields compared to traditional superconducting qubits, thanks to 

graphene's unique properties. How the advancements in graphene impacts electronics as well as 

quantum computing is shown in Fig. 2. 

Graphene Josephson Junctions and Their Integration into Quantum Circuits 

Josephson Junctions (JJs) serve as the cornerstone for a broad spectrum of quantum computing 

architectures, particularly those reliant on superconducting qubits [16], [17]. These pivotal 

components are fundamentally structured from two superconducting materials that are 

discretely separated by a slender insulating barrier. It is across this barrier that a supercurrent 

can seamlessly flow without the necessity of an applied voltage, a phenomenon distinctly 

recognized as the Josephson effect. This effect is inherently a manifestation of quantum 

mechanics, wherein the coherent tunneling of Cooper pairs (pairs of electrons bound together 

at low temperatures in a certain manner described by superconductivity theory) across the 

insulator occurs due to the wavefunction of the superconducting states extending into the barrier. 

The practical application of the Josephson effect within superconducting qubits is profound. It 

enables the precise creation and manipulation of quantum states, which are essential operations 

in quantum computing. The supercurrent that flows through a JJ is sensitive to the phase 

difference between the superconducting wavefunctions on either side of the insulator. This 

sensitivity allows the supercurrent (and thus the energy landscape of the system) to be 

modulated by external parameters, such as magnetic flux or electric current, enabling control 

over the qubit's state. 

Integration of Graphene into Josephson Junctions 

The incorporation of graphene into Josephson Junctions (JJs) marks a significant advancement 

in the realm of quantum computing, particularly within the domain of superconducting qubits. 

This process entails the strategic placement of a graphene monolayer amidst two 

superconducting electrodes, thereby establishing a superconductor-graphene-superconductor 

(SGS) junction. The intrinsic monoatomic thickness and inherent flexibility of graphene are 

pivotal attributes that facilitate its seamless integration with the superconducting leads. This 

congruence is crucial for fostering a pristine interface, which is indispensable for the efficient 
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tunneling of Cooper pairs. The integration process is meticulously fine-tuned through a 

spectrum of sophisticated techniques, prominently featuring van der Waals assembly and 

advanced lithography. These methodologies are instrumental in preserving the integrity of the 

graphene's structure and its electronic properties during the integration process. Van der Waals 

assembly, in particular, leverages the weak yet significant intermolecular forces to securely 

position the graphene without compromising its lattice structure. Concurrently, advanced 

lithography techniques provide the precision necessary for crafting the nano-scale features of 

the JJ, ensuring that the graphene conforms accurately to the designated patterns. This precision-

engineered integration plays a vital role in facilitating the ballistic transport of charge carriers 

across the junction. Ballistic transport, characterized by the unimpeded flow of electrons or 

holes over considerable distances, is essential for minimizing energy dissipation and ensuring 

the coherence of quantum states within the superconducting qubits. The seamless integration of 

graphene into JJs thus stands at the confluence of materials science and quantum technology, 

heralding a new era of quantum computing devices that are markedly more efficient, robust, and 

scalable. The implications of successfully integrating graphene into JJs extend far beyond the 

technical feats of fabrication. By harnessing the unique properties of graphene within the JJ 

framework, researchers unlock the potential for creating quantum computing architectures that 

are significantly more resilient to environmental perturbations, such as thermal fluctuations and 

magnetic fields. This resilience is attributed to graphene's exceptional electronic properties, 

including its high carrier mobility and the peculiar nature of its band structure, which together 

enhance the performance and reliability of superconducting qubits. 

Advantages of Monoatomic Thickness 

The monoatomic thickness of graphene, a hallmark of its structure, extends beyond mere 

physical characterization to offer profound functional advantages in the realm of quantum 

circuits. This attribute is pivotal in mitigating the influence of magnetic fields on the operational 

integrity of Josephson Junctions (JJs), a critical component in the architecture of quantum 

computing devices. The ability of JJs to maintain superconductivity and facilitate coherent 

tunneling, even amidst significant magnetic fields, can be largely attributed to the singular 

atomic layer of graphene. 

Enhanced Magnetic Field Resilience 

Graphene's monoatomic structure plays a crucial role in preserving the superconducting phase 

coherence over the JJ, which is susceptible to disruption by external magnetic fields. Traditional 

superconducting materials, when exposed to such fields, often undergo a transition that hampers 

their superconducting properties, thereby affecting the functionality of the quantum circuit. 

Graphene, with its two-dimensional nature, significantly reduces the penetration of magnetic 

flux through the JJ, thus safeguarding the supercurrent flow essential for quantum operations. 

Applications in Quantum Technologies 

The resilience of graphene-enhanced JJs against magnetic perturbations opens the door to a 

myriad of applications within quantum technologies, particularly in areas where magnetic fields 
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are instrumental. One such application is the manipulation of spin qubits, where magnetic fields 

are utilized to control the spin states of electrons, a fundamental operation in spintronics and 

quantum computing. The integrity of these operations, especially in the context of quantum 

coherence and entanglement, is crucial for the realization of robust quantum computing 

platforms. Additionally, the incorporation of graphene into the design of JJs is exceedingly 

beneficial for the burgeoning field of topological quantum computing. This paradigm of 

quantum computation relies on the manipulation of topological states of matter, which are 

inherently protected against local perturbations, including magnetic fields. Graphene's ability to 

withstand high magnetic fields without losing superconductivity aligns perfectly with the 

requirements for creating and manipulating non-abelian anyons, the quasiparticles at the heart 

of topological quantum computing. 

Implications for Quantum Circuit Design 

The integration of graphene into JJs not only enhances the resilience of quantum circuits against 

magnetic interference but also promotes miniaturization and scalability. The monoatomic 

thickness facilitates the development of compact, densely packed quantum circuits, essential for 

the advancement of scalable quantum computing architectures. Furthermore, the compatibility 

of graphene with existing semiconductor technologies allows for the seamless integration of 

quantum and classical circuits, paving the way for hybrid computing systems. 

Resilience of Graphene-Based Qubits in High Magnetic Fields 

The pioneering work of Kroll et al. (2018) has illuminated the remarkable resilience of 

graphene-based Josephson Junctions (JJs) within the ambit of high magnetic fields, achieving 

stability up to 1 Tesla. This significant finding not only surpasses the capabilities of traditional 

aluminum-based JJs by an order of magnitude but also heralds a new paradigm in the design 

and operation of superconducting qubits, particularly transmons, which are a cornerstone in 

many quantum computing architectures. The resilience of graphene-based JJs is intrinsically 

linked to the unique electronic properties of graphene itself. Graphene, characterized by its 

monoatomic thickness and exceptional electronic behavior, plays a crucial role in mitigating the 

effects that high magnetic fields typically have on quantum systems. One of the fundamental 

challenges in quantum computing is the preservation of qubit coherence, a state where the 

quantum information is maintained without decay over time. Magnetic fields, especially those 

of high magnitude, can disrupt this coherence by inducing localized states within the conducting 

material, leading to quantum decoherence Graphene's electronic properties, however, provide a 

robust countermeasure to this phenomenon. The material's ability to suppress the formation of 

these localized states under high magnetic fields is a testament to its extraordinary electronic 

structure, marked by a zero bandgap and linear dispersion near the Dirac points. This 

suppression mechanism is pivotal in maintaining the coherence of quantum states, thereby 

enhancing the overall stability and performance of graphene-based JJs. The implications of this 

resilience are profound for the field of quantum computing. Graphene's ability to function 

effectively as a part of superconducting qubits in high magnetic fields expands the operational 

parameters of these qubits, allowing them to be used in a wider range of quantum computing 
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applications. For instance, the manipulation of spin qubits and the exploration of topological 

quantum computing, which require the presence of magnetic fields, can benefit immensely from 

the incorporation of graphene-based JJs. Moreover, this resilience facilitates the operation of 

transmon qubits in environments that were previously considered detrimental to qubit 

coherence, thus opening new avenues for quantum computing research and application. 

Methodologies for Fabricating Graphene-Based Qubits and Their Role 

in Quantum Circuits 

The journey to fabricate graphene-based qubits is an intricate process that stands at the 

confluence of advanced materials science and quantum engineering which is shown in Fig. 3 

[18], [19]. Central to this endeavor is the encapsulation of graphene with hexagonal boron 

nitride (hBN), a step that is pivotal for preserving the pristine electronic integrity of graphene. 

Hexagonal boron nitride is chosen for its lattice compatibility with graphene, which minimizes 

disruptions to graphene's electronic structure and thereby maintains its superior electronic 

properties. This encapsulation process is crucial for protecting the graphene layer from 

environmental contaminants and physical deformations that could compromise qubit 

performance. Following encapsulation, the next critical phase involves the patterning of 

superconducting electrodes to form Josephson Junctions (JJs). This step requires precision 

lithography and material deposition techniques to ensure that the superconducting contacts are 

accurately aligned and formed without damaging the underlying graphene. The quality of the 

JJ, including the uniformity of the insulating barrier and the integrity of the superconducting 

contacts, is paramount, as it directly impacts the efficiency of Cooper pair tunneling – a quantum 

mechanical phenomenon that enables supercurrent flow and is foundational to the operation of 

superconducting qubits. 

 
Fig. 3. Fabrication process of graphene-based qubits 

Once fabricated, graphene JJs are seamlessly integrated into circuit Quantum Electrodynamics 

(cQED) systems, marking their role as dynamic constituents in the quantum computing 

landscape. In cQED architectures, the graphene-based qubits serve as the quantum information 

carriers, where their quantum states – characterized by superpositions and entanglements – can 

be manipulated and measured with high precision. The integration within cQED systems 

                  

                  

                 

                 

                     

                     

                        

                        

                          

                          

                   

        

                      

        

                       

          

                      

          

                      

https://researchberg.com/index.php/araic


  

 

Applied Research in Artificial Intelligence and Cloud Computing 
4(1) 2021 

 

 

71 | P a g e  

 

T
h

e
 R

o
le

 o
f G

ra
p

h
e
n

e
 in

 A
d

v
a

n
c
in

g
 Q

u
a

n
tu

m
 C

o
m

p
u

tin
g

 T
ec

h
n

o
lo

g
ie

s 

 

involves coupling the qubit states with microwave photons confined within a resonant cavity, a 

configuration that allows for the coherent interaction between the qubits and the microwave 

field. This coupling is instrumental for the control and readout of qubit states using microwave 

signals, a technique that has become a standard in superconducting quantum computing due to 

its high fidelity and speed. Graphene JJs contribute to this ecosystem by enabling qubits that not 

only operate at fast speeds but also maintain coherence over extended periods. The monoatomic 

thickness of graphene, combined with its electronic resilience, allows these qubits to operate 

effectively in environments subjected to high magnetic fields, thus broadening the scope of their 

applicability in quantum computing. 

Graphene and Circuit Quantum Electrodynamics (cQED) 

In the intricate architecture of circuit Quantum Electrodynamics (cQED), the integration of 

graphene plays a pivotal role, significantly enhancing the interaction between qubits and 

microwave cavities [20], [21]. This section delves into how graphene's unique properties 

contribute to the efficiency and efficacy of cQED systems, the advantages it brings to the table, 

the experimental techniques that leverage these properties, the implications of its integration, 

and the challenges that need to be addressed. Graphene's compatibility with cQED systems is 

derived from its remarkable ability to support the coherent transport of electrons. This capability 

is crucial for maintaining the quantum states of the coupled system, where the qubit is intricately 

linked to an on-chip resonator acting as a microwave cavity. The synergy between graphene-

based qubits and the photonic modes in the cavity facilitates efficient readout and manipulation 

of quantum information, underpinning the execution of quantum operations. The integration of 

graphene into cQED architectures introduces several advantages that are instrumental in 

optimizing the performance of quantum circuits. Its low mass and exceptional conductivity 

allow for interactions with microwave fields with minimal energy dissipation, rendering 

graphene an ideal candidate for constructing resonant cavities and interconnects. Moreover, the 

material's flexibility and mechanical strength are conducive to the fabrication of novel device 

geometries, thereby enhancing qubit-photon interactions. The role of graphene is shown in Fig. 

4 as a mindmap. 

Microwave spectroscopy stands out as a pivotal experimental technique in cQED, allowing 

researchers to probe the energy levels of graphene-based qubits and their interactions with the 

resonator. The application of dispersive microwave spectroscopy, in particular, takes advantage 

of graphene's electronic properties to achieve narrow spectral line widths, enabling precise 

measurements of qubit transitions. This technique exemplifies how graphene's integration can 

be studied and optimized for enhanced quantum computing applications. The incorporation of 

graphene into cQED systems significantly impacts the dynamics between qubits and cavities. 

The unique electronic properties of graphene can induce modifications in both the cavity's 

quality factor and the coupling strength, critical parameters that dictate the efficiency of qubit-

cavity interactions. Such alterations have the potential to augment the speed and fidelity of 

quantum gates, underscoring graphene's capacity to propel advancements in cQED 

technologies. Despite the myriad benefits offered by graphene, its integration into cQED 
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systems presents several challenges. A primary concern is the preservation of graphene's 

intrinsic properties throughout the fabrication process. Efforts to address this challenge focus 

on developing fabrication techniques that minimize contamination and defects, which could 

otherwise lead to unwanted decoherence or scattering in the qubit-cavity system. Overcoming 

these obstacles is crucial for harnessing the full potential of graphene in the realm of quantum 

computing. 

 
Fig. 4. Role of graphene in qubit-cavity systems within cQED architectures 

Experimental Milestones in Graphene Quantum Computing 

Kroll et al.'s 2018 study marked a pivotal point in the field of graphene-based quantum 

computing by successfully integrating graphene with superconducting circuits, which exhibited 

remarkable resilience even under intense magnetic fields  [21] . Their groundbreaking results 

provided empirical support for graphene's ability to sustain superconductivity and coherence 

under conditions that would typically undermine traditional superconducting materials, laying 

the foundational stones for future graphene applications in quantum computing architectures  

[5]. Building on the trailblazing efforts of Kroll et al., subsequent studies have concentrated on 
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overcoming the impediments of coherence and fidelity within graphene quantum structures. 

There have been notable improvements in the interface between graphene and superconductors, 

contributing to decreased scattering and energy loss  [22]. Efforts have also been channeled into 

encapsulating graphene, thereby shielding it from external decohering influences  [11]. The 

challenge of decoherence remains a central hurdle in quantum computing. Strides have been 

made in the graphene quantum domain, including techniques to cool graphene beneath the 

phonon emission threshold, effectively curbing thermal noise  [23]. Moreover, fine-tuning the 

substrate materials has proven to be effective in reducing charge noise, a significant source of 

decoherence in graphene qubits  [24]. Qubit fidelity is crucial for the precise processing and 

retrieval of quantum information. Graphene qubits have benefitted from bandgap engineering 

and the creation of strain-induced pseudo-magnetic fields, which allow for a more controlled 

electronic environment, thereby enhancing qubit performance and  [25]. These methods have 

been instrumental in elevating the fidelity of state preparation, manipulation, and measurement 

in quantum states  [26]. For quantum computing to be viable, error correction is indispensable. 

The malleability of graphene as a two-dimensional material has spurred innovative approaches 

to quantum error-correcting codes that are less prone to local disruptions  [23], [27]. Initial 

experiments have aimed to incorporate graphene into frameworks conducive to topological 

quantum error correction, an area where graphene's distinct electronic characteristics are 

particularly advantageous  [28]. Scalability is essential for the evolution from experimental 

models to practical quantum computing systems. Recent experiments have been directed at 

integrating numerous graphene qubits into expansive arrays while striving to preserve coherence 

throughout the arrangement  [29]. Additionally, the coalescence of graphene qubits with 

classical electronic components on a singular chip signifies a monumental leap towards the 

actualization of scalable quantum processors  [30]. 

Challenges and Potential Solutions in Graphene-Based Quantum Computing 

In the pursuit of advancing graphene-based quantum computing, researchers encounter a myriad 

of challenges that span from the fundamental aspects of material science to the intricate 

engineering of quantum devices. These challenges, while significant, are being addressed 

through innovative solutions aimed at enhancing the scalability, coherence, and overall 

performance of graphene-based qubits. The following table encapsulates the key challenges 

faced in the realm of graphene quantum computing and outlines potential strategies and 

solutions that are currently being explored to overcome these obstacles. This structured 

overview provides insights into the multifaceted approach required to realize the full potential 

of graphene in quantum computing applications.  

Table 1. Challenges and Potential Solutions in Graphene-Based Quantum Computing 

Challenge Description Potential Solutions 
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Scalability 

Transitioning from single qubits 
to complex arrays introduces 
technical hurdles, with errors 
and noise potentially 
overwhelming the system. 

- Development of large-scale 
integration techniques for 
graphene components. 
- Modular quantum computing 
architectures for incremental 
scaling. 
- Multiplexing methods for 
simultaneous control and 
readout of multiple qubits. 

Qubit 
Coherence 

Preservation of quantum states 
over time is crucial; however, 
graphene-based qubits are 
susceptible to decoherence from 
charge noise and quantum dot 
potentials. 

- Fabrication of cleaner graphene 
samples. 
- Improvement of dielectric 
environments. 
- Dynamically decoupling 
techniques to average out slow 
noise effects. 

Environmental 
Noise and 
Decoherence 

Thermal fluctuations, 
electromagnetic interference, 
and cosmic rays can disrupt qubit 
coherence, affecting quantum 
information fidelity. 

- Development of passive and 
active shielding techniques. 
- Enhanced cryogenic systems for 
thermal isolation. 
- Error-correcting codes and 
fault-tolerant protocols. 

Material Defects 
and Impurities 

Defects, wrinkles, and impurities 
in graphene can act as scattering 
centers, degrading qubit 
performance. 

- Advanced synthesis and 
transfer methods to minimize 
defects. 
- CVD growth on optimized 
substrates.- Cleaner transfer 
protocols. 

Interface and 
Surface Effects 

Unwanted states at the interface 
between graphene and other 
materials, as well as surface 
adsorbates, can impact qubit 
behavior. 

- Engineering of van der Waals 
heterostructures. 
- Encapsulation of graphene with 
hBN. 
- ALD of protective coatings for 
cleaner interfaces and surfaces. 

Fabrication 
Techniques 

Variability and imperfections 
from current fabrication 
techniques can affect the 
reproducibility and performance 
of devices. 

- Development of non 
-invasive fabrication techniques. 
- Optimization of EBL and RIE 
parameters. 
- Exploration of new methods 
like nano-imprint lithography. 
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Future Directions and Conclusion 

As we stand on the brink of a new era in quantum computing, the integration of graphene into 

quantum architectures represents a beacon of innovation, guiding the path toward revolutionary 

computational capabilities. This review has traversed the landscape of graphene-based quantum 

computing, from the foundational electronic properties of graphene to the cutting-edge 

methodologies employed in fabricating graphene-based qubits and their integration into circuit 

quantum electrodynamics (cQED) systems. The journey, while marked by significant 

achievements, unveils a spectrum of challenges that necessitate a concerted effort across 

multiple disciplines to overcome. 

Future Research Directions 

The future of graphene-based quantum computing is rife with opportunities for groundbreaking 

research and development. Among the avenues ripe for exploration are: 

• Material Synthesis and Characterization: Advanced techniques for synthesizing 

high-purity graphene and accurately characterizing its properties are crucial. Research 

will continue to optimize methods for producing defect-free graphene at a scale 

conducive to quantum computing applications. 

• Heterostructure Engineering: The exploration of novel heterostructures involving 

graphene and other 2D materials promises new quantum phenomena that could be 

harnessed for quantum computing. Tailoring these heterostructures for specific quantum 

tasks could lead to unprecedented qubit performance and functionality. 

• Quantum Error Correction: Developing robust quantum error correction schemes 

that leverage graphene's unique properties will be pivotal. This includes exploring 

topological states of matter in graphene-based systems for fault-tolerant quantum 

computing. 

• Hybrid Systems: The integration of graphene qubits with other quantum systems, such 

as trapped ions or diamond vacancies, offers a pathway to hybrid quantum processors 

that combine the best attributes of different quantum technologies. 

• Scalable Architectures: Addressing the scalability of graphene-based quantum circuits 

remains a paramount challenge. Innovations in device architecture, including 3D 

integration and advanced interconnect technologies, will be critical. 

Conclusion 

Graphene's journey from a laboratory curiosity to a cornerstone material for quantum computing 

underscores the transformative potential of 2D materials in technology. The studies reviewed 

herein highlight both the progress achieved and the hurdles that lie ahead. While challenges in 

scalability, coherence, and device fabrication persist, the relentless pursuit of solutions 
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continues to drive the field forward. The promise of graphene-based quantum computing lies 

not just in its potential to solve problems beyond the reach of classical computers but also in its 

ability to inspire interdisciplinary collaboration. Material scientists, physicists, engineers, and 

computer scientists, all converge in this quest, underscoring the importance of a cohesive 

approach to research and development. 
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