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Abstract

In the swiftly evolving realm of quantum computing, the pursuit of materials capable
of hosting quantum information with high fidelity is crucial. Monolayer transition
metal dichalcogenides (TMDs) have garnered attention due to their auspicious
properties for quantum logic gate applications. This study systematically explores the

Excellence in Peer-Reviewed utility of TMDs, such as MoSz, WSz, MoSe:z, and WSe, for their potential in quantum
Publishing: computing architectures. Leveraging advanced computational methods, including
QuestSquare density functional theory (DFT) and the GW approximation, we evaluated the

electronic properties of these monolayer TMDs, which revealed substantial band gaps,
significant spin-orbit coupling, and promising carrier mobility—all pivotal for the
operation of quantum logic gates. Experimental synthesis through chemical vapor
deposition (CVD) was optimized to produce monolayers with uniform thickness and
minimal defects. Post-synthesis characterization, utilizing high-resolution
transmission electron microscopy (HRTEM), atomic force microscopy (AFM), Raman
spectroscopy, and photoluminescence (PL) spectroscopy, confirmed the monolayers'
crystalline quality and band structure, aligning closely with theoretical predictions.
This research underlines the potential of TMDs in maintaining coherence and stability
under varying environmental conditions, thus enhancing their applicability in quantum
logic gates. The findings provide compelling evidence of TMDs as viable candidates
for the development of scalable, efficient quantum computing platforms and set a
precedent for future exploration of 2D materials in quantum technologies.
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Introduction

Quantum computing represents a paradigm shift in our computational capabilities,
promising to transcend the limitations of classical computing by harnessing the
principles of quantum mechanics [1], [2]. Despite the significant progress in this field,
the quest for materials that can reliably host quantum information remains one of the
grand challenges in scaling quantum computing technologies [3]. Novel materials
with superior quantum mechanical properties are required to overcome the issues of
coherence, stability, and scalability in quantum gate design [4]-[6].
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A plethora of research has been dedicated to two-dimensional (2D) materials, which
have emerged as promising candidates for various quantum computing applications
due to their unique electronic and optical properties. These studies have laid the
groundwork for understanding the quantum behavior of 2D materials and have
identified potential pathways for their integration into quantum computing
architectures. Aharonovich and Toth discuss the potential of 2D materials in
developing integrated quantum technologies through solid-state single-photon
emitters coupled with optical resonators and waveguides [7], [8]. Kitaev highlights a
two-dimensional quantum system with anyonic excitations that is inherently fault-
tolerant, emphasizing the computational capabilities of 2D materials in quantum
computing [9]. Wang et al. review the applications of quantum dots from 2D materials
in catalysis and energy, pointing to their broad utility in technology beyond computing
[10]. Ahmadi et al. discuss advanced laser-based synthesis methods for 2D materials,
crucial for the precise tailoring required in quantum computing applications [11]. de
Leon et al. address the material challenges in quantum computing hardware,
proposing new directions for material science to overcome these barriers [12]. Basov
et al. discuss strategies for engineering quantum materials properties, essential for
developing new devices for quantum computing [13]. [annaccone et al. explore the
quantum engineering of transistors based on 2D materials heterostructures, outlining
the potential and challenges of this approach [14]. Farias et al. develop the theory of
quantum friction in topological 2D materials, showcasing novel applications related
to material movement at the quantum level [15]. Liu and Hersam review the use of
2D materials in various quantum information science applications, highlighting their
potential in next-generation quantum technologies [16]. Giustino et al. present a
roadmap for quantum materials, discussing the latest developments and identifying
future challenges and opportunities [17].

Monolayer transition metal dichalcogenides (TMDs) are at the forefront of this
research frontier, offering an array of theoretical advantages for the development of
quantum logic gates. Comprising a single layer of transition metal atoms sandwiched
between two layers of chalcogen atoms, these materials exhibit significant band gaps,
high carrier mobility, and strong spin-orbit coupling—all of which are paramount for
quantum computing. Their structural characteristics at the monolayer limit enable the
confinement of electrons or holes in quantum dots, facilitating the precise control
necessary for quantum logic operations.

Monolayer PtSe., a semiconducting TMD, exhibits promising characteristics for
applications in electronics and optoelectronics due to its atomic structure and
semiconducting electronic properties, as confirmed by angle-resolved photoemission
spectroscopy. It also shows potential in valleytronics due to its polarization
calculations. The study by Chen et al. on monolayer TMDs explores the anisotropic
light emission characteristics, important for optoelectronic devices, using exciton
wavefunctions and energies obtained from first-principle calculations. This could
enhance the development of ultrathin light emitters [18]. Gao et al. found that
monolayer TMDs like MoS: and WSz undergo significant aging effects when exposed
to air, which could impact their use in devices. Encapsulation techniques are proposed
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to mitigate these effects [19]. Gong et al. demonstrated that bilayers of TMDs could
be used to control the spin, valley, and layer pseudospin of holes, offering a platform
for quantum gates controlled by wvalley bits, crucial for quantum computing
applications [20]. Liu et al. addressed the impact of quantum dot confinement on
valley hybridization in monolayer TMDs, finding that the intervalley coupling is
weak, which is favorable for preserving valley physics in quantum computing
applications [21].

This paper provides a detailed overview of the intrinsic properties of monolayer
TMDs and evaluates their compatibility and potential for integration into quantum
logic gates. By synthesizing high-quality monolayer TMDs and characterizing their
properties through state-of-the-art experimental techniques, we aim to correlate these
properties with the theoretical constructs that underpin quantum computing
operations. Additionally, this study elucidates the evaluation criteria crucial for the
application of TMDs in quantum logic gate construction, underscoring the importance
of bandgap size, carrier mobility, spin-orbit coupling strength, coherence times,
scalability, and integration capability. Through comprehensive computational
simulations and rigorous experimental methodologies, we endeavor to enhance our
understanding of monolayer TMDs and pave the way for their application in advanced
quantum computing systems.

Table 1. Overview of Monolayer Transition Metal Dichalcogenides (TMDs)
for Quantum Logic Gates

Property | Description | Relevance to Experimental | Applications
Quantum Findings
Logic Gates
Chemical | Single-layer | Ideal for Uniform Quantum dots,
Structure | transition precision thickness and | semiconductor
metal and guantum crystallinity integration.
chalcogen operations. confirmed.
atoms.
Band Sizable and Crucial for Aligned Tunable
Gaps direct band qubit closely with guantum gates,
gaps. isolation. predictions. scalable
circuits.
Spin- Strong due Enables spin- Matches Single-qubit
Orbit to crystal based qubit simulation operations,
Coupling | asymmetry. | manipulation. | data. enhanced
(SOC) control.
Stability High in Ensures Stable under Maintains
monolayer durability of ambient coherent states
form. quantum conditions. in quantum
gates. computing.
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Methods

This section delineates the comprehensive methods employed in the simulation of
monolayer transition metal dichalcogenides (TMDs), the experimental protocols
adhered to for material synthesis and characterization, and the benchmarks established
to evaluate the aptness of monolayer TMDs for quantum logic gate applications.

Computational Simulations

In our comprehensive computational examination of monolayer transition metal
dichalcogenides (TMDs), we employed a harmonized approach integrating density
functional theory (DFT) and many-body perturbation theory using the GW
approximation. This robust computational framework facilitated the quantitative
analysis of electronic properties that are fundamental to the operation of quantum
logic gates.

The DFT calculations served as the bedrock for elucidating the electronic structure.
The exchange-correlation potential V,, was approximated by the generalized gradient

approximation (GGA) in the form stipulated by Perdew, Burke, and Ernzerhof (PBE),
described mathematically as:

V,e[p(D)]= [, (p(F), V(P))dF (1)

where 0, represents the exchange-correlation energy per particle, dependent on the
charge density p and its gradient at any point I . These calculations were
instrumental in determining the initial band structures, E,.. (K), and the density of

states, D(E), given by:

D(E):z5(E_En(k)) (2)

bands

with 7 indexing the band number and k& the wave vector. To correct for the self-energy

and incorporate electron-electron interactions, we extended the analysis using the GW

approximation. The quasi-particle energies EO|p were determined iteratively through:

Eqp (K) = Eper () +Z,, ()2 (Eggr (K)) =V (K)] 3)
where % is the self-energy operator computed within the GW approximation, and

Z (k) is the quasiparticle renormalization factor. This process continued until the
difference between successive iterations of Eqp was within the prescribed
convergence criteria, ensuring the reliability of the band gap energies Eg obtained.

The inclusion of spin-orbit coupling (SOC) was paramount due to its critical influence
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on qubit manipulation. A non-collinear DFT framework incorporated SOC via the

spin-orbit Hamiltonian Hgg , which is written as:

H,=AL-S (4)

where A is the SOC strength, and L and S are the orbital and spin angular
momentum operators, respectively. This term modifies the electronic structure to yield
spin-split bands, impacting the design and operation of spin qubits within the quantum

logic gates.

Experimental Techniques

The experimental journey to synthesize and characterize monolayer transition metal
dichalcogenides (TMDs) for quantum computing applications is marked by
meticulous attention to the procedural nuances of chemical vapor deposition (CVD)
and a suite of post-synthesis characterization methods. Here, we delve into the
subtleties of these processes.

CVD remains the vanguard technique for the growth of high-quality TMD
monolayers, renowned for its ability to produce large-area and uniform thin films. The
substrates, often sapphire or silicon-based with a lattice structure that closely matches
that of the desired TMD, provide the foundation upon which the TMDs are grown.
The deposition process involves introducing vapor-phase precursors into a reaction
chamber, where they decompose or react at elevated temperatures to form a solid
phase that adheres to the substrate. Key growth parameters, rigorously optimized to
yield stoichiometry-compliant monolayers with minimal defects, include:

o Temperature: Elevated precisely to the point where the most efficient
material deposition occurs without compromising the integrity of the
monolayers or causing unwanted secondary reactions.

e Pressure: Maintained at a level that balances precursor flux and deposition
rate, optimizing film uniformity and crystalline quality.

e Gas Flow Rates: Regulated to control the delivery of precursors and inert

gases, thus dictating the deposition kinetics and layer morphology.

Post-synthesis, an assemblage of characterization techniques verifies the structural,
morphological, and electronic attributes of the TMD monolayers.

HRTEM affords an atomic-scale window into the crystalline structure of TMDs. By
directing a beam of electrons through the sample and capturing the resulting image,
HRTEM not only confirms the monolayer thickness but also identifies
crystallographic defects such as vacancies, interstitials, and dislocations, which are
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crucial determinants of the material’s electronic behavior. AFM maps the surface
topology of TMD monolayers by mechanically scanning a sharp tip across the surface
and detecting deflections caused by atomic-scale forces. This non-destructive
technique measures the uniformity of the monolayer and reveals surface features such
as wrinkles, folds, and contaminants that could influence electronic properties. Raman
spectroscopy is employed to probe the vibrational modes of the TMDs, which are
sensitive to both the material’s phase and electronic structure. By illuminating the
sample with a laser and measuring the energy shift of inelastically scattered photons,
Raman spectra can identify phase homogeneity, crystalline orientation, and the
presence of strain or defects within the lattice. PL spectroscopy examines the optical
quality and band structure intricacies of TMDs. As monolayer TMDs absorb photons,
they re-emit them at lower energies, a process influenced by the bandgap and excitonic
effects. The PL emission spectra thus serve as a direct indicator of the bandgap energy
and can reveal the effects of quantum confinement and many-body interactions
present in monolayers.

Evaluation Criteria for Quantum Logic Gates

A very concise evaluation of criteria for quantum logic gates, centering on the
importance of a substantial bandgap for isolating qubit states, the role of carrier
mobility in the rapid manipulation of qubits, and the strength of spin-orbit coupling
for efficient qubit control is presented in Figure 1. It also highlights coherence times
as a measure of a system's quantum state retention, the scalability of material
fabrication for complex circuitry, and the need for seamless integration with existing
semiconductor processes for the practical application of monolayer transition metal
dichalcogenides in quantum computing.

-

Facilitates control over Ensures seamless Compatibility with existing

. y b y
L/,V_J Indicates system's ability

Spin-Orbit Coupling Integration Coherence Times

\\ ~ Essential for reliable

Evaluation criteria for\
quantum logic gates |

Influences topological

Isolates qubit states
Affects speed of qubit

Carrier Mobility Scalability Bandgap Size Influences charge carriers

Direct and substantial

Reflects speed of electron Potential for complex Ability to fabricate arrays

Figure 1. Evaluation Criteria for Quantum Logic Gates: A visual
representation of the key parameters and their sub-criteria necessary for
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assessing the suitability of materials for use in quantum logic gate
construction.

Material Selection and Characterization

The inception of the research on monolayer transition metal dichalcogenides (TMDs)
for quantum logic gates necessitated a judicious selection of materials predicated on
their distinctive electronic properties and suitability for quantum applications.

Selection of Monolayer TMDs

The selection of specific monolayer TMDs was governed by a matrix of prerequisites,
primarily their intrinsic electronic attributes conducive to quantum logic operations
and the feasibility of their synthesis with high purity and crystallinity. Monolayer

TMDs, such as molybdenum disulfide MoS , , tungsten disulfide WS, , molybdenum
diselenide MoSe, , and tungsten diselenide WSe , , were pinpointed for their sizable

band gaps, substantial spin-orbit coupling (SOC), and stability at the monolayer limit.
These materials, having exhibited promising quantum phenomena in preceding
studies, were posited as potent candidates for the fabrication of quantum logic gates.

Table 2. summarizing the electronic properties of MoS», WS, MoSe>, and
WSe; monolayers relevant for quantum logic gate applications

Material | Band | SOC (Spin- | Carrier | Coherence | Stability | References

Gap Orbit Mobility Time
Coupling)
MoS; Direct | Significant | High Moderate | High [22], [23]
WS, Large, | Substantial | Very Moderate | High [24]
Direct High
MoSe; Direct | Moderate | Very Extended | High [25], [26]
High
WSe; Direct | High Highest | Moderate | High [27]
reported

Evaluation of Material Stability and Coherence Times

The viability of monolayer TMDs in quantum logic gate architectures extends beyond
electronic properties to encompass stability and qubit coherence.

Material Stability

The stability of synthesized monolayers under various ambient conditions is crucial
for their practical application in quantum logic gates. Our studies focused on
evaluating both chemical and structural integrity over extended periods.

MoS, Monolayers:

e Ambient Exposure: MoS, monolayers demonstrated robust stability when

exposed to ambient air conditions for prolonged periods. The material's
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crystallinity was preserved, indicating its resistance to oxidative degradation
which is vital for reliable device performance.

e Thermal Stability: Thermal cycling tests, involving repeated heating and

cooling cycles, showed that MoS , retained its structural properties without

significant degradation. This thermal robustness suggests that MoS, can
withstand operational environments that require temperature variations,
enhancing its applicability in diverse applications.

e Encapsulation Effects: When encapsulated, MoS, showed even greater
stability, with minimal changes in electronic and structural properties under

air exposure and thermal stress, proving the efficacy of protective layers in
extending the material’s lifespan in device configurations.

WSe, Monolayers:

e Long-term Air Exposure: Similar to MoS,, WSe, monolayers exhibited

excellent stability in ambient air over extended periods. The encapsulation
with hexagonal boron nitride (hBN) further augmented its resistance to

environmental factors, maintaining its pristine crystalline structure.

e Thermal Cycling: WSe, also maintained its integrity during rigorous

thermal cycling. The hBN-encapsulation was particularly effective in
preserving the material’s quality, indicating that WSe, is suitable for
applications involving variable thermal conditions.

e Robustness under Operational Stress: The combination of intrinsic
stability and enhanced protection through encapsulation ensures that WSe,

remains a reliable candidate for quantum logic gates, where long-term

operational stability is required.

The stability tests confirm that both MoS, and WSe, monolayers, especially when

encapsulated, meet the stringent requirements for quantum computing applications,
affirming their robustness and durability under practical operating conditions.

Coherence times are crucial for assessing the suitability of monolayer transition metal
dichalcogenides (TMDs) like MoS, and WSe, for quantum logic applications, as
they indicate how long these materials can maintain quantum information. These

times are typically inferred from low-temperature photoluminescence (PL) linewidths
and time-resolved PL measurements. Narrow PL linewidths suggest minimal
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environmental perturbations, indicative of longer coherence times. Similarly, time-
resolved PL, by measuring the lifetime of excited states, helps ascertain the stability

of qubit states over time. Extended coherence times, such as those observed in WSe,

, are particularly beneficial. In WSe , , reduced dielectric disorder and the presence of

soft phonon modes at cryogenic temperatures contribute to these extended times by
decreasing phonon scattering, thus enhancing the material's capability to support
quantum operations over time frames surpassing typical quantum gate operations.
This extended coherence is essential for performing multiple quantum operations
sequentially without significant loss of quantum information, highlighting the

potential of TMDs like WSe , in advanced quantum computing applications.

Design and Simulation of Quantum Logic Gates

The focal point of designing quantum logic gates employing monolayer transition
metal dichalcogenides (TMDs) is to leverage their quantum mechanical properties to
perform fundamental quantum operations. The theoretical and computational forays
into this realm are detailed herein.

Framework

The theoretical architecture of quantum logic gates in this study is predicated on the
quantum dot (QD) paradigm, a sophisticated quantum confinement mechanism for
electrons or holes within the two-dimensional landscape of monolayer transition metal
dichalcogenides (TMDs). Quantum dots are visualized as nanoscale potential wells
meticulously crafted within the monolayer TMDs, wherein their energy states can be
precisely modulated through electrostatic gating. This section elaborates on the
principles of qubit initialization, manipulation, and measurement within the QD
model. The initialization of qubits is a critical prelude to quantum computation. In the
proposed framework, monolayer TMDs are designed to confine single electrons in
quantum dots, effectively creating binary quantum systems where the foundational
states |0) and |1) are delineated by the electron's occupancy within the QD. The
absence of an electron is encoded as state |0), while the addition of a single electron
transitions the QD to state |1). This binary distinction is pivotal for establishing a
reliable computational basis that can be further manipulated for quantum logic
operations. For dynamic control over the qubit states, external electric and magnetic
fields are applied, harnessing the Stark and Zeeman effects to alter the energy levels
within the QDs. The Stark effect allows for the modulation of energy states through
electric fields, while the Zeeman effect enables the splitting of these states in response
to magnetic fields. Beyond these classic mechanisms, spin-orbit coupling (SOC)
emerges as a key facilitator for single-qubit operations, particularly through electric
dipole spin resonance (EDSR). EDSR empowers the manipulation of spin states with
electric fields—a technique that offers higher spatial precision and expedited qubit
control compared to magnetic field manipulation. The inherent SOC in monolayer
TMDs is thus exploited to drive transitions between spin states, an operation essential
for the execution of coherent quantum logic. The readout of qubit states is
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accomplished via charge sensing techniques. These methods capitalize on the change
in electrical conductivity that occurs when an electron enters or exits a QD. By
monitoring the conductive properties of the TMDs, the quantum states of the QDs can
be inferred, providing a direct measurement of the qubit states. Charge sensing offers
a non-invasive and highly sensitive method for determining qubit states, thereby
completing the qubit lifecycle from initialization and manipulation to measurement.

Simulation Results

Our simulation results for quantum gate operations on monolayer transition metal
dichalcogenides (TMDs) provide a robust framework for assessing the feasibility of
these materials in quantum computing. Utilizing the effective mass approximation
coupled with k-p perturbation theory, we modeled the behavior of electron
wavefunctions within the potential landscape of quantum dots (QDs). This approach
allowed us to simulate the foundational operations of quantum computing, starting
with single-qubit gates. The simulations indicated that by applying localized electric
fields to QDs, we could achieve precise rotations on the Bloch sphere, essential for
enacting single-qubit gates such as Pauli-X, Pauli-Y, and the Hadamard gate that is
shown in Figure 1. These gates, which facilitate state inversion, bit and phase flips,
and the creation of superposition states, respectively, are pivotal for quantum logic
operations.

Pauli-X Gate Pauli-Y Gate

Pauli-),(/i".»"« e

(m around )9/’

157,

i

Hadamard
(/2 in XY)

Figure 2. Visualization of Qubit State Transformations on the Bloch Sphere:
This figure illustrates the effect of applying Pauli-X, Pauli-Y, and Hadamard
quantum logic gates on a qubit's state, depicted on the Bloch sphere. The
Pauli-X and Pauli-Y gates are shown to rotate the state by m radians around
the x and y axes, respectively. The Hadamard gate effectuates a m/2 rotation
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in the XY plane, creating a superposition state. These transformations are
fundamental for quantum computing operations.

Expanding our simulations to two-qubit gates, we explored the complex dynamics of
interdot tunneling and Coulomb interactions. By dynamically tuning gate voltages,
we were able to demonstrate the theoretical feasibility of a two-qubit controlled-NOT
(CNOT) gate—a crucial element for quantum entanglement and computation. The
success of these simulations is marked by the ability to control the state of one qubit
based on the state of another, enabling the manipulation of qubit pairs in a manner that
lays the groundwork for more sophisticated quantum circuits.

A critical aspect of our simulations centered on coherence and decoherence times,
which are indicative of a system's ability to maintain quantum states over time is
shown in Figure 3. Our results suggest that TMD-based qubits may offer enhanced
coherence times compared to some existing qubit technologies, particularly under
ideal conditions where environmental noise is minimized. This potential for extended
coherence is significant, as it could lead to more reliable and error-resistant quantum
computing systems. Overall, the simulation results paint a promising picture for the
use of TMDs in quantum logic gates, highlighting their potential to outperform current
technologies and drive advancements in the field of quantum computing.

2.51 H T1 (Energy Relaxation)
I T2 (Dephasing)

Coherence Times (us)

0.0-

Low Noise Moderate Noise
Environmental Conditions

Figure 3. Impact of Environmental Noise on Quantum Coherence Times: A
comparative analysis of energy relaxation and dephasing times under
different noise conditions, demonstrating the sensitivity of quantum systems
to external perturbations.

Ideal High Noise
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Conclusion

The exploration and subsequent utilization of monolayer transition metal
dichalcogenides (TMDs) in quantum logic gates, as detailed in this study, mark a
significant stride towards resolving critical challenges in quantum computing. The
compelling array of TMDs' intrinsic properties—ranging from their sizable and direct
band gaps, high carrier mobility, to robust spin-orbit coupling—presents a promising
solution to the material limitations currently faced in quantum logic gate design. Our
findings corroborate that the unique electronic and structural properties of monolayer
TMDs are conducive to the precision operations required in quantum computing. The
experimental evidence aligns closely with theoretical predictions, validating the
practical potential of these materials. Particularly, the stability and coherence times
observed in TMDs, even under environmental perturbations, underscore their
suitability for maintaining quantum information over operationally relevant
timescales. Moreover, this research underscores the importance of a multidisciplinary
approach, combining advanced computational simulations with meticulous
experimental techniques, to unravel the full potential of TMDs in quantum computing.
The successful demonstration of single-qubit and two-qubit gate operations through
simulations reaffirms the feasibility of using TMDs in constructing scalable and
efficient quantum circuits.

The implications of this study are twofold. First, it significantly advances our
understanding of the role that 2D materials can play in the future of quantum
technology. Second, it sets a foundational precedent for future experimental and
theoretical work, which will be crucial for transitioning these materials from
laboratory curiosities to integral components of quantum computing platforms.

As we look forward, the continued investigation into the material science of TMDs,
particularly in enhancing their stability and coherence through advanced synthesis and
encapsulation techniques, will be pivotal. Moreover, fostering collaborative efforts
with broader research initiatives in quantum materials and technology development
will undoubtedly accelerate the maturation of quantum computing. The journey ahead
is complex yet promising, and monolayer TMDs stand on the cusp of transforming
the landscape of quantum computing, poised to unlock unprecedented computational
power.
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