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Abstract. In the rapidly advancing domain of quantum computing, qubits based 
on electron properties are increasingly recognized for their capability to enhance 
quantum information processing and communications. This review offers a 
detailed examination of three main types of electron-based qubits: electron spin 
qubits, charge qubits, and hybrid qubits. Initially, the review outlines the 
essential principles underlying these qubits. Subsequently, it discusses recent 
developments in the �ield, focusing on enhancements in coherence times, logical 
gates, and system scalability. This article aims to provide both theoretical 
insights and practical recommendations for the development and re�inement of 
quantum computing architectures. 

1. Introduction  

In recent decades, the development of quantum algorithms has made it possible to solve 
problems that are dif�icult to handle via classical methods. Fundamentally, quantum computers 
have the potential of surpassing classical computers in terms of database searching[1], quantum 
simulation[2], and optimization algorithms[3]. Analogous to classical computers, quantum 
computers, in order to perform calculations, need to represent the information to be processed 
in a suitable physical form in order to perform the calculations. Thus, qubits become the basic 
carriers of information in quantum computers, corresponding to bits in classical computers[4]. 
Many efforts have been made to investigate various platforms to realize quantum tasks[5], [6], 
[7]. Among them, electrons, with their multiple degrees of freedom[8], [9], [10] and ability to 
realize long coherence times[8], allowing for high-precision quantum control[11] and 
interaction modulation[12], are naturally suited for this quantum revolution. In this review 
article, the progress made with electron-based qubits will be reviewed. The article will be 
divided into two parts, the �irst one focusing on different implementation schemes of electrons 
as carriers of quantum information, and the second chapter describing the current state of the 
art of electron spin qubits, charge qubits, and hybrid qubits, and discussing their respective 
potentials and areas of application. 

2. Fundamentals of electron-based qubits  

A qubit is the basic information unit of a quantum computer. Unlike the classical bit, it cannot 
only be in the "0" and "1" states, but also in the superposition of these two states, thus forming a 
quantum two-energy system[13]. Quantum information can be encoded in various physical 
systems, such as photonic states[6], nuclear spin systems[7], ion trap systems[5], 
superconducting circuits[14], and so on. Among them, spins (both nuclear and electron spins) 
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are natural qubit carriers because information can be encoded in the intrinsic degrees of 
freedom of elementary particles [15]. Moreover, spins are not directly affected by electric �ields 
and are relatively weakly affected by charge noise caused by the environment. In addition, 
electron spins have excellent qubit properties, such as long coherence times, and ef�icient 
individualized controllability [16]. In addition to the spin degree of freedom, the charge degree 
of freedom of electrons can also be used to realize qubits, which can be operated by precise 
control of the charge state. The charge-spin hybrid qubit [17] is an all-electronic controlled, 
double quantum dot-based qubit that mixes the advantages of both high-speed processing 
capability and long coherence. In this chapter, theories related to electron spin qubits, charge 
qubits, and hybrid qubits will be introduced. 

2.1 Electron spin qubit  

Since the spin of an electron is its inherent two-energy system, the encoding of | 0〉  and |1〉  can 

be accomplished by |↑〉  and |↓〉 [18]. The encoding of spin-state quantum information is 
common in many physical systems, and in this paper we focus on the realization of electron spin 
qubits in gate-de�ined quantum dots, donor atoms, and other physical systems. This chapter �irst 
describes the basic concepts of qubits for different physical systems and explains how their 
logical states are de�ined, and �inally presents the corresponding initialization and readout 
methods. 

Nanoscale semiconductor particles that are quantum con�ined in all three dimensions are 
called quantum dots [19]. Subject to quantum con�inement, quantum dots have discrete energy 
levels and unique optical and electronic properties, which are similar to those of atoms [20], and 
thus quantum dots are also termed as arti�icial atoms. In gate-de�ined quantum dots, the 
number of free electrons, charge and spin states in the quantum dots, as well as the exchange 
interactions between the quantum dots, can be effectively manipulated by modulating the 
capacitively coupled split gate [20]. The structure of a quantum dot is similar to that of a 
semiconductor transistor, with a source, quantum dot, and drain con�iguration, which together 
form a region capable of holding numerous electrons. Under the in�luence of appropriate 
source-drain and electrode voltages, electrons are able to be transported through the tunneling 
effect between the source, the quantum dot, and the drain. The magnitude of the tunneling 
barrier between the quantum dot and the source/drain directly affects the tunneling speed of 
the electrons. An increase in the barrier causes the rate of electron transfer during tunneling to 
slow down, so that the electronic states within the quantum dot will be occupied one by one, 
under the control of the gate voltage to aligh unoccupied states in the quantum dot with 
tunnelling electron states, the Coulomb blockade effect [21]. 

Spin qubits based on gate-de�ined quantum dots are de�ined by the spin properties of the 
electrons in the quantum dot. In this case, in a single-electron spin qubit, i.e., a Loss-DiVincenzo 

qubit, the logical states are de�ined by the electron spin states | 0〉  and |1〉 . By applying an in-
plane magnetic �ield, the electron spin undergoes Zeeman splitting, which results in two-energy 
states, each for a different direction of the electron spin. The control of these qubits can be 
achieved by magnetic resonance techniques [22] that utilize a static magnetic �ield to 
differentiate the energy levels of the spin states, while employing an oscillating magnetic �ield 
with a frequency close to the energy level difference of the qubits and a direction perpendicular 
to the static magnetic �ield to perform precise manipulation of the Bloch sphere. In addition, a 
magnetic �ield can be generated to drive the electrons within the quantum dots by means of 
applying an alternating current electric �ield with a frequency of ω[23]. A Qubit in a double 
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quantum dot is de�ined by controlled singlet state splitting enabled by exchange interactions,  to 
obtain singlet-triplet state qubits [11]. The logical state is de�ined by the superposition of the 
two-particle spin singlet and triplet states, i.e., | 0 | S〉 ≡ 〉 , 0|1 | T〉 ≡ 〉 . Rotation of the quantum 
state of can be achieved by 1) changing the exchange coupling between the two electrons acting 
on energy detuning 2) applying a local magnetic �ield gradient. 

Gate-de�ined quantum dots, one of the key candidates for qubits, have become a  research 
topic of particular interest due to their energy state tunability, CMOS compatibility, and long 
coherence time [24]. Within the last few years, semiconductor quantum computing has become 
an increasingly important candidate for quantum computing devices due to its unique 
advantage of being able to use the technology available for classical electronic devices, and 
therefore potential for large-scale scaling and miniaturization [25]. 

In 1998, Daniel Loss and David DiVincenzo suggested that the spins of individual electrons 
in semiconductor quantum dots could form not only models but also real physical qubits [8]. In 
2005, Petta succeeded in demonstrating the �irst experimentally coherent manipulation of 
electron spins in semiconductor qubits [11]. 

 The realization of qubits with low gate densities at low temperatures using P donor atoms 
in Si was �irst proposed by Kane [26]. P atoms have a nuclear spin that can interact with the 
electron spin, providing a suitable system for the formation of qubits. In the presence of a 

 

 

Figure 1. (a) Schematic of electron spin qubits based on gate-de�ined quantum dots, bloch sphere 
diagram, energy level diagrams.  Reproduced with permission from Guido et al., Reviews of 
Modern Physics 95, 2 (2023). (b) Schematic diagram of a qubit based on a P donor atom. 
Reproduced with permission from Pla et al., Nature 489, 541 (2012). Copyright 2012 Springer. 
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magnetic �ield, the spin state splits into | 0〉  and |1〉 . The energy difference between these two 
states de�ines the desired microwave frequency, i.e., the Larmor frequency. When the microwave 
frequency generated by the microwave line (shown in Fig. 1(b)) is equal to the Larmor 
frequency, the electron spin resonance condition is satis�ied and the electron is able to absorb 
the energy of the microwave pulse, causing a shift in the spin state. Depending on the timing of 
the pulse, the electron spin can either �lip from | 0〉  to |1〉  or be in a superposition of these two 
states; by changing the phase of the microwave pulse, the phase of the superposition of the 
electron spin can be controlled. 

Donor-based qubits have a large potential in realizing ef�icient quantum computing 
operations [27]. This system has a tight-binding potential that provides strong electron 
localization, which helps to maintain the quantum state of electrons and reduces the leakage of 
quantum information; the minimized gate density of the system reduces the complexity of the 
system and makes it more stable; in addition, the strong capacitive coupling enhances the 
interactions between qubits, and theoretically, it is possible to precisely control the exchange 
interactions between qubits by adjusting the capacitive coupling. 

It is worth noting that a high level of nuclear spin coherence needs to be maintained due to 
considerations of coherence time and �idelity of single qubit gates [28]. Ideally, since 
background nuclear spins lead to decoherence, the donor atomic nuclear spins should be 
embedded in a host material consisting of isotopes with atomic nuclear spin quantum number 

0I = . None of the stable isotopes of common III-V semiconductors (e.g., GaAs) have 0I = . 
While Si consists mainly of 28Si  and 30Si  with 0I = , the remaining 29Si  with 0I ≠  can also be 
removed by isotopic enrichment[29]. Therefore, 28Si  is the ideal host material. 

At the same time, however, precise control of the donor atom spacing to create a tunable 
exchange interaction between two electrons is dif�icult due to the dif�iculty of determining the 
atomic distances required to turn on and off the exchange interaction on the condition that a 
high-�idelity, spin-independent readout is achieved. Finding a balance between qubit placement 
accuracy and manipulation control is a technical challenge that remains to be solved [27]. 

2.2 Charge qubit 
Charge qubits can be de�ined by coupling electrons in two adjacent semiconductor quantum 
dots. Its ground state corresponds to the electrons located on the left or right quantum dot and 
is labeled as | L〉  and | R〉 . In the presence of inter-dot tunneling effects bonding and 
antibonding combinations can be formed and are labeled as | 0〉  and |1〉 , respectively. When the 
tunneling interactions between the two quantum dots are actually 0, the energy difference 
between | L〉  and | R〉  is de�ined as the detuning parameter ε . By analyzing the coherence time 
as a function of the detuning parameterε , it can be found that the coherence of a qubit is 
maximal when the detuning parameterε  is 0, highlighting the importance of precise control of 
the energy level. Manipulating the detuning parameterε  , by adjusting the voltage on a speci�ic 
gate and controlling the coupling of the inter-dot tunneling, can effectively manage the quantum 
state of the electron. 

The readout of charge qubits began with a method of measuring the coherent oscillations of 
charge due to electron transport in a quantum dot system. Later, charge-sensitive devices were 
used to measure the charge occupancy of double quantum dots [30]. This method was able to 
demonstrate the functionality of fully charged qubits with biaxial control, which is important for 
realizing quantum logic operations. 
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In a superconducting system, a charge qubit consists of a small superconducting island with 
multiple Cooper-pair charges that is connected to a superconducting electrode via a Josephson 
junction. In the superconducting state, the electrons on the island exist as Cooper pairs (paired 
states of two electrons attracted to each other by phonon exchange), forming a macroscopic 
quantum state. And it relies on the capacitively coupled gate voltage to apply short voltage 
pulses to control the state of charge on the island (i.e., the number of Cooper pairs) to 
manipulate the quantum state of the qubits [31]. 

The speci�ic process of manipulation is as follows: At low temperatures, the system's 
macroscopic ground state is the charge state of the box with additional n electrons. All Cooper 
pairs condense into this macroscopic quantum ground state, which is separated from the excited 
states by a superconducting gap∆ . The superconducting gap∆  is larger than the single electron 
charging energy CE , which restricts quasiparticle tunnelling; only Cooper pairs can tunnel 

 

 

Figure 2. (a) Schematic of charge qubits based on gate-de�ined quantum dots, charge initialization 
process, charge manipulation process. Reproduced with permission from Anasua et al., Nature 
Reviews Physics 3, 3 (2021). Copyright 2021 Springer. (b) Schematic, energy level diagram of 
charge qubits based on superconducting Josephson junctions. Reproduced with permission from 
Yuriy et al., Reviews of Modern Physics 73, 2 (2001). 

(a)

(b)
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coherently from one quantum dot to another within the superconducting junction. When the 
charging energy CE  exceeds both the Josephson energy JE  and the thermal energy Bk T , the 
system stabilizes in the lowest charge number states of | 0〉  and |1〉 , corresponding to the 
presence of zero or one Cooper pair in the box, respectively. By adjusting the gate voltage 
applied to the box, the relative energy between the two energy levels can be controlled, allowing 
for precise control of the qubit. 

Readout of superconducting charge qubits can be accomplished by detecting tunnelling 
currents [32] or by monitoring changes in the charge environment. 

2.3 Hybrid qubit 
In charge qubits, the �lip rate between states | L〉  and | R〉  is determined by the tunnel coupling 
between the two quantum dots, allowing for very fast �lip rates on the order of picoseconds (ps). 
However, due to strong coupling with environmental noise, the coherence time of charge qubits 
is relatively short, generally on the order of nanoseconds (ns). 

Electron spin qubits typically achieve longer coherence times, generally on the order of 
microseconds (μs), due to their weaker coupling with environmental noise. However, this also 
means that spin �lips occur slowly, usually on the order of nanoseconds (ns), which signi�icantly 
limits the operational speed of the qubits [24]. 

In recent years, many studies have adopted hybrid qubit encoding, combining the high 
manipulation speed of charge qubits with the long coherence times of spin qubits. As shown in 
Figure 3, by controlling both the charge and spin states of an electron within a double quantum 
dot, electrons can tunnel between quantum dots while their spin states are also regulated. 

The speci�ic operational process is as follows: In a semiconductor double quantum dot 
system, gate voltages are adjusted so that the left and right sides are occupied by two and one 
electrons, respectively, establishing a (2,1) charge con�iguration. By altering the voltage of the 
left gate, the detuning parameterε  is increased, prompting a charge state transition to (1,2) due 
to the principle of energy minimization [33]. Under adiabatic control, changing ε  from a 

  

Figure 3. Hybrid qubit based on Si/SiGe heterostructured double quantum dots. Reproduced with 
permission from Dohun et al., Nature 511, 7507 (2014). Copyright 2014 Springer. 
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positive to a negative value results in the quantum state | 0 | | S〉 ≡↓〉 〉 , where S  is the singlet of 

the right quantum dot; and the quantum states 0
1 2|1 | | | |

33
T T−〉 ≡ ↓〉 〉 + ↑〉 〉 , 0T  and 1T  being 

two triplets of the right quantum dot. Unlike typical singlets and triplets, the presence of a third 
electron imparts charge-like characteristics, allowing for electrical rather than the usual 
magnetic control used for spin qubits. This facilitates extremely rapid quantum state transitions, 
evidenced by π  rotations within 100 ps[17]. Furthermore, compared to the exchange-only qubit 
[34] that requires control over three quantum dots, this qubit architecture is simpler as it 
manages fewer particles and interactions, which aids in achieving faster gate operations critical 
for effective quantum computing [35]. 

 

3. Advancements and Evaluations of Electron-based Qubit Implementations  

Theoretically, all the physical systems mentioned above are capable of implementing qubits [15]. 
However, in practice, certain criteria must be met (such as the DiVincenzo criteria [36]) to be 
considered for practical realization. In this chapter, we will review the experimental progress of 
electron spin qubits in different physical systems over recent years, evaluating aspects such as 
coherence time, �idelity, and scalability. 

Fidelity and coherence time are two core metrics for evaluating the performance of qubits, 
measuring the accuracy of quantum operations and the duration over which quantum states 
maintain their coherence, respectively. The magnitude of �idelity is directly in�luenced by 
coherence time; a longer coherence time allows for the execution of more quantum operations 
without signi�icant loss of �idelity. Therefore, in the design of quantum systems, it is common to 
optimize both �idelity and coherence time simultaneously. 

Furthermore, for large-scale computation, the number of spin qubits required far exceeds 
that of current systems. A scalable physical system must be capable of increasing the number of 
qubits without degrading the quality of operations.  

3.1 Electron spin qubit 
Due to space constraints, this article primarily focuses on the progress of electron spin qubits 
based on semiconductor quantum dots. For developments in electron spin qubits in donor atom 
systems, please refer to references [37] and [38]. 

Table 1. Current state of art for spin qubit with dynamic decoupling 

Ref. Year Material Coherence time Fidelity 

[39] 2023 GaAs–AlGaAs QD 113μs 97.80% 

[40] 2022 Si triple QD 720μs 99.99% 

[41] 2021 GaAs/AlGaAs QD 10ns \ 

[42] 2021 (Al, Ga)As QD 21.9 ± 1.6 ns \ 

[43] 2020 GaAs QD 766.7ns 99.04%±0.23% 

[44] 2019 Si QD 120μs 99.90% 
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In the context of electron spin qubits, enhancing coherence time is crucial for quantum 
computing. Recently, several methods have been employed to mitigate factors causing 
decoherence. I. Due to interactions with a noisy environment, electron spins are susceptible to 
decoherence. Dynamic decoupling uses precisely timed pulse sequences to periodically �lip the 
qubit's state, averaging out the effects of external noise �luctuations, such as nuclear spin noise, 
and signi�icantly extending spin coherence time. Table 1 shows some recent results using 
dynamic decoupling to improve qubit performance. II. Sweet spot operation. Sweet spots are 
typically de�ined by external control parameters, such as magnetic �ield strength or gate voltage. 
At these points, the qubit's energy has a zero �irst derivative with respect to noise-induced 
parameters, minimizing the impact of small �luctuations. For gate-de�ined quantum dots, 
operating at sweet spots reduces sensitivity to charge noise. Reference [45] suggests coupling 
spin qubits to superconducting resonators, allowing qubit readout at sweet spots where 
operation aligns with high-�idelity quantum actions. Dynamic decoupling and sweet spot 
operations are often used together to optimize qubit decoherence properties and robustness. 
Reference [46] achieves high-�idelity two-qubit operations by adjusting gate voltages to control 
quantum dot coupling, while precisely tuning single and two-qubit gate parameters, such as 
frequency, amplitude, and phase, to maintain optimal operation points. 

To achieve control over a large array of dots, researchers have considered more scalable 
architectures. One approach involves sharing gates within a quantum dot array for control [47], 
and using integrated local electrostatic meters to detect electrons in the array [48]. 

3.2 Charge qubit 
Electron charge qubits have become a focal point in quantum computing research, attributed to 
their simplicity in design, manufacturing, control, and readout. However, these qubits, utilized 
within traditional semiconductor and superconducting frameworks, are prone to random 
telegraph noise (RTN) [49]. This exposure results in decoherence, limiting their coherence times 
to the microsecond (μs) range. An effective mitigation strategy involves operating these qubits at 
the "sweet spot." At this sweet spot, the energy difference between bonding and anti-bonding 
states is less sensitive to �luctuations in the electric �ield [30]. 

To enhance the coherence time of qubits, considerable attention has been focused on 
optimizing the dielectric environment surrounding the qubits. This approach primarily 
addresses the decoherence mechanisms arising from interactions between the qubits and their 
immediate physical environment. Reference [50] employs a three-quantum-dot system that 
allows a single electron to be distributed across three dots, providing additional degrees of 
freedom for tuning qubit properties. In the paper, the authors identify and utilize a third-order 
sweet spot to minimize the qubit's sensitivity to electric �ield variations, in theory extending 
coherence times signi�icantly. Reference [51] explores a charge qubit based on an isolated single 
electron trapped on an ultra-clean solid neon surface in a vacuum, achieving a coherence time of 
0.1 ms. Reference [52] examines a charge qubit in a single quantum dot within a suspended 
carbon nanotube, offering higher electrical tunability and sensitivity to electric and magnetic 
�ields. This structure balances the simplicity of atomic qubits, coherence time, and tunability of 
qubits, providing signi�icant advantages in speci�ic types of nano quantum sensing. In addition 
to optimizing the dielectric environment of qubits, many studies employ techniques such as 
dynamic decoupling to prolong coherence times. Reference [49] discusses methods using echo 
signal techniques to mitigate noise effects, nearly quadrupling coherence times and enhancing 
the lifespan of entangled states. In a GaAs double quantum dot system, it is found that increasing 
the mutual capacitance between quantum dots signi�icantly reduces the system’s sensitivity to 
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charge noise, thus enhancing the coherence time of charge qubits [53].  In superconducting 
charge qubits, selecting appropriate Josephson energies and temperatures can signi�icantly 
improve and protect the quantum coherence of qubits [54].   Theoretically, establishing 
interactions between qubits and phonon baths in a double quantum dot system can 
substantially reduce environmental noise to maintain the coherence of qubits [55]. 

Additionally, advanced control strategies are utilized to enhance the �idelity of quantum 
gates. Through adiabatic shortcuts, charge qubits based on superconducting circuits can achieve 
faster and more reliable gate operations, while ensuring high gate �idelity and robustness [56]. 
Ultra-strong coupling between charge qubits and resonators by adjusting the electric dipole 
moments of the qubits has been demonstrated [53]. This facilitates more effective energy 
exchange and contributes to more robust quantum operations, thus potentially enhancing gate 
�idelity.  A CNOT gate operation between two Si/SiGe double-dot charge qubits via capacitive 
coupling, performed at a clock speed of 13.5 GHz, has also demonstrated high robustness [57]. 

In terms of scalability, advances in CMOS technology have catalyzed key developments in 
the scalability of charge qubits, facilitating signi�icant progress towards compact and ef�icient 
quantum computing systems. Scalability of a quantum computing system based on charge 
qubits has been veri�ied by integrating quantum dots and their control circuits on a 22-nm FD-
SOI CMOS platform, enabling the implementation of large-scale qubit arrays on a single chip 
[58].  CMOS technology has also been used to realise charge qubits that can be replicated at 
scale, to build quantum processors that operate at 4K [59]. 

3.3 Hybrid qubi 
In hybrid qubits based on double quantum dots, the primary source of decoherence is 
environmental noise, which include magnetic noise caused by nuclear spins and charge noise 
due to electron traps and gate voltage �luctuations [60]. 

Numerous studies have integrated dynamic decoupling and other noise reduction 
techniques into hybrid qubit operations to further extend coherence times and improve gate 
�idelity.  signi�icantly enhanced qubit resilience to charge noise by adjusting the qubits to 
"pseudo-spin" states and tuning the operational points and internal parameters is proposed in 
[61].  Shaped microwave pulse envelopes to suppress rapid oscillations and leakage, enhanced 
gate �idelity, together with simulation results demonstrating that the �idelity of hybrid qubits 
can still exceed 99.99% under strong driving conditions are discussed in [62]. Building on 
simulation theory, it has been shown that hybrid qubits in silicon-based double quantum dots 
can use resonance modulation based on double-dot energy detuning to achieve gate �idelities 
greater than 93% for x-axis rotations and over 96% for z-axis rotations [63].  The use of strong 
microwave driving for rapid gate operations, while combining detuning parameters and tunnel 
coupling simultaneously, has made it possible to achieve a gate �idelity greater than 99.9% 
despite signi�icant charge noise and phonon-mediated noise. Thus the coherence time of hybrid 
qubits has been extended to over 150 ns using Hahn echo and Carr-Purcell sequences [64]. In 
Si/SiGe hybrid qubits, single-qubit �idelities of approximately 95% have been measured [65]. 
Tuning singlet-triplet qubits to the "sweet spot" reduces limitations from charge and nuclear 
noise, thereby extending coherence times.  Impact of noise in double quantum dot systems can 
also be minmized through adiabatic control, introducing dynamic sweet spots (DSS), enabling 
the sensitivity to charge noise to be dynamically minimized during qubit operation [66]. 
Implementing DSS under pulse sequences further enhances the �idelity of the Cz gate to nearly 
99.9%, optimizing speed while ensuring �idelity.  It has been shown in simulation that 
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Maintaining hybrid qubits at the sweet spot throughout the operation using DC pulse control 
and using exchange interactions the Cz gate �idelity can exceed 99.9% [67]. 

In addition to the methods mentioned above for reducing nuclear and charge noise impacts, 
some studies have improved qubit performance by altering system con�igurations. Reference 
[68] introduces an unconventional charge con�iguration within double quantum dots: composed 
of �ive electrons in (2,3) and (1,4) con�igurations. This setup bene�its from the non-harmonicity 
of the quantum dots, where asymmetry in one dot introduces new anti-crossing functionalities 
with quasi-parallel energy levels, effectively reducing the qubit's sensitivity to charge noise and 
signi�icantly extending the decoherence time of hybrid qubits to tens of ns. 

In terms of scalability, semiconductor-based hybrid qubit architectures, which integrate a 
set of universal logic gates and rapid all-electric qubit operations, are suitable candidates for 
large-scale quantum information processing.  Hybrid qubits compatible with CMOS processes, 
achieving a maximum logical qubit surface density of 2.6 million qubits/cm2 are proposed in 
[69]. 

4. Conclusion 

In this article, we explore various qubits implemented using different degrees of freedom of 
electrons, including their logical states and readout methods. High-�idelity initialization and 
readout techniques, rapid gate operations with extended coherence times, and scalability of 
quantum systems have been demonstrated. This ful�ils many criteria required for quantum 
computing. Each type of qubit presents unique advantages and technical challenges: 
Semiconductor spin qubits offer strong potential for large-scale miniaturization but require 
precise fabrication techniques; superconducting charge qubits enable fast gate operations but 
are limited by their short coherence times due to high sensitivity to electromagnetic noise; 
hybrid qubits combine the bene�its of different electronic degrees of freedom but also suffer 
from environmental noise interference. It is premature to determine which type of qubit is most 
suitable for quantum computing. In fact, the optimal approach may involve a combination and 
balance of multiple quantum systems. 
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