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The recent decade has witnessed substantial advancements in silicon quantum computing. Important
milestones include demonstrations of quantum gates exceeding the fault-tolerance threshold, high-
fidelity single-shot spin readout, hot quantum bits (hot qubits), and compact scalable spin arrays. Silicon
qubits hold promise to leverage semiconductor industry technologies into scalable qubit manufacturing.
Both the academic and industry communities are striving to push this advantage into reality. However,
formidable challenges persist in the quest to develop a fully operational universal quantum computer. This
review focuses on single-spin qubits in silicon. First, we start with foundational spin qubit theory. Then,
we discuss gate-defined quantum dots and donor dot systems, with a particular emphasis on two-qubit
gate operations and the scalability of qubit arrays. Lastly, we address long-distance coupling, highlighting
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key areas for future research and potential scale-up strategies for this rapidly evolving field.

Introduction

Quantum computing has been developed for over four decades
[1] and is one of the major themes of the second quantum
revolution [2]. It has garnered increasing global attention due
to accelerating breakthroughs and vast potential for application
in a wide variety of industries and fields. Quantum computers,
as disruptive computation machines, harness quantum phe-
nomena such as superposition, interference, and entanglement,
providing exponential speed-ups in solving critical tasks [3-5].
Quantum computing is widely anticipated to revolutionize vari-
ous sectors such as chemistry, drug design, economics, and
national security. Now, we are in the noisy intermediate scale
quantum (NISQ) era [6]. Superconducting and photonics plat-
forms have showcased quantum advantages [7-12], and super-
conducting qubits are already on the verge of a break-even point
for fault-tolerant logic qubits [13-15]. Several applications,
including topological braiding operations [16], solving com-
putationally complex problems in the analog quantum simula-
tion approach [17], and time crystals [18], have already been
demonstrated. Recently, trapped-ion and neutral-atom systems
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have pushed quantum gate fidelities and qubit numbers to
higher levels [19,20]. These advancements have bolstered con-
fidence in realizing a universal quantum computer, a previously
formidable goal that now appears reachable.

Although millions of physical qubits are deemed necessary for
a universal quantum computer to fulfill its potential [15,21,22],
only a few hundred qubits are available in the NISQ era. Despite
attempts to reduce the size of this considerable gap, challenges
remain, especially considering the need for long-distance qubit
coupling and high-efficiency quantum memory [23]. Moreover,
the need for bulky controlling electronics contributes to the high
cost of systems with millions of qubits. Among the various physical
quantum computing platforms under study, silicon spin qubits
stand out due to their compatibility with existing semiconductor
industry fabrication processes [24-28]. This unique feature holds
the promise of leveraging the semiconductor industry’s know-how
and technologies to scale up quickly. In addition to this prominent
advantage, silicon spin qubits also possess distinctive properties
and have seen increasingly rapid progress in recent years.

The fundamental building block of spin-based silicon quantum
computing is the spin qubit, which stores quantum information
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processed through electrical or magnetic operations [29].
Silicon spin qubits have emerged as suitable platforms for uni-
versal quantum computing due to their remarkable attributes,
which include long coherence times up to 0.5 s [30], single-qubit
gate fidelities exceeding 99.95% [31-34], and two-qubit gate
fidelities surpassing the fault-tolerant threshold [26,33,35-42].
Recent advancements made by several research groups have
expanded these capabilities to control small qubit arrays and
perform multiqubit operations [43,44]. Additionally, silicon spin
qubits excel in operating as “hot qubits”, achieving functionality
at or above 1 K [45-47], even demonstrating fault-tolerant
operations at this temperature [38]. Combined with research
on cryogenic complementary metal-oxide-semiconductor
(cryo-CMOS) technologies [48,49], the silicon spin qubit
offers the possibility of integrating quantum computers into a
quantum-classical hybrid chip, and perhaps also the possibility
of a quantum system-on-chip (QSoC). Companies and research
institutes including Intel [25], CEA-Leti [27], HRL Laboratories
[42],and IMEC [50] have made strides in manufacturing foundry-
compatible silicon quantum computing chips. These recent
advancements have shined a light on integrating silicon spin
qubits into a large system for future large-scale universal quan-
tum computers (see Fig. 1 for milestone advancements in sili-
con quantum computing).
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Amid the development of silicon quantum dot systems,
electron spin qubits are becoming more important than other
silicon qubit types, such as charge qubits [51,52], singlet-triplet
qubits [53,54], valley qubits [55], and exchange-only qubits
[42,56,57]. Spin qubit operation technologies, readout meth-
ods, and scaling architectures are becoming more mature.
Electron spins confined within silicon quantum dots exhibit
prolonged coherence times and can operate at fault-tolerant
quantum gate fidelity, distinguishing themselves as prominent
qubits in silicon. Meanwhile, hole spin qubits benefit from
different physical mechanisms compared to electron spin
qubits: strong spin orbital coupling, weak nuclear hyperfine
oscillation, and absence of degenerate valleys. Hole spin qubits
in silicon-based quantum systems have demonstrated appeal-
ing quantum computing capabilities, such as single-qubit gate
operation with high fidelity (over 99.97%) [40], two-qubit gates
with a fidelity of 99.3% [40], and strong spin-photon coupling
[58]. In this review, we focus on electron spin systems, includ-
ing gate-defined quantum dots and donor-based quantum
dots. For details on hole spins in silicon, readers are directed
to the relevant literature [47,59,60]. In a gate-defined quantum
dot, gate electrodes on top of semiconductor devices provide
electrical confinement that captures electrons from a two-
dimensional electron gas (2DEG). In a donor-based quantum
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Fig. 1. Milestone advancements in donor-based and gate-defined silicon quantum computing. Along the development timeline, we show the essential achievements and the year
or period in which they occurred. The milestone works of gate-defined quantum dots are listed in the top panel, including the original proposal [113], the high-fidelity single-
qubit gate [87], a serial of two-qubit gates [102,175,180,183,187,320], the strong coupling of an electron and cavity photon [294,295,321], the refractometry-based single lead
or cavity dispersive spin readout [283,322,323], hot qubits [45,46] and related cryo-CMOS controller [48], fault-tolerant quantum gates [33,35,36], the 3-qubit entanglement
[324] and 6-qubit integration [43], and the microwave photon mediated long-distance two-spin interaction [293,305] and two-qubit gate via cavity [258]. In the bottom panel,
the critical works of donor-based quantum computing include the original proposal [204], the single-shot spin readout [207], the single electron spin qubit in natural silicon
[208], the long coherence times of an electron spin and a nuclear spin [30], the high-fidelity single-qubit gate [31], the electron spin and nuclear spin entanglement [259],
the fast exchange-based two-qubit gate between donors [248], the tripartite entanglement of one electron and two nuclear spins [37] and a high-spin qudit of an antimony
donor [325], a high-fidelity 4-qubit register consisting of 3 nuclear spins and one electron spin [260], the demonstration of Grover's algorithm and above fault-tolerant gates
on this 4-qubit device [41], and the creation and manipulation of Schrodinger cat states on an Sb donor [310]. Building on these technological advancements, donor-based and
gate-defined silicon quantum computing are poised for scaling up the systems, though difficult challenges still lie ahead. The images in the top panel are adapted from our own
work [87,322], Springer Nature; from [45, 183, 294] with permission, Springer Nature; from [113] with permission, the American Physical Society; from [33] with permission,
American Association for the Advancement of Science (AAAS); and from [43], Springer Nature, under a CC BY license. The images in the bottom panel are adapted from our
own work [248], Springer Nature; from [30, 37, 204, 207, 208, 259] with permission, Springer Nature; and from [260], Springer Nature, under a CC BY license.
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dot, the dopant potential binds electrons around its nuclei,
and the hyperfine interaction links the electron spins to their
respective nuclear spins, providing excellent physical degrees
of freedom for encoding qubits [61,62].

This review has 4 main sections. The first section delves into
the theory of electron spin qubits. The next 2 sections review
gate-defined quantum dots and donor-based quantum dots.
Each of these 2 sections covers basic fabrication processes, qubit
state preparation and measurements, and the implementation
of quantum gates, and especially toward scaling up, reviews
and perspectives on the two-qubit gate and quantum dot array
are emphasized. The last section discusses long-distance cou-
pling, which is crucial for increasing the number of qubits and
enabling distributed quantum computing architectures.

Basic Theory

Modeling of quantum dots

A semiconductor quantum dot, also called an artificial atom,
has an electronic structure that depends on the shape of the
quantum dot and the band structure of the semiconductor
[63,64]. In a semiconductor, the electrons stay at the conduc-
tion band minimum, and the holes are at the top of the valence
band. In the following, we discuss the model Hamiltonian of
electrons in semiconductor quantum dots.

If there are multiple electrons in silicon quantum dots, the
Coulomb interaction between the electrons plays an important
role. Consider N electrons in arrays of quantum dots. The quan-
tum dots can be formed by either the electric potential of the
electrodes or the potential of the nuclei of the dopant in silicon.
Then, the Hamiltonian is

H= Zh,.+ ZHC,,-j, 1)
i ij

where h;and H ;are the single-particle and two-particle terms.

In silicon, there are 6 degenerate valley states in the bulk. In
the presence of confinement, the valley states split, and the
single-particle Hamiltonian is

hi = Zhi,l—valleylj)(il + chjk[]xkl’ (2)
J I

where the single-particle Hamiltonian h; ; _ e, is assumed to
be valley independent, and the valley coupling c;; depends on
the details in the atomic scale, such as interface disorder, steps,
and.

For electrons in semiconductor quantum dots, the single-
particle Hamiltonian of the ith electron in a single jth valley
(i.e., one of the conduction band minimum) can be written as

2
p; -
By —valley = Py Vp(7;) +Hyi+Hgoi+Hy o (3)
where the first term is the kinetic energy of the ith electron,
Vp (? )is the electrical potential of the quantum dots the elec-
tron experiences, the last three terms are due to the Zeeman

interaction, the spin-orbit interaction (SOI), and the hyperfine

interaction. Here, 7;and p; = —iAV, — gA (7;) / c are the coor-
dinate and momentum operator of the ith electron, m™ is the
effective mass of the electron, g = —|e| is the charge of the

electron, and A (7;) is the vector potential.
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The potential V) (7) is tunable electrically via the metallic
electrodes, and it can also be the Coulomb potential of the nuclei
of the dopant. In the case of a dopant, V}, (7) = V(7) + Vy (7),
where V(7 ) is the potential due to the electrodes, and the addi-
tional Coulomb potential Vi (_r'i ) that the electron experiences is

N.e?
ve(F) = Y —— |
n (%) ;e|'r',-—7€;| (4)

where N; and ﬁj are the charge and position of the jth nuclei,
and e is the permittivity in the semiconductor material. When
magnetic field B presents, there is Zeeman splitting for the elec-
tron spins. The corresponding Hamiltonian for the ith electron
isHy; = gyBE - i = % ;7 where Ey ;is the Zeeman energy
of the ith electron.

In semiconductor quantum dot systems, there is also SOI
that is important for spin qubit operations. Possible SOI mecha-
nisms include the intrinsic SOI in the material and the synthetic
SOI induced by the external inhomogeneous magnetic field.
The intrinsic SOI includes the Dresselhaus SOI due to the bulk
inversion symmetry breaking and the Rashba SOI due to the
structural inversion symmetry breaking [65-68]. For example,
the Rashba SOI in Hg; can be given by

Hpso,;=as0E XP; -0}, (5)

where a, denotes the strength of the SO, E is the electric field,
and p; and , are the momentum and spin operators of the
ith electron.

In the presence of the nuclear spins near the quantum dots,
there is hyperfine interaction between the electron spins and
the nuclear spins, H, ; = ZjH Wij> where

- -

Hy ;= A;S; - 1, (6)

where A is the hyperfine interaction between the electron and
the nuclei in jth quantum dot when the electron is localized in
the quantum dot. §; and J; are the electron and nuclear spin
operators of the ith electron and the jth nuclei.

The physics is governed by the total Hamiltonian
H = Y,h; + ¥;Hc,j where the Coulomb interaction between
the ith and the jth electron is

- e?
Hey = He(PF) = 7. 7)
€ | ri—7; |

One can solve the problem by using the full configuration inter-
action (FCI) method, where the basis for the many-electron
system is constructed from the Slater determinants of a set of
single-particle states. By increasing the size of the basis (i.e.,
increasing the number of single-particle states), results can be
obtained until convergence.

The FCI method requires expansive computational resources
even for a small number of quantum dots. To a good approxi-
mation in many cases, one can choose only a single orbital state

@, (7)for each quantum dot, and then construct the many-body

wave function as basis states. Then, the system Hamiltonian can
be written in the second quantization representation.
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In the absence of SOI and hyperfine interaction, the Hamiltonian
of the quantum dot system after the second quantization can
be modeled by an extended Hubbard model (see [69]):

H= 2615 i Cic T Z(t,]cl Cig+h.c. )

+ 2 i 1Tn1l+ ZVC 1]”10' jo (8)
i ijo
Tt
+ Z ]C,ijcio—cjo.lcja’ Cic + Z Wl]nwc]o—cw’
ijo‘;éo: ijo

where the detuning ¢, and tunnehng t;; is tunable by the gate
voltages, and the interaction energies U, VC i Jc,ij» Wijare deter-
mined by the sizes of the quantum dots and distances between
the quantum dots.

Effective Hamiltonian of spin qubits

From the extended Hubbard model, one can further study the

interaction of spins and define different types of spin qubits.
For simplicity, we consider the unit of two electrons in a

double quantum dot (DQD). Then, the Hamiltonian is

Ez;
i\t i
H= Z <€i + Ta) € Ciot (tlzclgcw +h.c. )

i=1,2;0 (9)

+ Z U nzT”zl + ZVC 12”10’”26’
i=1,2

where i = 1,2 denotes the two sites of the quantum dots.
The system can host different numbers of electrons. Next,
we consider the single-electron and the two-electron cases
separately.

Single-electron system
If there is only one electron, the system Hamiltonian without
a spin degree of freedom can be simplified as

c_€ c C
H0 = EO'Z +to,, (10)

where € = €, — ¢, and t = t}, are the detuning and the tun-
neling between the left and the right dot, respectively, and
o-zc = C;Lgcz(I - CLCIG ando¢ = CLCZG + c;’ch, are the operators
for the charge states in the system.

Then, a charge qubit can be defined by the eigenstates
|0c) and |1¢) of the Hamiltonian. If the localized states
at the two dots are |[L) and |R), then the eigenstates of
the charge qubit are |0C) = cos(0/2)|L) + sin(#/2)|R) and
| 1c) = —sin(0/2)|L) + cos(0/2)|R). In the presence of a driving
electric field E,_(¢), the detuning between the two dots becomes
time dependent € = ¢; + €,(t), where €, = eE,.(t)d, and d,, is
the distance between the two dots. Thus, we have HC = HS + HE,
where H, C = ¢,(t)/ 20, Since the charge qubit is not only cou-
pled to the driving electrlc field, but also coupled to the noisy
electric field in the environment, the coherence of the charge
qubit is usually as short as 10 ns [70]. By engineering the energy-
level structure of the charge qubit, the dephasing time can also
be extended to be around 200 ps [71].

A spin qubit in a quantum dot is of great interest since it is
better protected from electrical noise. In the presence of the SOI
and external magnetic field, the single-electron Hamiltonian is
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— c
Hy=— +20' +to +Zasoy o/ (11)

where E, = gugB is the Zeeman splitting of the electron spin

in an external magnetic field B. Here, the strength of the SOI
is &g, ;i. The spin qubsit is defined by the eigenstates of the spin
Hamiltonian.

When an external oscillating alternating current (AC) mag-
netic field B, (t) is applied along the x-axis, an electron spin
resonance (ESR) operation can be induced. Since the mixing
between the spin and the charge states is relatively weak, the
Hamiltonian of the spin qubit is approximately

S S S
HS = HS + HS, (12)

with Hj = E;0,/2 and HY =gugB, (t)o, /2. If B, (t)=
Bacocos(a)act + ) is perpendlcular to the external magnetic

field B, where w,_and ¢,_ are the frequency and the phase of
the applied AC magnetic field, then the Rabi frequency of the
electron spin is Qp = gupB, -

Because of the SOI, the spin and charge states are mixed,
which allows for electric manipulation of the spin states. The
electric field couples to the charge dipole of the charge qubit
and induces a type of spin resonance called electric dipole spin
resonance (EDSR). In the presence of an oscillating electric

field, the Hamiltonian of the spin-charge qubitis H = H, + H,,
where H, is the H, defined above, and H, = HlC =¢e,(t)o, /2.
Thus,

E
H="26,+%6C+16C
2 272

el(t) C (13)

+ Zaso ii%i0; ol +

z b
which is simplified as if we consider only the spin degree of
freedom,

E, 1
Heff =-—0, + EgMBBeff(t)o-x’ (14)

2
where the effective oscillating magnetic field B.g(t) is due
to the oscillating electric field € (t) = eE, (t)dy = eE,ydycos
(@qet + P, ) and the SOL The physics of the Rabi oscillation
due to the EDSR is thus similar to the ESR. The Rabi frequency
Qp gpsr due to B.g(t) is proportional to the strength E,  of the
electric field and the strength o of the SOL

In the case of the EDSR, the SOI can be provided by an
intrinsic SOI such as the Dresselhaus SOI due to bulk inversion
symmetry breaking, or the Rashba SOI due to structural inver-
sion symmetry breaking [65-68]. In the case of the gate-defined

quantum dot, the Rashba SOIis Hy = ap < PO, —Py0y ), where

ap is the coupling strength of the Rashba SOI, p= PxoPy|is the

2D momentum operator acting on charge states [which can be
expressed in the basis of the eigenstates|0¢)and| 1) of the charge

qubit], and the Dresselhaus SOlis Hp, = ap, (pxax +p,0, ) The

SOI can also be the result of an inhomogeneous magnetic field
(in which case it is called synthetic SOI) or the hyperfine
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coupling field [72-74]. Recently, hole spins are of particular
interest due to the large strength of the SOI of holes, and the
low effective mass of heavy holes for the in-plane motion in
planar Ge [59]. The requirements on nanofabrication are
relaxed due to the low effective mass, making the fabrication
process less challenging.

The benefits of EDSR include less cross-talk due to rapid
decay of the electric field over distance, space savings due to
the absence of an ESR line, faster operation speed, and greater
ease of generation of electrical fields, compared with the ESR
method. However, EDSR relies on the sizable strength of
the SOI; thus, charge noise can play a role and causes spin
decoherence.

Single-electron and single-hole spin qubits in quantum dots
have been studied intensively during the last few years because
of their good coherence, fast EDSR manipulation, high-fidelity
gate operations, and potential for scalability. However, it is still
challenging to scale up such systems due to the difficulty of
fabricating small-footprint devices, and there is cross-talk error
during spin manipulation in the presence of multiple spin
qubits. Seeking to overcome some of these challenges, research-
ers have studied spin qubits encoded on multiple electrons,
such as the ST, qubit and exchange-only qubit, which work in
lower magnetic fields and operate with baseband pulses [42].
Moreover, two-electron and multielectron (or hole) systems
are also essential for two-qubit and multiqubit gates for uni-
versal quantum computing. Next, we discuss the Hamiltonian
of the two-electron system and then the case of the multielec-
tron system.

Two-electron system

Here, we consider a two-electron system in a DQD, which can
be used for the ST, qubit or the two-qubit operation of two
single-spin qubits. In the presence of two electrons, the relevant
two-electron states are denoted as | (NLNg)X >, where N; and
Ny are the number of electrons in the left and right dot, and
| X)) is the spin state of the two electrons. For two electrons, the
spin state | X') can be the spin-singlet |S) or the spin-triplet states
[T, )| To) or|T_). In the (1,1) charge regime, |(1,1)X ) are the 4
lowest states of the system, in which [(1,1)S) is tunnel-coupled
to the two doubly occupied states|(2,0)S)and|(2,0)S). If the J- ;,
and W, terms are negligible, then, from Eq. 8, the two-electron
Hamiltonian in the basis of the lowest 3 singlet states is

0 V2t V2t
Va2t U, - o | (15)

V2t 0 U,—V,.+e

where Uj is the on-site Coulomb interaction and V is the
Coulomb interaction between electrons in the neighboring
quantum dots. Because of the tunnel coupling between[(1,1)S)
and the doubly occupied singlet states, the singlet state|(1,1)S)
is lowered. However, for the triplet state |(1 1)T,,), there is no
such coupling due to the absence of the|(2,0)T,,,)and |(2,0)T},,)
states, according to the Pauli exclusion principle. Thus, the
energy of singlet state |(1,1)S) becomes lower than the energy
of the triplet state|(1,1)T,,,) (in the absence of a magnetic field),
and results in an exchange interaction J. [Note that although

|(0,2)T, )o,.0, aT€ MOt absent if two electrons are occupying
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different orbital states |0, ) and |0,) with |(0,2)T,,), , tunnel-
coupled to |(1,1)Tm), there is also the |(0,2)S)01)02 state that
occupies the|o; ) and|o, ) orbital states with|(0,2)S), ,, tunnel-
coupled to [(1,1)S), so that the same energy shifts are induced
f0r|(1 1)T,,)and|(1,1)S) by these tunneling processes, and thus,
the presence of |(0,2)T,,, )O 0 and [(0,2)S),, ,, in general does
not result in net exchange intéraction. Moreover [(0,2)T,,)
is also generally too high in energy to be relevant here.] The
effective interaction between the two electron spins is

01,02

Hele(?r’l-?y’z—[), (16)

where ] = (2£2) / (U, = V=€) + (2t2) / (U, =V, +¢) is the
strength of the exchange interaction, and I is an identity opera-
tor. The exchange interaction arises from the quantum mechan-
ical effect of the antisymmetric statistics of the electrons.

In the presence of a magnetic field, there is Zeeman splitting

of the spin qubits,
Zg MBB

Ez 1,2 AE (17)
= TZ izo-i,z + TZ (Gl,z _Uz,z)’

where E; = (Ez,+E;,) /2 and AE; = (E;;—E;,) /2 are
the average Zeeman splitting and the difference between the
Zeeman splittings in the left and right quantum dots. The
Zeeman energy difference AE, can arise from the inhomo-
geneous magnetic field, g-factor inhomogeneity, hyperfine cou-
pling of electrons and nuclear spins, etc. Then, the Hamiltonian
H=H,+H,is

E AE - =
HZTZ Zgi,Z+TZ(O_1,z_O—2,z)+£(O—1'62_1)' (18)
i

From the Hamiltonian, various two-qubit gates can be con-
structed. Moreover, a two-electron singlet-triplet (ST,) qubit
can be defined by the eigenstates of the Hamiltonian in the
[(1,1)S) and |(1,1)TO) subspace. Since the exchange J(¢) is tun-
able via the detuning of the DQD through the dc pulsing of the
detuning e or by directly pulsing the tunnel barrier as is often
done, e.g., for high-fidelity two-qubit gates [24], universal
single-qubit operation of the ST, qubit can be constructed
based on the Hamiltonian with tunable exchange interaction
(detailed forms of two-qubit gates are discussed below in the
subsection on qubit operations).

Once we have the effective Hamiltonian of the two-electron
system, we can further obtain the three-spin Hamiltonian that
is coupled by the exchange interaction. We have

H= Z ”-H_) _)1+1+ Z T’lo-z,i’ (19)

i=1,2 i=1,2.3
where Jj; is the exchange interaction between the neighboring
spins, and Ey ;is the Zeeman splitting of an electron in the ith
quantum dot. The exchange-only qubit can be defined by the

two eigenstates of the Hamiltonian.
In a more general case, we have

EZz

l].; >
H= 2555+ ) 5 0uy (20)
(ij) i
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From the above Hamiltonian, various interesting spin physics
and operations of spin qubits in the system can be studied.

Qubit operations

The interaction Hamiltonian between the electron spins and
the electromagnetic fields allows the operations of the single-
qubit and the two-qubit gates of the spin qubits. In the follow-
ing, we discuss how to construct these gates based on the
effective Hamiltonian of the single-electron and two-electron
systems.

Single-qubit operations
The interaction between an electron spin and a magnetic field
results in an energy difference between the spin 1) and [|)
states. The electron spin’s behavior in a static magnetic field is
described by a Hamiltonian that can be manipulated with an AC
magnetic field perpendicular to the static field to drive spin tran-
sitions. If the AC magnetic field is B . = B”cos(a)act+¢ac)3c\,
then the Hamiltonian Eq. 12 becomes:
H= E—ZGZ + el
2

where I = sin¢g,. and Q = cos¢,.. For ease of understanding,
the magnetic field is aligned along the + Z direction, with the
Hamiltonian expressed as H = gugB -0 /2 = E;0, /2, where
gisthe Landé g-factor, pp is the Bohr magneton, B signifies the
magnetic field strength, and o signifies the Pauli matrices. The
oscillating electromagnetic wave component, represented by
the oft-diagonal elements, is used to control the qubit. The in-
phase (I) and quadrature (Q) components of the microwave,
alongside the applied microwave frequency w,, are crucial for
this control. For simplicity, the AC magnetic field is aligned
along the X-axis.

Under the rotating frame transformation and rotating wave
approximation, where rapidly oscillating terms e=?@ac are
neglected for simplicity [75], the transformation is governed

. . _ o a_U + .
by the Hamiltonian Hpy, = UHU' — iA7-U". The unitary

(Icos(w,t) +Qsin(w,t))o,, (21)

iwt
. . . fex 0
transformation U is represented by the matrix < i ),
0 e 2
withiw = gugBand 7Q = gugB. The resulting Hamiltonian
in the rotating wave approximation is expressed as:

I

o _h ny (22)
RWA = E(Q)—Q)ac)dz'i'T O'x+ TQU},.

The pulse duration and I/Q component of the microwave
define the spin’s rotation angle and axis, respectively. For on-
resonance driving, the AC field fully rotates the spin from |{)
to |1). The symbols Xz and Yz indicate 90° rotations around

2 2
the X- and y-axes, enabling arbitrary two-axis control within
the SU(2) group.

Two-qubit operations

A universal quantum gate set must include single-qubit rotations
and at least one two-qubit entangling gate. For Loss-DiVincenzo
(LD) qubits in quantum dots, the direct exchange interaction,
resembling Heisenberg-like coupling, is the primary method
for executing two-qubit gates. This occurs when electron wave
functions overlap in 3 dimensions, enabling spin coupling
and various two-qubit gates (refer to the “Two-qubit gates and
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entanglement” subsection under the “Gate-Defined Quantum
Dots” section below).

From the two spin-qubit Hamiltonian Eq. 18, the two-
electron spin Hamiltonian in the presence of a driving magnetic
field is

E AE
H= TZ zo-i,z + TZ (Ul,z _0-2,z)
i

23)
J = = 8Hp (
+Z(0' 16y =1)+ ) = BiacDoi

i=1,2

where B; ,.(t)is the AC magnetic field acting on the ith electron
spin. Based on the Hamiltonian, several different two-qubit
gates can be constructed. Below, we discuss the basic principles
of the SWAP gate, the controlled-phase (CPHASE) gate, and
the resonant controlled-not (CNOT) gate.

SWAP gates: When AE; <] and B;,. = 0, the exchange
interaction dominates the Hamiltonian Eq. 23. At a given J,
with a controlled duration of the exchange interaction, an entan-

gling v/SWAP gate can be achieved by setting t =1 /(4)):

1 0 0 O
0 1 =i 0
_ 2 y2
Uy swap =€ 1H€xt/h|t_1 - \_/— \{— (24)
Ty 0o —L o
V2 V2
00 01

Whentheo,,0,,term is absent in the exchange Hamiltonian,
which resembles the interaction between distant spins medi-
ated by virtual photons in a resonator, the operator above turns

into an 1/ iSWAP gate (refer to the “Spin-Photon Interface for
Scaling up” section below).

CPHASE gates: When AE; >> ] and B; ,. = 0, in the rotating
frame of the|] 1),| 1 |) space, the time-dependent evolution

operator of the Hamiltonian Eq. 23 becomes a CPHASE gate:
1 0 0 0
0™ 0
Ucpnase(t) = » .
0 0 ey (25)

0 0 0 1
When 2z]t = (2n+ 1)z with n integer, this operator pro-

duces a controlled-Z (CZ) gate together with single-qubit Z
rotations:

100 0

T b 1 010 0
Ucz=Zl(E>Zz<E>UCPHASE<§>= 001 o | (26)

000 -1

Resonant CNOT gates: CNOT gates can be compiled by

using a \/SWAP gate or a CPHASE gate together with addi-
tional single-qubit gates. The Hamiltonian Eq. 23 in the two-
spin basis (1 1,1 1,1} 1,1} |) can be approximated as [76]
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ZEZ 2B, r1B; 0
YzBT AE; -] J r1B:
H=5 1Bl ]  —AE;—] 7B, | (27)
0 1B} y.By  —2E,

Here, 7,,, ( Ynt Jis the effective gyromagnetic ratio that couples
qubit n to the oscillating magnetic field B;. The Hamiltonian

can be diagonalized into the new basis (1 1,171, 1 1,1 |):

ZEZ Y218, Y118 0
| yBy AE;—] ? r1,B1
H=>yyBf 0  —AE;~] ryB | (9
0 yyuBf yyBf -2E,

where AE, = 1/J2+ AE2,and | 1) =cos®| | 1)+siné[1 1), 1))
AEz+4/ }2+AE§

2
\/(AEZ+\/]2+AE§) +2

, and thus the effective gyro-

=[11)y=—sinZ|| 1)+cos?|1 |), here,coss =

J

\/(AEZ+\/]2+AE§>2+]2

. . . 0 _ .0
magnetic ratios follow the rotation Y111y =¥1€085 Frpsing,

)
and sing =

2'305% + ylsing. This results in 4 resonance frequen-
cies, which are fira)) = Ez + %’ frap =Ez + #.

In a time-dependent frame with a rotating matrix
R=diag{ e~Ez!, e7(8Fz-)t gi(8Ez 1)t giEzt | applying microwave
pulses at one of four selected frequencies leads to a condi-
tional rotation.

In short, the SWAP gate, the CPHASE gate, and the resonant
CNOT gate are the two-qubit gates commonly implemented
in silicon spin-qubit experiments. By using one of the two-qubit
gates and arbitrary single-qubit rotations, it is possible to con-
struct universal quantum logic for silicon spin-based quantum
computing.

Y212 =Y

Spin decoherence in quantum dots

When a quantum system is coupled to a noisy environment,
quantum decoherence occurs. We first introduce a general
theory for quantum decoherence and then discuss in more
detail the decoherence mechanism in semiconductor quantum
computing.

If a qubit system is coupled to a noisy environment, in the
so-called Markov approximation, the decoherence of the oft-
diagonal elements of the reduced density matrix is given by [68]

1/T,=1/(2Ty) +1/ Ty, (29)

where the relaxation rate due to the transverse coupling to the
noise is

TLI ~ St (07) + Sty (), (30)
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where S; (w) can be rewritten as the Fourier transformation

oo 8K [
Si(w)= 5 J dt(6B;(t)6B;(0))cos(wt)dt.  (31)

n* Jo
For the Markovian noise, the pure dephasing is given by
1/Ty=Sz7(0=0).

In quantum systems, there are non-Markovian types of
noise, such as1 /f charge noise, where the memory of the envi-
ronment is long, and the Markov approximation is invalid. Slow
noise usually affects the dephasing of the qubit. In this case, the
off-diagonal density matrix element for the spin decays in the
form exp(—¢q(t)) with [77,78]

@)

where wy, is the high-frequency cutoft and @, is the lower cutoft
frequency chosen as the inverse of the experiment time. In the
presence of low-frequencyl /f noise, S,, = A, / , the analyti-
cal result suggests that spin dephases as @ « A,t*Int, which has
a nearly quadratic dependence on time [70,79]. Then, the pure

dephasing rate is defined as ¢( T, ) = 1, and the pure dephasing

rate shows approximately 1/ T, « \/A_O dependence.

In semiconductors, there is nuclear spin noise, charge noise,
phonon noise, Johnson noise, etc. These noise sources may
couple to the qubit states and cause qubit decoherence. Qubit
decoherence can be the result of relaxation or pure dephasing.
Relaxation involves energy dissipation and, thus, is mainly due
to noise whose spectral density is large at the qubit frequency.
Thus, relaxation is negligible when the noise spectral density is
weak at low frequencies. Normally, the spectral density of pho-
non noise is weak at low frequencies and large at high frequen-
cies. Thus, phonon noise is normally the main source of qubit
relaxation [80-83], and Johnson noise and charge noise can
also contribute substantially to spin relaxation in certain cases
[84-86].

In contrast, pure dephasing is mainly due to the randomized
phase of a qubit and does not involve energy dissipation. Pure
dephasing is mainly due to noise sources whose spectral densi-
ties are substantial at low frequencies. In semiconductor devices,
nuclear spin noise and charge noise can be strong at low fre-
quencies and, thus, can cause considerable pure dephasing of
spin qubits through electric or magnetic coupling. In addition,
the nuclear noise of °Si and *’Si can be largely suppressed or
eliminated through the so-called isotopic enrichment of silicon
material [30,87-89]. Thus, we will mainly focus on charge-
noise-induced pure dephasing and introduce only the main
results of nuclear-spin-induced pure dephasing.

In the following, we discuss in more detail the relaxation
and dephasing of spin qubits in semiconductor quantum dots
and discuss the typical situations of spin qubit systems.

Single-spin decoherence

We first focus on single-spin qubits in quantum dots. The fre-
quency domain of phonon spectral density is proportional to
the third power or the fifth power of the frequency, depending
on the type of coupling (deformation coupling or piezo-electric
coupling) [85,90,91]. Thus, phonon-induced charge relaxation
is proportional to the third power or the fifth power of the
splitting of a charge qubit. For a single-electron spin qubit,
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phonons induce spin relaxation via the SOI In the case of
intrinsic SOI, the Van-Vleck cancellation gives rise to an extra
B?dependence of spin relaxation, and the phonon-induced spin
relaxation shows B° or B” dependence, with the magnetic field
depending on whether deformation (GaAs) or piezoelectric
(Si) interaction with the phonon dominates [68,84,90,91]. In
contrast, in the case of synthetic SOI induced by an inhomo-
geneous magnetic field, when the inhomogeneous magnetic
field from the micromagnet is saturated, the spin relaxation in
silicon is proportional to the B> with the magnetic field due to
phonon at high magnetic fields [86,92].

Johnson noise and charge noise also introduce spin relax-
ation at low magnetic fields in certain situations. The noise
spectral density of phonons is suppressed substantially at low
frequencies due to the strong dependence on the frequency.
Then, the Johnson noise or charge noise can be dominant at
low frequencies. In this case, spin relaxation due to Johnson
noise or charge noise shows weak dependence on the magnetic
field.

In the case of intrinsic SOI and large valley splitting, spin
relaxation at low magnetic fields shows very weak dependence
at low frequencies and saturates due to low-frequency charge
noise and spin-valley mixing mechanisms, and is observed in
silicon quantum dot devices with micromagnets [93].

Nuclear spin noise and charge noise also induce pure
dephasing of the spin qubit. In a GaAs quantum dot, there is
strong nuclear spin noise, and the pure dephasing of spin qubits
is dominated by nuclear spin noise [94-100]. In a natural Si
quantum dot, the nuclear spin noise is relatively weak, and the
spin coherence time can be as long as 1 ps [25,101]. In an iso-
topically enriched **Si, the concentration of the isotope *Si
(with finite nuclear spin) and *°Si is as low as 800 parts per
million (ppm) or even 50 ppm; then, the spin coherence is
further improved to nearly 100 ps for spin qubits in gate-
defined quantum dots [87,102], although coherence times that
are tens of microseconds are more often obtained in experi-
ments [25]. Electron spin coherence time has been extended
to nearly 1 ms for an electron in a phosphorus donor in an
isotopically enriched **Si substrate, and nuclear spin coherence
time has even been extended to 36 s [30]. The fast operation
relative to the long coherence time in **Si makes the spin qubit
an attractive platform for quantum computing, as it enables
quantum operation fidelity beyond the threshold for quantum
error correction and fault-tolerant quantum computing.

In recent experimental studies, the nuclear spin noise in
silicon has been largely suppressed using isotopic enrichment.
In addition, spin manipulation speed has been enhanced using
EDSR through the synthetic SOI from the micromagnet. The
combined long coherence and fast spin manipulation result
in the above 99.9% fidelity of spin operation [103]. Note that
charge-noise-induced spin decoherence can be relevant with
or without the presence of the micromagnet [38,103,104]. It is
shown that the broken time-reversal symmetry of the synthetic
SOI leads to strong coupling between the electron spin and the
driving electric field for the EDSR, and it also leads to strong
coupling to the electrical noise, especially the charge noise in
the environment [103,104]. The charge noise induces strong
pure dephasing and limits the spin coherence time. One pos-
sible solution to reduce spin dephasing due to charge noise is
to suppress the magnitude of charge noise during quantum dot
fabrication, or suppress the undesired magnetic field gradient
through the design of the micromagnet [103,104].
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Decoherence of exchange-coupled spins

In the case of exchange-coupled spin systems, there is also spin
decoherence due to noise affecting the exchange interaction,
in addition to the single-electron spin decoherence. We next
describe the spin decoherence for exchange-coupled spin qubits
(for both the ST, qubit and the two-qubit gate problems).

In the case of strong exchange interaction, the two-spin system
quantization axis is mostly determined by the exchange interac-
tion J.,. The exchange interaction depends on the detuning
between the quantum dots, and thus is influenced by the charge
noise in semiconductor devices. Strong low-frequency charge
noise can induce fluctuation of the exchange interaction and lead
to two-spin dephasing. For both the ST, qubit and two-qubit gate
of two single-spin qubits, the two-spin dephasing mediated by
the exchange interaction can be substantial and dominates the
pure dephasing in the system. For two electron spins in a double
dot, the system can be operated at the symmetry point, where
€ = 0is preferable to minimize charge noise effects asdJ / de = 0
[105-107].

There are still important differences for spin decoherence
of an ST, qubit system and a two single-spin qubit system in
a DQD. For an ST, qubit, the only important dephasing chan-
nels are the phase errors on states in the subspace of the spin
singlet and spin triplet. When the Zeeman energy difference
becomes large compared to the exchange interaction, the pro-
jection of the noise of exchange interaction on the quantiza-
tion axis of the ST, qubit is suppressed, and the two-spin
dephasing can be suppressed to a certain extent and extend
the spin coherence time, as has been demonstrated [108].
However, for a two-qubit gate, the phase factors for all four
states in the two-spin Hilbert space are important, and the
exchange not only affects the relative phase between the state
in the subspace of the spin singlet and spin triplet but also
lowers the energy of the singlet and triplet states relative to
the spin polarized states by a magnitude of the exchange inter-
action J. This magnitude is not changed by the Zeeman energy
difference between the double dot, and thus, the two-spin
decoherence in a two-qubit gate system is still considerable
when the Zeeman energy difference is much larger than the
exchange interaction [79].

In a two-electron spin system, especially for the ST, qubit,
when the Zeeman energy is large, the qubit pure dephasing is
suppressed. In this case, sensitivity to nuclear noise is increased,
since the quantization axis of the ST, qubit is now determined
by the Zeeman energy difference, and the nuclear spin noise in
the system is now coupled to the ST, qubit and shifts the energy
splitting of the ST, qubit. The magnitude of the fluctuation of
the energy splitting of the ST, qubit due to nuclear spins is on
the same order as single-spin pure dephasing due to nuclear
spin noise. However, to correct the correlated two-spin errors,
a quantum error correction (QEC) protocol with a larger code
distance may be required. Then, it is still an important task
to investigate ways of suppressing the two-spin errors in the
system.

Finally, we would like to emphasize that, in a multiple-qubit
system, global operations of the qubits [109,110] and multiqubit
gates [111,112] are also desired for efficient operation of quantum
gates. In these cases, there could be multiqubit error channels.
Since a QEC protocol with a larger code distance may be required
to correct multiqubit correlated errors, it is an important future
task to study the error channels and the efficient multiqubit gates
and find a way to suppress multispin errors.
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Gate-Defined Quantum Dots

Confining electrons is essential to encoding quantum informa-
tion using electron spins. Gate-defined quantum dots, often
described as artificial atoms, are nanoscale structures that trap
electrons using potential barriers created by electrical gate
structures [63]. The concept of using quantum dots for quan-
tum computing, pioneered by Loss and DiVincenzo in 1998
[113], involves using pulsed magnetic fields to manipulate the
spin of a single electron within a quantum dot for single-qubit
operations and leveraging the exchange coupling between adja-
cent quantum dots for two-qubit operations, with their com-
pact size and compatibility with conventional semiconductor
manufacturing making them highly suitable for scalable quan-
tum computing (see Table 1 for the state-of-the-art perfor-
mance of gate-defined quantum dots).

Device fabrication

Silicon presents a highly coherent medium for spin qubits and
is distinguished by its lack of piezoelectric electron-phonon
coupling, and the presence of isotopes devoid of nuclear spin
[64,114] enables isotopic purification to eliminate hyperfine
interactions. Additionally, silicon’s compatibility with estab-
lished industrial manufacturing technologies enhances its prac-
ticality for qubit implementation (see Fig. 2 for the major steps
in fabricating gate-defined quantum dot devices).

Substrates

Two main strategies are employed in constructing silicon quan-
tum dots [115]. The first involves devices built on a Si/SiGe
heterostructure [101,116-118], and the second adopts a silicon-
metal-oxide-semiconductor (Si-MOS) structure.

Table 1. Reported state-of-the-art performance of quantum dot
qubits. T is the spin relaxation time. T} refers to the inhomoge-
neous dephasing time. f; (F,) and Ty, ZTZQ) are the gate fidelity
and the operation time of single (two)-qubit manipulation. Ny,
and N, refer to the reported number of quantum dots and the
reported number of qubits, respectively. Note that some of the
parameters are related to each other; for example, the gate fidel-
ity is the ratio of the gate time to the coherence time.

Property Parameters Si-MOS Si/SiGe
Spin T, (s) 9[326] >5[93]
coherence T; (us) 120 [87], 21[327]
2,000%[194]

Tgahﬂ (ms) 1.2[87] 1.0[87]

Gate fidelity F, (%) 99.96 99.956 [141]

[32,43]
F, (%) >99 >99

[26,38,39] [33,3536]
Number of Nt 4[328] 9[128]
qubits Nouit 4[328] 6 [43]

?A coherence time of 2 ms was measured using the sinusoidally modu-
lated, always rotating, and tailored (SMART) qubit protocol.
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Fig. 2. Fabrication sequence for Si gate-defined quantum dot devices. (A) Cross-
sectional representation of the SiGe/Si/SiGe quantum well heterostructure. (B) Si-
MOS structure. (C) Ohmic contacts are formed by phosphorus diffusion: a top layer
of high-quality oxide is thermally grown, followed by the definition of an aperture for
ion implantation. Phosphorus ions are implanted and RTA is conducted to repair the
formed defect and damages. (D) The metal ohmic contact bonding pads are made.
(E) Deposition of first layer gates. (F) Oxidation is applied to form an insulating layer
between stacked gates, followed by stacking layers of gates through repeated cycles.
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The Si/SiGe method uses a Si,_,Ge, barrier to separate the Si
quantum well, which is grown on a strain-relaxed SiGe buffer,
from the interface. This material’s mobility can reach approxi-
mately 3.14 X 10° cm? / Vs, and the percolation density can
achieve roughly 6.9 x 10’ cm™2[119]. However, the low valley
splitting, due to the Si,_,Ge, barrier’s weak confinement, presents
challenges. This issue is compounded by the variability in valley
splitting across different devices [120], which could lead to quick
spin relaxation [82,93] and state leakage. Strategies to enhance
the valley splitting [121] in silicon quantum dots include creating
sharp interfaces to increase the quantum well confinement
potential, using both uniform and nonuniform distributions of
germanium within the quantum well, and optimizing the inter-
face width along with alloy disorder management.

The Si-MOS approach confines a 2DEG at the silicon-silicon
oxide interface, where strong confinement leads to considerable,
tunable valley splitting [82]. As the electrons are confined at the
interface, the electrons maximally experience the disorders at
the amorphous oxide interface. Consequently, the formation of
the oxide layer is crucial for Si-MOS quantum dot fabrication.
In the university fabrication process, the MOS device fabrica-
tion is centered around the formation of oxide layers. The pro-
cess begins with cleaning the wafer using a variety of solutions,
including piranha etch, deionized water, RCA-2 solution, and
HE to remove the natural oxide layer. The wafer is then sub-
jected to oxidation at 900 °C using dry O,, wet O,, and N,.
High-quality Si-MOS fabrication processes have enabled mobil-
ity to reach approximately 1.75 x 10* cm? / Vs [122] and the
percolation density to achieve roughly 10!! cm=2 [123].

Due to its compatibility with industrial-level fabrication, the
silicon qubit effort has inspired leading institutions and compa-
nies to adopt advanced industrial fabrication nodes. Technologies
such as fully depleted silicon-on-insulator (FDSOI) enable pre-
cise control over the conduction channel and vertical confine-
ment through independent top and bottom gates [124], and fin
field-effect transistor (FinFET)-like devices have been devel-
oped to reduce the qubit footprint [125].

Ohmic contacts

Ohmic contacts are typically formed by phosphorus doping. A
doping window is opened by etching with O, plasma and buft-
ered HF acid. The sample then undergoes phosphorus doping
in a furnace. Si-MOS additionally requires re-oxidation, and
gate oxide layers are formed at 800 °C using gases such as dry
O,, dichloroethylene + O,, and N,. The microfabrication step
concludes with forming gas annealing at 400 °C for at least
15 min [126].

The ohmic contacts can also be replaced by a metallic, non-
magnetic NiSi, which forms a Schottky barrier between the con-
tact and the substrate, allowing for ambipolar operation [125].
The NiSi electrodes are formed using electron beam lithography
(EBL), followed by nickel evaporation and lift-off processes, with
low-temperature silicidation annealing conducted at 475 °C for
30 min in an argon ambient. Lateral nickel diffusion beneath the
gates tunes the Schottky barrier width. Unreacted nickel is selec-
tively removed. Finally, the devices are shielded by a SiO, pas-
sivation layer and connected through tungsten interconnects.

Gate deposition and etching
The large effective mass (~0.19m,) of electrons in silicon con-
strains the feature size of the quantum dot gate layout, which
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requires high gate density and small gate size to control the
quantum dot and, thus, the qubit. Overlapped gate design [127]
allows a higher gate density and has been adapted to Si/SiGe
systems [128]. In university cleanroom facilities, metalization
involves depositing aluminum or palladium gates via electron-
beam evaporation and subsequent metal lift-off. Chips are
cleaned with NMP and O, plasma etch, followed by patterning
with alignment markers, e-beam lithography, and evaporation
of Ti/Pt or Ti/Al layers. Further gate patterning uses resist spin-
ning, e-beam lithography, and Al or Pd layer evaporation.
Concluding steps include metal lift-off and Al oxidation. This
gate patterning process is repeated for a multilayer gate stack.

Electrical isolation between different layers is achieved
either through aluminum oxidation or by depositing a few
nanometers of a dielectric layer using atomic layer deposition
(ALD), typically aluminum oxide (AL,O,), hafnium oxide
(HfO,), or silicon oxide (Si,0,). For MOS devices, it has been
observed that ALD can increase charge noise by an order of
magnitude [110,129]. However, this issue is less severe in quan-
tum wells because the 2DEG is situated further from the inter-
face. The fabrication process is completed with the addition of
either on-chip micromagnets to create magnetic field gradients
or a strip line antenna to produce an oscillating magnetic field
for controlling the qubits.

To improve gate density with high precision, a self-alignment
technique for enhancing gate pitch precision and increasing
gate density for improved control has been integrated with the
FinFET fabrication process [130]. This method starts with the
formation of the initial gate layer using TiN. Electron beam
lithography with hydrogen silsesquioxane resist is performed
to pattern the gate layout. The subsequent ALD of the gate stack
ensures uniform coverage across the device, filling almost all
interstitial spaces between gates. Selective removal of TiN from
uncoated flat areas through timed dry etching leaves TiN resi-
dues at topographical features. The process concludes with the
application of a protective resist mask and an isotropic wet etch,
ensuring the removal of any unintended TiN residues.

Another approach involves using the single-layer etch-
defined gate electrodes (SLEDGE) technique [57]. This method
marks a shift from multilayered structures to a single-layer
gate design, which considerably reduces electric field screen-
ing, lowers the voltage requirements for qubit operation, and
minimizes charge noise due to the absence of an additional
dielectric layer below the metals gates. The metal gates likely
screen any charge noise from oxides introduced during the
back-end-of-line process. The gate metal, TiN, is selected for
its low defect density and favorable etch selectivity. In this
process, dot-shaped gates are used instead of traditional line
shapes, enabling more versatile gate arrangements. The fabrica-
tion process includes blanket deposition of the gate dielectric
and metal, followed by a coarse etch and e-beam lithography
to pattern the gates, with connections made to larger routing
interfaces.

The coeflicient of thermal expansion mismatch at the inter-
face needs careful consideration, as it can cause strain during
cooling to cryogenic temperature. Incorporating poly-silicon
gates for the all-silicon process is expected to minimize strain
gradients from electrode thermal mismatch [131]. Therefore,
the strain-induced quantum dot can be eliminated by replacing
the metal gates with poly-silicon gates [132].

Leading institutions and companies have adopted distinct
silicon qubit fabrication technologies. IMEC has implemented

10
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a combination of a 300-mm process with a triple-layer EBL pro-
cess [50,133]. In collaborative efforts, IBM and the University
of Basel have developed FinFET-like devices using self-aligned
processes to achieve finer control with pitches as small as 60 nm
[122,130] (15 nm length and 45 nm spacing). CEA-Leti has
innovated with immersion deep ultraviolet lithography for
plunger gate definition, while integrating self-aligned barrier
gates at pitches of 80 nm, enhancing density [134,135]. Intel
has developed FinFET-like devices on isotopically purified
300-mm silicon substrates with advanced lithography, achiev-
ing a plunger-barrier pitch of 50 nm, and offers another version
for qubit confinement with the Si/SiGe configuration showing
high single-qubit gate fidelity [136,137]. Each approach, whether
employing traditional EBL, advanced FinFET structures, or the
latest EUV techniques, reflects a strategic emphasis on control-
ling critical dimensions and intergate alignments to ensure
coherent and reproducible qubit performance.

Qubit initialization and readout

Direct reading of a spin is challenging because the magnetic
nature of spins results in weak interactions with most measure-
ment probes. This necessitates either the use of large-scale set-
ups or the acceptance of slower readout speeds compared to
the brief lifetime of the spin’s quantum information. Thus, ini-
tialization and readout are typically performed in two different
styles of spin-to-charge conversion: Elzerman style single-shot
readout [138] and singlet-triplet readout [139].

Spin-selective tunneling

Single-shot readout of a single spin utilizes a spin-to-charge
conversion method where the electron tunneling to the reser-
voir depends on the spin states [138]. This readout process is
performed by aligning the Fermi level of the reservoir between
the spin-up and spin-down energy levels of the quantum dot.
This adjustment only allows a spin-up electron to tunnel out
to the reservoir, generating a detectable signal in the nearby
quantum dot that serves as a sensor, while a spin-down electron
remains in the quantum dot. If the electron initially has a spin-
down state, it stays within the quantum dot. The final state is
initialized to | ) after completing the load-read cycle.

The tunneling rate must balance the trade-off between detec-
tion bandwidth and the relaxation time of the excited state [140].
High-fidelity readout exceeding 99.5% using the Elzerman tech-
nique (the spin-selective tunneling readout method) has recently
been achieved in Si/SiGe quantum dots, with an integration time
of less than 1 ms [141,142].

Pauli spin blockade

Electrons in a reservoir follow a Fermi-Dirac distribution, and
their energy levels are broadened at finite temperatures, which
can introduce errors in readout mechanisms that rely on res-
ervoirs due to energy level smearing. Thus, readout fidelity is
constrained by the electron temperature. Moreover, as a quan-
tum dot array expands, tunneling to a distant reservoir becomes
challenging, necessitating complex spin shuttling [143,144] and
a series of SWAP operations. Consequently, achieving high-
fidelity readout without a reservoir becomes a necessity for
scalable quantum computing.

Singlet-triplet readout, which utilizes Pauli spin blockade
between two quantum dots, eliminates the need for a reservoir
in the readout process. This method focuses on singlets in the
(1,1), (0,2), and (2,0) configurations and triplets in the (1,1)
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charge state, with doubly occupied triplets being energetically
unfavorable due to strong exchange coupling and charging
energy. The readout cycle includes initialization, control, and
readout phases, starting with spins in a [(0,2)S) state and then
separating them for control. The final state is determined by
adiabatically returning the singlet states to the (0,2) region,
allowing only singlet states to tunnel back and produce a charge
signal difference between the (1,1) and (0,2) charge states. This
method, unlike the Elzerman technique, does not retain all two-
qubit information, but it provides sufficient information to
determine the spins within a subsystem, where one of the spins
can act as an ancilla spin to indicate the state of the target spin.
However, this method allows for decoupling the system from
the electron reservoir, enabling operation at effectively higher
temperatures [38,45,46].

The dipole moments of double dots can be detected as changes
in capacitance using RF resonator circuits, leading to exten-
sive efforts to enhance both the speed and fidelity of readout
[145-148]. These efforts have successfully achieved a readout
fidelity of 99.975% within an integration time of 980 ns [149].

When the dephasing mechanism between singlet and T,
states during the (1,1) to (0,2) transition dominates, the Pauli
spin blockade readout extends to parity readout [150], allowing
two of the four states to be unblocked. This method involves
initializing in a mixed state of S, and T, presenting a classical
50-50 chance of being || 1) or || 1). A pure two-qubit state can
be initialized with active reset [43] or algorithmic initialization
[38]. If a reservoir is nearby, fast initialization is possible with
the reservoir [148]. An all-electrical quantum nondemolition
(QND) measurement technique has been developed for single
electron spins in quantum dots. This method transfers the
information of the target qubit to the ancillary qubit and per-
forms a single-shot readout of the ancillary qubit, achieving
noninvasive projective measurement at a speed considerably
faster than the spin’s relaxation time [151]. The QND nature
of this protocol enhances measurement fidelity through itera-
tive repetition, showing notable improvements over 100 itera-
tions. When applied to silicon spin qubits, this technique can
considerably boost qubit readout fidelity by mapping a logical
qubit’s state to an ancillary qubit and then measuring the ancilla
destructively, with an improvement on the readout fidelity from
75% to 94.5% after multiple repetitions [152]. In contrast to
traditional thresholding, this method employs soft decoding,
a signal processing technique that uses analog information for
more accurate state estimation, especially in scenarios with low
signal-to-noise ratios.

Qubit operations

Single-qubit gates

Spin qubits can be manipulated through various techniques.
These include applying an AC magnetic field to utilize their
natural magnetic characteristics, leveraging SOI to link spin
with charge, and associating spin with electric fields via exchange
coupling. Additionally, qubits can be encoded by using the
charge alone or by harnessing the interactions among mul-
tiple electron spins, specifically exchange coupling, to tie the
spin degree of freedom to an electric field. Research has been
dedicated to developing qubits from single electron spins
[87,153,154] and pairs of electron spins (e.g., singlet-triplet
qubits [155-158] and two-electron flip-flop qubits), charge
states [159-162], blends of spin and charge states [163-166],
configurations involving three electrons (such as spin-charge
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hybrids [164], resonant exchange [167], and exchange-only
qubits [168,169]), and 4-electron quadrupole exchange [170].
These initiatives aim to exploit the charge degree of freedom
for improved qubit control, seeking to design energy bands
that make qubits more resistant to charge or magnetic distur-
bances, thereby enhancing their coherence. In this review, we
focus on the simplest type of qubit—the qubit based on a single
spin, also called the LD qubit.

A coherence time of 120 ps and a control fidelity of 99.3%
have been achieved in ESR drive systems within a purified
800 ppm Si/SiO, device [87]. With the implementation of
pulse shaping for optimized control, a Clifford gate fidelity of
99.96% was realized [32,43]. Selecting specific spins in an ESR
system presents a difficult challenge. To address this, methods
such as leveraging intrinsic SOI for g-factor control and apply-
ing on-site g-factor tuning alongside on-demand electrical
control have been demonstrated [171], offering pathways to
scale up qubits with ESR drive [172]. Another concern with
ESR is power dissipation, as device heating can limit the achiev-
able Rabi frequency. New resonator designs and strategies are
proposed for global microwave control to minimize energy loss,
while localized control is achieved by using local top gates to
tune individual qubits in and out of resonance with the global
microwave field [109].

Qubits can also be manipulated by electric fields in the pres-
ence of a magnetic field gradient created by an on-chip micro-
magnet, or through SOI This mechanism shifts the electron’s
orbital wave function, causing the electron to perceive an oscil-
lating magnetic field. Artificial SOI facilitates the direct coupling
of electric fields to spin, enabling faster spin rotations [118].
Although this driving mechanism differs from ESR, the funda-
mental physics of spin manipulation remains similar, as the
effective oscillating magnetic field, perpendicular to the exter-
nal DC field that splits the spin states, arises from the magnetic
field gradient. This approach also improves selectivity, mitigat-
ing the challenges associated with ESR. Qubits created with the
Si/SiGe heterostructure have reached a fidelity for single-qubit
gates exceeding 99.9% [103], surpassing the threshold for fault
tolerance [173]. Demonstrations include achieving a single-qubit
gate speed up to 30 MHz with fidelity greater than 99.9% in
devices on Si/SiGe with a Co micromagnet [103,141]. So far,
micromagnets have been incorporated into devices with few
quantum dots, but adapting them to large-scale arrays will require
further design effort.

Spatially correlated noise and cross-talk

Spatial noise correlations

Small quantum dots may encounter defects comparable to their
scale, or even defects that extend across arrays of quantum dots.
Various types of noise, such as phonons with specific charac-
teristic scales, highly localized nuclear spin noise, and 1/f
charge noise, can influence quantum systems differently. The
latter, for instance, weakens with distance and can be mitigated
by growing a thicker dielectric layer to move the noise source
further from the qubit. As the number of noise sources
decreases, the behavior of individual impurities becomes more
pronouncedly quantum mechanical [174].

There have been a few demonstrations on utilizing noise
correlations to identify noise sources in Si-based qubit systems.
The resonance frequency of a two-qubit system was tracked in
an 800 ppm **Si-MOS device, identifying a local uncorrelated
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noise source, probably residual nuclear spins coupling to quan-
tum dots [175]. This was further supported by an NMR spec-
trum, which exemplifies the identification of the noise source
through correlation [176]. Another more careful analysis using
a **Si/SiGe device with a micromagnet observed correlated
noise through Ramsey interference, which identifies the cor-
relation strengths up to 0.7 at 1 Hz, and suggests an electrical
noise origin [103]. A more efficient approach to quickly extract
noise correlations is to monitor the entanglement coherence
time in subspaces spanned by different Bell states [177].
However, as concluded in Ref. [177], this method is expected
to be more powerful in purified silicon devices, because it does
not efficiently distinguish nuclear noise from charge noise,
which is more relevant and generally regarded as correlated.
Modeling the noise as independent two-level charge defects
within the oxide layer accurately reflects these observations
[178]. The model also predicts a d=2 decay of noise cross-
correlations with interqubit separation and could be reduced
to d~> with gate metal screening. Moreover, as the impact of
electrical noise on spin qubits depends on the qubit implemen-
tation, the noise spatial correlation can also be exploited to
reduce the influence of charge noise [71,179].

Cross-talk errors in simultaneous single-qubit operations
Simultaneous single-qubit gate fidelities were first reported
using randomized benchmarking [180], in which the fidelity
decreases more markedly on one qubit than on the other, sug-
gesting that the cross-talk effect can be asymmetric. Later, a
simultaneous single-qubit fidelity of 99.1% was reported [141],
where the cross-talk error was suggested to be lower than the
idling error [141]. However, the result from characterizing the
single-qubit fidelity within a single-qubit subspace to a two-
qubit subspace reveals a decrease in fidelity from 99.72% to
99.16%, which is attributed to both cross-talk induced by the
qubit being driven and dephasing of the idling qubit [36]. The
cross-talk error can be mitigated by employing dynamic pulse
shaping techniques, such as the DRAG protocol, to minimize
cross-talk and phase errors [181]. By adjusting the amplitude
and phase of control signals, the optimization ensures that
the quantum state evolves as intended, minimizing deviations
caused by these coherent error sources. To mitigate decoher-
ence, it is recommended that when one qubit is active, the other
should not remain idle; instead, both qubits should be operated
simultaneously whenever possible. This is because the idle gate
usually has lower fidelity [32,33], while noise can be echoed
out to some extent during single-qubit rotations.

Another factor that could contribute to cross-talk in large-
scale systems is heating-induced phase shifts [182], particularly
pernicious transient qubit frequency shifts associated with
microwave-driven qubit operations. Several strategies have
been explored to minimize this effect, including the use of oft-
resonant microwave bursts to stabilize the device [183], imple-
menting wait times prior to measurements, and applying
qubit-specific calibrations. However, these strategies pose chal-
lenges for device scalability. Operating the qubit device at 200 mK
considerably mitigates adverse heating effects without compro-
mising qubit coherence or the benchmarks for single-qubit
fidelity [184]. The most plausible explanation for these observa-
tions is a temperature-dependent electric field that causes Stark
shifts in the Larmor frequencies. Nevertheless, direct evidence
of such an electric field is still lacking.
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Two-qubit gates and entanglement
The implementation of two-qubit gates for LD qubits in a
DQD relies on controlling the exchange interaction, given by

2
J= %, where t is the interdot tunnel coupling, U is the on-

site charging energy of each dot, and ¢ is the detuning of chemi-
cal potentials. In early approaches, activating the exchange
interaction involves pulsing the plunger gates to detune the
chemical potentials, thereby increasing €. Electrical detuning &
of the quantum dots via their top-gate voltages modifies single-
qubit resonance frequencies via the Stark shift [171] and the
two-qubit exchange coupling. This method translates to SWAP-
like operations under qubits with the same Zeeman energy.
However, due to the presence of spin-orbit effects and poten-
tial Zeeman energy difference AE,, small exchange coupling J
can lead to CZ-like operations when | / AE, < 1[185]. These
dynamics are commonly implemented in spin systems, leading

to gates such as the v/ SWAP gate [155,186], the CPHASE gate
[33,35,36,102,180,183], and the controlled-rotation (CROT)

gate [102,187-189]. The v/SWAP and CPHASE gates, in par-
ticular, require fast temporal control of the exchange interac-
tion J. The strength of Zeeman energy difference AE, is
typically controlled via the intrinsic SOI [190] in a Si-MOS
system between 1 and 100 MHz [171], but it can also be con-
trolled artificially by utilizing a micromagnet, which could
result in a bigger AE, difference around 1 GHz [180,183].

Although one of the two-qubit gates is sufficient to span the
tull Hilbert space, the possibility of being able to implement
different types of two-qubit gates could simplify the quantum
algorithm. Here, we discuss the operations of different two-
qubit gates performed in silicon qubits.

First, we discuss SWAP gates. When AE,, < J, the exchange
interaction dominates the Hamiltonian. At a given J, the
dynamics are purely driven by the exchange Hamiltonian, and
the exchange coupling constantly swaps energy between the
two spins, thus swapping the states || 1) and || 1) at a rate of J.
This regime typically can only be accessed away from the sym-
metric operation point, where charge noise introduces strong
dephasing. The SWAP operation is generally the fastest among
the two-qubit gates, since it is usually operated at a large ] to
suppress the AE,, contribution. However, the SWAP gate also
suffers the most from charge noise because the large J regime

. . . .
is also the regime where = is the largest. By controlling the

duration of the exchange interaction, the entangling 1/SWAP
gate can be achieved (see the description of SWAP gates in the
“Two-qubit operations” subsection under the “Basic Theory”
section). Here, the nonnegligible Zeeman energy difference
AE, becomes a challenge for implementation of the perfect
SWAP gate. Instead, the spin state rotates along an axis
determined by AE, and J. Composite pulses or dynamical
pulse shaping can account for the errors caused by the
tilted axis [189].

Second, we review CPHASE gates. When AE, > ], in the
rotating frame of the || 1), || 1) space, the oft-diagonal elements
in the Hamiltonian, J(t) / 2, become fast-oscillating terms and
can be neglected. The diagonal elements detune the energies
of |l 1) and || 1) states by — J / 2, introducing an extra phase to
the|l 1)and|] 1) [76] states. This condition AE, > ] is conve-
niently met in devices with micromagnets. In this regime, a
CPHASE gate is realized. Notably, mitigated CZ gates com-
mute with Z gates, allowing for using a decoupling sequence,
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known as the decoupled CZ gate (see the description of
CPhase gates in the “Two-qubit operations” subsection under
the “Basic Theory” section). When the condition AE, /] is not
fully met, unwanted SWAP operations may occur. To minimize
residual SWAP actions, an adiabatic pulse can be used instead
of instantaneously activating the exchange coupling. However,
this approach of gradually changing the gate voltage can slow
down the operation time of two-qubit gates. Alternatively,
implementing a geometric CPHASE gate allows for synchro-
nizing undesired exchange oscillations with CPHASE oscilla-
tions, offering another strategy to address this challenge [191].
Recently, a CZ gate fidelity of 99.81%, determined by random-
ized benchmarking, was achieved with charge noise identified
as a primary limiting factor [33]. Additionally, a fidelity of
99.5% was reported using gate set tomography (GST) [36] (see
Fig. 3A and B).

CNOT gates are the most commonly used two-qubit gate
in quantum algorithms, especially in quantum error correction

circuits. They can be compiled using /SWAP gates or a
CPHASE gate together with additional single-qubit gates, and
can also be directly implemented with the exchange interaction.
When the two-qubit system is in the (1,1) charge region and
far detuned from a doubly occupied charge state (2,0) or (0,2)
(AE, > ), similar to the case of the CPHASE gates, applying
microwave pulses at one of four selected frequencies leads to a
conditional rotation (see the description of CNOT gates in the
“Two-qubit operations” subsection under the “Basic Theory”
section). However, driving at a specific conditional frequency
causes finite rotation and phase shift for states that are associ-
ated to nearby qubit frequencies due to the cross-talk between
qubit states. To mitigate cross-talk errors, the lengths and
amplitudes of all conditional z /2-pulses can be adjusted so
that the off-resonant drive also completes a full cycle. Notably,
selecting the shortest possible conditional 7 / 2-pulse duration
for the available microwave power helps minimize dephasing.
Phase errors from off-resonance driving can be corrected with
avirtual-Z gate [192,193]. A resonant CNOT gate demonstrat-
ing 99.5% fidelity was achieved using an “always-on” exchange
approach [35] (see Fig. 3C and D). However, this method lacks
scalability. Scalability for a resonantly driven CNOT gate, akin
to the CPHASE approach, can be achieved by modulating J
through corresponding barrier gates. This necessitates pulsed
control of the exchange coupling and additional idle periods
to mitigate undesired phase accumulation.

To address challenges like microwave cross-talk and CZ
mixing with SWAP terms, qubits can be operated with common
Larmor frequencies and Rabi strengths, making them degener-
ate and indistinguishable under microwave control. They can
be selectively addressed using Stark shift control or local mag-
netic field gradients. This global control scheme is essential in
scalable quantum computing architectures for several reasons:
it simplifies the management of numerous qubits by using
shared control resources, mitigates qubit property variations
and environmental noise, allows for consistent qubit perfor-
mance across a large array, and enhances resilience to fluctua-
tions. The degenerated qubits also have the advantage of using
only a single microwave frequency to globally control all qubits;
thus, they can avoid cross-talk and frequency crowding in a
scalable system [194].

Both the primary advantage and the key challenge for spin
qubits stem from the same source—their nanometer-scale size
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Fig. 3. Two-qubit gate characterization in gate-defined quantum dots. High-fidelity two-qubit gates have been demonstrated in gate-defined quantum dots with two methods,
gate-set tomography (GST) [36,39] and Clifford-based interleaved randomized benchmarking [33,35,38]. GST can be utilized to extract the gate fidelity, identify specific
errors, and aid in gate optimization, as shown in (A) and (B) [36]. The interleaved randomized benchmarking method evaluates the average fidelity without accounting for
SPAM errors, as shown in (C) and (D) [35]. Moreover, Bell state fidelities have been employed to assess the entanglement capabilities of the two-qubit gate in early attempts
[183,187]. (A) and (B) are adapted from Ref. [36], Springer Nature, under a CC BY license. (C) and (D) are adapted from Ref. [35], with permission, Springer Nature.

and their potential compatibility with the semiconductor
industry. While the fabrication and operation of spin qubits
share similarities with conventional transistor technologies,
they are different in reality. Optimizing materials in the quan-
tum regime involves different requirements compared to opti-
mizing materials for classical devices. This distinction creates
a unique dynamic: universities tend to focus on flexibility,
which allows for fast turnaround and the ability to make differ-
ent types of devices, but this comes with low yield; meanwhile,
the industry focuses heavily on reproducibility and high-yield
processes, but adapting these processes for quantum architec-
tures takes a lot of time and effort. Communication and under-
standing between these two ends of the spectrum also takes
time, as both sides need to understand each other’s mindsets.
Recent successful interactions between industry and research
groups (see the “Gate deposition and etching” subsection
above, under the “Device fabrication” section) offer hope,
showing that collaboration can drive progress. If these chal-
lenges are addressed, we may see major strides in building
large-scale quantum processors in the near future.

Large-scale qubit array

The development of scaling silicon qubits presents multiple chal-
lenges and open questions, particularly regarding integration
strategies for qubit arrays (Fig. 4). For large systems with very
small quantum dots, highly dense gates are necessary, posing
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complex engineering problems that may involve on-chip elec-
tronics and the deployment of cryo-CMOS technology (Fig. 4C).
Fortunately, an important advantage of silicon qubits is their
ability to integrate with classical electronics [195]. This integra-
tion is crucial for minimizing thermal and electronic noise,
optimizing space, and improving control and readout speed and
fidelity. Proposals have suggested integrating classical electronics
directly into sparse quantum arrays [196] to reduce the number
of external signal connections. Qubits can be arranged in a two-
dimensional (2D) array with a 12-pm pitch to accommodate
integrated circuits that correct potential inhomogeneities and
allow global sharing of control signals.

CMOS-like technology can also be employed directly above
dense qubit layers [197]. This design (Fig. 4A) incorporates a
structure based on dynamic random access memory (DRAM)
for addressing individual qubits and their coupling, where float-
ing gates can hold an electrical charge for extended periods,
thus allowing for persistent control settings that do not require
constant and frequent refreshment. This approach is beneficial
for compact circuit design, allowing for dense packing of qubits
while still maintaining control over each individual qubit.

Different wiring layouts have also been proposed to reduce
gate density. Crossbar network design using shared control
lines in a grid layout can simplify the control and address-
ing of qubits without the need for dedicated wires for each
qubit [198]. This design (Fig. 4B) features a simple and elegant
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Fig. 4. Large-scale quantum dot array architecture. (A) This integrated MOS chip is fabricated on a silicon-on-insulator wafer. The design features a two-dimensional qubit
array in the bottom layer, while the transistor layer is positioned on top to control the qubits. These layers are interconnected through the oxide regions using metal vias,
allowing efficient control between the transistors and the qubit array [197], Springer Nature, image adapted under a CC BY license. (B) Three-dimensional model of the crossbar
design structure, with dielectrics between the various gate layers omitted for clarity [198], image adapted with permission, AAAS. Blue, red, and gray gate lines connect the
qubit grid to outside electronics for control and readout. A combination of these lines enables qubit selectivity. The electrons can be shuttled around by the gate voltages,
providing a means to couple nearest neighbors for two-qubit logic gates and readout and to couple to remote qubits for long-range entanglement. (C) A sparse qubit array
with local electronics can be advantageous, as long-distance qubit coupling frees up space for local electronics to manage a smaller, denser qubit array. In the schematic,
these electronics are integrated within the qubit plane. A crucial aspect of this design is determining the optimal size of the qubit array, represented as N x M, and ensuring the
functionality of the local electronics. Ideally, these electronics should include ADC and DAC converters to facilitate precise control and measurement [195], Springer Nature,

image adapted under a CC BY license.

structure that avoids extremely small feature sizes, but rather
relies on a high level of uniformity to reduce the complexity of
interconnects. By employing shared control lines in the cross-
bar layout, the design minimizes the physical footprint of wir-
ing and maximizes signal routing efficiency, where the number

of addressing lines increases proportionally to \/ﬁ , with N

being the number of qubits.

Discussions on the topic of large-scale design have consid-
ered several different array configurations—linear, bi-linear,
and 2D—each of which has its own set of trade-offs regarding
interqubit interactions and error correction strategies. Experiments
have demonstrated several different configurations of the array. A
device featuring a 9-quantum-dot linear array in silicon was fab-
ricated in 2016 [128]. Additionally, a 2 X 2 quantum-dot array
was developed in a *°Si heterostructure, achieving a (1, 1, 1, 1)
charge state across four quantum dots [199]. Moreover, it has
been shown that qubits in a linear array of six quantum dots
maintain high control fidelity [43].

Two types of uniformity are of high importance in the selec-
tion of materials for the design of large-scale arrays. The first
is electronic uniformity, typically characterized by mobility and
percolation density. This is important because it helps ensure
the precise formation of quantum dots and the fine control of
charge states as well as a predictable electronic excited state
such as valley splitting. Quantum dots made with new materials
such as germanium provide a platform with low effective mass
(approximately 0.05m,), high mobility, and strong SOI [60,115].
Recent progress has seen a 4-qubit system with controllable
coupling in a 2 X 2 array [44], and a 16-quantum dot device
[200]. Even more recently, a 10-qubit array has been demon-
strated [201]. Strong SOI makes it possible to achieve values of
the Rabi frequency that exceed 100 MHz [202]. However, faster
spin manipulation comes at the cost of unwanted errors. The
optimal fidelity (99.992%) was realized at a relatively small
Rabi frequency [34]. These advancements demonstrate hole-
spin qubits as a promising platform for quantum comput-
ing, with important improvements in both control fidelity
and coherence times. Moreover, rather elaborate quantum
algorithms have been implemented using the set of gates
described above. For instance, four qubits were entangled into
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a Greenberger-Horne-Zeilinger (GHZ) state and subsequently
brought back to a product state [44]. Error correction codes
have been explored [203].

The second type of uniformity—spin uniformity—is often
affected by residual nuclear spins and SOI from interface dis-
order, which can reduce both the coherence time and the unifor-
mity of spin qubit properties (e.g., the uniformity of the g-factor).
Addressing this issue requires a twofold approach. First, continu-
ously improving the material, enhancing interface quality, and
optimizing the material stack are crucial. Material improvement
is discussed above, in the “Substrates” subsection under the
“Device fabrication” subsection. Second, developing a control
scheme that can accommodate qubit variability is necessary.
The proposal by Kane [204] uses a global microwave field that
is typically off-resonance with the qubits, with local controls
tuning individual qubits into resonance via gate operations.
Various global qubit control strategies suitable for large-scale
operation and fabrication have been explored in recent studies
[109]. Alternatively, driving all qubits on-resonance by default
operates them as dressed qubits, where the global dressing field
helps decouple the qubits from environmental noise, extending
coherence times but can lead to cross-talk due to variations in
resonance frequencies. To improve robustness against frequency
deviations and driving field fluctuations, protocols such as
SMART [194,205] have been suggested for qubit operations.

Electron Spins in Dopants

Dopants are intentionally introduced atoms that alter the
host material’s physical properties, and they are categorized as
p-type and n-type dopants in semiconductor physics. Dopants
also facilitate quantum computing in silicon because they have
distinct energy levels in the band gap that are suitable for quan-
tum information applications. The commonly utilized dopants
include phosphorus (P), arsenic (As), antimony (Sb), bismuth
(Bi), boron (B), aluminum (Al), and gallium (Ga). Among the
n-type dopants, phosphorus is extensively researched and holds
promise for qubit encoding. The previous decade has witnessed
major advancements in this domain. Here, we focus on phospho-
rus below, and the other dopants are also briefly mentioned. As

15


https://doi.org/10.34133/icomputing.0115

Intelligent Computing

nuclear spin qubits are highly related to the electron spin via the
hyperfine interaction in the dopants [61,62], here we discuss
nuclear spin qubits when necessary.

Device fabrication

In Kane’s seminal proposal in 1998 [204], the nuclear spins of
phosphorus donors were used to encode qubits to explore the
potential of Si:P as a platform for quantum computation. Following
this blueprint, two primary experimental routes to fabricate
dopant-based quantum computation devices were developed:
the ion-implantation method and the scanning tunneling micro-
scope (STM) lithography method (see Fig. 5). The traditional
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Fig. 5. Fabrication sequences for ion-implanted and STM-patterned MOS devices.
(A to H) Process flow for the ion-implanted MOS platform. (A) Formation of ohmic
contacts via phosphorus diffusion. (B) Thermal growth of a high-quality oxide
top layer. (C) Definition of an aperture for ion implantation. (D) Implantation of
phosphorus ions. (E) RTA to repair defects and damages. (F) Fabrication of Al ohmic
contact bonding pads and the first layer of gates. (G) Oxidation to form an insulating
layer between stacked gates. (H) Stacking of gate layers through repeated cycles.
(I to P) Major steps of the STM approach. (I) Wet etching of surface makers,
with some potential contamination on the surface. (J) Application of standard
silicon cleaning procedures to remove contaminants. (K) Removal of the thin
natural oxidation layer and silicon surface reconstruction via high-temperature
flash annealing. (L) Production of a hydrogen-terminated surface featuring a
monohydride layer. (M) STM atomic precision lithography. (N) Dosing with PH;.
(0) Incorporation annealing to embed phosphorus donors into silicon. (P) Epitaxial
growth of a protective silicon layer on top of the device.
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diffusion method can introduce dopants in the transport chan-
nel of field-effect transistors (FETs) [206], but the considerable
uncertainty in doping position resulting from the post-thermal
process constrains its application in scalable quantum comput-
ing devices. Similar techniques such as § doping and bulk dop-
ing during the epitaxy process lack controllability of in-plane
directions, which limits their application for qubit construc-
tion. Thus, in this review, we focus on the ion implantation
and STM lithography fabrication methods.

lon-implanted MOS devices

Ion-implanted quantum dot device production [207-209] is
compatible with traditional metal-oxide-semiconductor (MOS)
chip manufacturing techniques (key steps are shown in Fig. 5A
to H). Each device comprises a MOS single-electron transistor
(SET) as a charge sensor and close-by implanted phosphorus
donors as the qubits. The process begins with either a near-
intrinsic natural Si(100) or specially isotopically purified **Si
substrate [30]. The n* ohmic contacts for the source and drain
are patterned via UV lithography, followed by phosphorus dif-
fusion under ~950 °C. A subsequent step involves growing a
5- to 10-nm-thick high-quality oxide layer through dry thermal
oxidation at 800 °C. This is followed by a 5-s rapid thermal
annealing (RTA) to minimize interface traps near the conduc-
tion-band edge. After the source and drain are fabricated, a
90 x 90 nm” aperture is defined by EBL on polymethyl meth-
acrylate (PMMA) resist, creating the implantation window and
protecting the peripheral areas. Phosphorus ions (P*or P}) are
then introduced at energies of 14 to 20 keV to achieve an
implantation depth of 10 to 20 nm. Based on Monte Carlo simu-
lation, the ions are randomly implanted into crystalline Si, lead-
ing to a lateral position straggle of approximately 10 nm [61].
The mean implanted ion number is meticulously controlled by
the ion fluence. Furthermore, to repair the ion-implantation-
induced defect cascades or damage clusters within the crystal
lattice as well as to activate the donors, a 5-s RTA at 1,000 °C is
applied [62].

In the subsequent fabrication, cycles of steps are carried out
to place layered gates and dielectric oxide [209]. Aluminum
gates are shaped by the EBL, with thermal evaporation and
lift-off processes ensuing. Oxide layers are formed with plasma
oxidation (4 min, 180 °C), which typically yields a ~5-nm Al,O,
oxide layer with a breakdown voltage above 4 V. To conclude,
a 15-min, 400 °C forming gas annealing (95% N, and 5% H,)
is performed to attenuate interface traps and reduce charge
noise, which is crucial for operations at low temperatures in
the dilution refrigerators. Another approach uses poly-silicon
electrodes and applies more sophisticated industrial techniques
to fabricate doped Si-MOS quantum devices [210,211].

Donor numbers play a crucial role in achieving controllabil-
ity and uniformity in qubit arrays, as per Kane’s architecture
for scalable quantum computing. As aforementioned, the mean
implant donor number is controlled via the implantation flu-
ence, which is inherently subject to the Poissonian distribution
due to the stochastic nature of the ion sources [62]. Efforts have
been made along different technological pathways to decrease
uncertainty in the donor number. Recently, a method utilizing
an atomic force microscopy (AFM) cantilever as a nanostencil
has achieved a remarkable 98.1% implantation yield [212]. This
method incorporates an on-chip reverse-biased p-i-n diode
detector, which can discern signals from the electron-hole pairs
generated through a single-ion implantation event. Typically,
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each ion impact event generates approximately 1,000 electron-
hole pairs, enabling a 99.85% single-ion-detection confidence
by improving the detector performance. The AFM cantilever
features a 16-pm-diameter aperture, which serves as a scanning
mask to locate the construction sites, where the cantilever with
a dimension of 350 x 120 pm” acts as a mask to block the
remaining ion beam. In the future, a combination of methods
[61,62] such as tightly focused ion beams, reduced AFM aper-
tures, and EBL lithographed PMMA masks could further
reduce spatial variation. Although the inherent ion straggle
remains challenging, heavier ions could be used to mitigate this
issue [61].

STM lithographed devices
The second technique developed is hydrogen depassivation
lithography (HDL) using STM [213-215], which allows for
atomic precision in the fabrication of devices consisting of
donors, SETs, and control gates. The major steps to fabricate
STM devices are illustrated in Fig. 5I to P. Initially, metallic
electrode alignment markers are etched onto a p-type, lightly
doped substrate using wet-chemical methods. Next, standard
silicon cleaning procedures are performed to remove surface
contaminations and the silicon oxidation layer. Then, the sam-
ple is loaded into an STM chamber and subjected to a high-
temperature flash annealing process (~1,050 °C for 10 s),
resulting in a high-quality Si(100)-2X1 surface suitable for
HDL. A monohydride mask layer is formed by exposing the
surface to atomic hydrogen from a cracker source. The resulting
hydrogen-terminated silicon surface (H-Si) is robust against
diffusion up to 200 °C. HDL is employed to pattern features on
the hydrogen mask using different STM modes [216]. In a low-
bias tunneling mode (2 to 5 V), the lithography achieves sub-
nanometer resolution, essentially endorsing an atomic precise
(AP) mode. In the high-voltage or field emission (FE) mode
(>6 V), wider lines can be lithographed at a higher speed.
Notably, single atomic precision hydrogen lithography and
repassivation have been demonstrated at 4.5 K [217], establish-
ing this technique as the most precise lithography method.
After lithography, the exposed bare silicon surface is dosed with
PH; molecules, followed by thermal dissociation and incorpo-
ration annealing at 350 °C to incorporate phosphorus atoms
into the silicon lattice. In the last in situ step, an epitaxial silicon
layer approximately 20 to 60 nm thick is grown on top to form
the encapsulation layer to protect the patterned structure.
Subsequently, the sample is taken out of the STM, then alumi-
num ohmic contacts and a microwave antenna are fabricated
ex situ, enabling the device to function properly.
Deterministic atom placement technologies are essential in
the STM route, and several teams have been pursuing this path
[215,218]. In 2012, Fuechsle et al. [219] succeeded in fabricat-
ing a single phosphorus (P) atom transistor, where the single
P is deterministically placed by opening a 3-dimer window,
followed by dosing with PH, molecules. Upon dosing, 3 PH,
molecules are absorbed onto the opening and then dissociate
into PH,+H. A series of chemical reactions is triggered by heat-
ing the substrate to 350 °C, leaving a single P atom in the win-
dow, which is then incorporated into the underlying silicon
lattice. Liu et al. [220] also tried applying voltage pulses to
the STM tip to steer the dissociation pathway of PH; mol-
ecules. Later, STM atomic imaging was used to identify
adsorption configurations and molecular species, and STM
tip manipulation was employed to achieve nearly 100% P
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atom incorporation [221]. Although deterministic donor array
devices for quantum computing have yet to be fully realized,
the combination of sophisticated STM tip-assisted surface
chemistry and atom manipulation techniques bodes well for
precisely engineered P atom arrays. Given that the bond elec-
tron Bohr radius is only about 2.5 nm, direct exchange coupled
2-qubit gates put stringent requirements on the precision of the
donor’s placement (requiring a space as precise as 3 nm [222]),
which is a critical factor for scalable donor-based quantum
computing.

Qubit initialization and readout

Once donor-based devices are fabricated, LD qubits [113] can
be encoded on the donor-bond electron spins. In addition,
other qubit types are also explored, including donor nuclear
spin qubits [223], dressed qubits encoded on the photon-
dressed spin state [224], flip-flop qubits employing the orbital
freedom and dipole interactions [74], and singlet-triplet
qubits based on 2-electron spin states [155]. A viable physical
qubit platform must meet DiVincenzo’s criteria [225] to build
a programmable quantum computer. In the following, we
review crucial advancements in donor-based quantum comput-
ing. The important parameters of phosphorus donor spin qubits
are summarized in Table 2.

State preparation and measurement

Donor-bond electron spins can be read out in a single-shot
manner using a state-to-charge conversion process. This con-
version transfers the spin state to a correlated charge tunneling
event, which is then detected by an amplified electrical signal.
The Elzerman-type spin-dependent process [138] or Pauli spin
blockade [226,227] is commonly used to realize the state-to-
charge conversion. An SET or a single-lead quantum dot [228]
is often fabricated close to the donor to detect the required

Table 2. The quantum performance of the electron spin (e”),
nucleus spin (3'P), and ionized nucleus spin (31P*) for phosphorus
donors in silicon electronic devices

Property Parameters e~ 3lp 3lp+
Spin T, (s) 9.8(7) > 100
coherence [329] [223]
T; (ms) 0.268[30] 1.26[41] 600 [30]
TZHahn(ms) 0.95[30] 20[30] 1,750[30]
Gate time Ty (ps) 0.15[208] 25[223] 30ps
[223]
Ty (1s) 0.0008 1.89
[248] [37]
Gate F, (%) 99.95[31] 99.98 99.99
fidelity [41] [31]
F, (%) 86.7(2°  >99°
[248] [3741]

*\/SWAP gate.

bCZ gate.
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charge tunneling signal. Using the Elzerman method, a DC
readout with 99.6% fidelity has been achieved [229], whereas
the RF method has attained a 97% readout fidelity within
1.5 ps [230]. Furthermore, a 98.4% readout fidelity for spin
singlet-triplet states has been reported [226]. A novel ramped
measurement technique has been developed [231] to improve
electron spin readout fidelity and robustness. Single-lead quan-
tum dot readout was also applied to demonstrate its potential
for multiplexing readout in a device with 4 donor quantum
dots [232]. For nuclear spin states, the readout can be accom-
plished through discerning the frequencies of the nuclear-spin-
correlated ESR transition in a QND approach [223]. The QND
method has achieved a nuclear spin readout fidelity exceeding
99.84%. In short, the state-of-the-art electron spin and nuclear
spin state readout fidelities satisfy the fault-tolerant require-
ments of quantum computing.

Spin relaxation and coherence times

Cobherence time T, is constrained by the upper bound set by
the relaxation time T, according to the relation T, <2T;.
Hence, along T time is the prerequisite for an excellent quan-
tum platform. Notably, the P electron spin in a natural silicon
device fabricated by STM showcased a remarkable lifetime of
30 s at a 1.5-T magnetic field [233]. Furthermore, studies
exploring the effects of weak SOI have revealed that T} can
be optimized by adjusting the relative direction of the exter-
nal field and silicon crystal orientation [234]. Another study
achieved a spin lifetime of 6 s in a MOS device [207]. Although
the long lifetime sets the upper bound, the pure dephasing
time (T75) of donor electron spin in natural silicon was mea-
sured as only 55 ns in a MOS device [208]. By applying Hahn
echo pulses, a prolonged coherence time of TH2M = 206 ps was
realized. In a 1P-2P molecule STM device filled up to the fifth
electron, the outer shell electron was shown to have a T; =
295 ns and a TZHahn = 298 ps [235], surpassing the 1P case.
This enhancement could be due to the reduced hyperfine
interaction and suppressed nuclear spin pumping effect during
the electron hopping process.

The primary source of decoherence in spin qubits in natural
silicon devices is the spectral diffusion caused by the *Si
nuclear spin bath, referred to as the Overhauser field. As creat-
ing a nuclear spin-free environment is essential for achieving
exceptional coherence times of donor spins, device fabrication
using isotopically purified materials is necessary. In the ion-
implanted MOS approach, **Si devices are fabricated by first
growing a 0.9-pum-thick isotopically purified **Si epilayer on a
500 pm-thick "*Si wafer, then followed by similar processes to
the implanted P-donor MOS device fabrication in the previous
section [30]. A **Si MOS device exhibits a 1.8-kHz full width
at half maximum natural linewidth, corresponding to the
expected dephasing time of 5 = 160 ps, and Hahn echo pulses

yield a coherence time ofTé'Iahn =0.95 ms. Implementing the
Carr-Purcell-Meiboom-Gill dynamical decoupling pulse
sequence extends the coherence time to T2CP MG — .56 5 [30].
Furthermore, a record-long coherence time for a 31p+ bare
nuclei, with TSPMG = 35.6 s, was achieved in the same device.
As for the other dopants, a coherence time of TZH"‘hn =2.7swas
observed in a Bi device by exploiting the clock transitions [236],
and a long coherence time of T}, . = 92 ms was also reported
for an Sb device [237].
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Qubit operations

Single-qubit gates

Electron spins can be driven using the standard ESR or EDSR
techniques, where EDSR driving usually requires engineered
synthetic SOI. Leveraging the extraordinarily long coherence
times of the P-donor spins, average Clifford single-qubit gate
fidelities of F, = 99.90% for electron spin and F,, = 99.99 %
for the ionized nuclear spin were revealed using randomized
benchmarking [31], both surpassing the fault-tolerant thresh-
old for quantum computing. Furthermore, employing GST to
characterize P electron-spin single-qubit gates uncovered sys-
tematic errors that the randomized benchmarking does not
discern [238]. GST indicates about 4.4% rotation errors in some
of the gates. Addressing those errors leads to an enhanced fidel-
ity of F, = 99.942%. Also, non-Markovian noise is detected
from resonant frequency jumps, which can be mitigated by
designed pulses to dynamically suppress the errors. Two approaches
were proposed to achieve a faster single-qubit gate by EDSR:
utilizing the flip-flop (FF) mechanism between a donor bond
state and an ionized state [74], and implementing the flopping-
mode EDSR driving between 2 quantum dots with asymmetric
donor number [239]. A prototype qubit based on the FF mecha-
nism has been demonstrated in a MOS donor device [240], and
it has a nuclear spin drive that is 5 times faster than the typical
magnetic drive but has a lower fidelity [98.4(2)%]. Furthermore,
by combining the ESR and NMR pulses to control the electron
spin and donor nuclear spin, electron-nuclear double resonance
can be realized. Hence, the electron spin state can be swapped
with the nuclear spin, and the electron state can be stored on
the long-coherence nuclear spin. In this context, an 80-ms
single-atom quantum memory with an overall process storage
fidelity of F ~ 81 % was realized [241]. Recently, a novel nuclear
spin-driving mechanism based on the nuclear electric reso-
nance phenomena has been demonstrated that utilizes the
nuclear quadrupole interaction term of the Sb donor high-spin
nuclei with the electric field [237].

Two-qubit gates and entanglement

Two-qubit gates for the donors are difficult to engineer due to
the small Bohr radius of the donor-bond electron, which is
approximately only 2.5 nm [64]. Furthermore, valley interfer-
ence causes exchange coupling to oscillate with varying donor
distance for 1P-1P [242], making it more difficult to achieve a
desired exchange coupling (J). Precise donor placement within
a few nanometers is technically essential, but is challenging for
the ion-implantation approach [61]. Nevertheless, pursuing
two-qubit gates has led to several breakthroughs using fortu-
itously implanted donor devices, and schemes aimed to allevi-
ate the donor placement limitation have also been proposed
[62,74]. In the 1P-1P donor system, a conditional electron
spin rotation was realized, with an exchange coupling with
J = 32.06 MHz between two donor-bonded electrons on an
ion-implanted device [243]. Subsequently, a two-qubit CROT
gate was reported on a similar device with an always-on exchange
interaction of ] = 12 MHz and an average hyperfine coupling
of A = 112 MHz [244].

The 1P-1P system is traditionally considered convenient for
scalability, as per Kane’s proposal [204]. The identity of single
donors facilitates the calibration of qubit control parameters.
Although nuclear spins are used to encode information in Kane’s
proposal, ensuring the tunability of the exchange coupling
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between the two neighboring electrons is crucial. Later, single-
donor-based two-qubit gates were studied for different scenarios
[188], such as tunable J and fixed always-on type interactions.
However, predicting the required donor-donor distance for
achieving the target exchange coupling varies substantially
across different theoretical studies, making experimental
validation of the suitable range of distance range imperative.
Meanwhile, several works show that the amplitude of J oscil-
lation varies along different crystalline orientations (refer to
[242]). Considering that the donor placement deviates from
the ideal axis, the [110] crystallographic axis is recommended
[242]. Moreover, the 1P-1P exchange coupling displays lower
sensitivity to detuning than the other situations, making it dif-
ficult to turn ] off [245] effectively. Thus, schemes involving
fixed J [188] or using quantum control pulses to mitigate resid-
ual J-induced errors [246] should also be explored for achieving
high-fidelity quantum gates.

Addressability is another noteworthy point in the 1P-1P
system, as the qubits’ energies, originating from the Zeeman
effect, are the same in a global magnetic field, ESR operations
to drive the qubits independently must be addressed properly.
There are different methods for tackling the addressability
problem, including leveraging local ionized nuclei to provide
different hyperfine interactions compared with the electron-
bond nuclear state [247], using micromagnet-induced field
gradients [43], or utilizing fine-tuned J to achieve different
resonant frequencies [35]. Notably, although turning on J can
yield different ESR frequencies resolving the addressability
issue, it induces cross-talk error due to the unwanted two-qubit
Hamiltonian dynamics, where methods need to be developed
to address the cross-talk in the presence of the residual J.

The multidonor quantum dot presents another promising
route for scaling up. A fast 0.8-ns \/SWAP gate has been suc-
cessfully demonstrated in an STM-fabricated 2P-3P double dot
device featuring a 3.4-GHz exchange coupling with switch-
able exchange J operation [248]. Furthermore, another device
encapsulating 2P-3P dot clusters, separated by 12 nm, allowed
the observation of exchange oscillations [249]. This device was
used to characterize the charge noise environment and to reveal
the donor nuclear spin arrangements [250]. The asymmetric
donor number system has some appealing advantages due
to its greater flexibility in parameter engineering. Specifically,
the asymmetric multidonor design mitigates the J oscillation
induced by valley interference and permits extensive electri-
cal tuning of J across a few orders of magnitude [245,248],
offering the electrical switchability of J utilizing voltage pulses.
Furthermore, initializing nuclear spins in the multidonor dots can
generate a large magnetic field gradient, which could help reduce
the charge noise influences and enhance CROT gate fidelity [250].
Nonetheless, some specific mechanisms in the multidonor dots
that could degrade T, and T, should be noticed and mitigated.
These include hyperfine-mediated spin relaxation [251] and
nuclear spin flips induced by measurement backaction [252].
Mitigation tactics entail carefully engineering donor configu-
rations, adjusting stark shifts [253], and utilizing the nuclear
freezing effect [254].

Limited donor separation tolerance and short pitch distance
pose challenges for placing controlling gates and implementing
fan-out [255], particularly for realizing exchange coupling-
assisted electron-electron two-qubit gates. Different schemes
have been proposed to address these constraints. One approach
involves coupling each donor to a MOS gate-defined dot above
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[256], with the donor electrons indirectly connected via these
MOS dots. Along this path, coherent singlet-triplet oscillations
have been demonstrated in a donor coupled MOS quantum
dot device [257]. This scheme could separate the basic comput-
ing unit cell by over 100 nm, with appreciably effective exchange
strength for a two-qubit gate. However, it imparts additional
complexity to device fabrication and increases susceptibility to
charge noise due to the larger electron wave function spread
over the MOS dot. A second approach employs the FF mecha-
nism, enabling fast EDSR-based single-qubit driving, and is
proposed for devices based on the ion-implanted method,
offering considerably longer distances and greater placement
precision tolerance [74]. The FF qubit possesses a larger dipole
moment by pulling the bonded electron away from donor
nuclei. Therefore, a two-qubit gate based on dipole-dipole
interaction is feasible. However, the FF qubit requires precise
control of the tunneling rate between the bond state and ionized
state near the operation “sweet-spot”, which is necessary to
reduce the impact of charge noise. A third method explores the
application of cavity photon-mediated coupling between donor
spins [74]. Employing the FF qubit [74] or other EDSR coupling
mechanisms [239], donor electrons can be linked via cavity pho-
tons. Its physical picture resembles the recently demonstrated
long-distance two-qubit gate in the gate-defined quantum dots
platform [258]. Nevertheless, the cavity-based approach presents
challenges, such as cavity fabrication, achieving strong spin-
photon coupling, and the requirement of superconductivity
under a strong magnetic field.

Remarkably, two-qubit gates between electron and nuclear
spins are relatively easy to realize. In scenarios of a single donor,
ESR pulses can conditionally flip the electron spin relative to a
specific nuclear spin base state, realizing controlled rotation for
the electron spin depending on the nuclear spin [223]. Utilizing
this electron-nuclear CROT gate, the construction of a Bell
state between donor electron and nuclear spins has been
achieved, with a reported state fidelity of Fg g > 96 % [259]. On
another MOS device, where a single electron is shared between
two nuclei [37], a geometric two-qubit CZ gate between the
nuclear spin qubits has been demonstrated, with asymmetric
hyperfine couplings of A; = 95 MHz and A, = 9 MHz, respec-
tively. The average single-qubit gate fidelities of the nuclear
spins reached 99.95%, and the two-qubit gate fidelity between
those two nuclear spins reached 99.37% (see Fig. 6A and B).
Moreover, the authors pushed this system to a one-electron—
two-nuclei tripartite entanglement, manifesting a 3-qubit GHZ
state with a fidelity of 92.5%. Recently, on an STM-fabricated
3P donor cluster device, high-fidelity initialization and control
of electron and nuclear spins were demonstrated, and a 4-qubit
register was realized on the three nuclear spins and their
bonded electron spin [260]. Afterwards, high-fidelity gate
operations, 3-qubit GHZ state, and high-performance Grover’s
algorithm were also demonstrated on this device [41] (see Fig.
6C to E).

Donor arrays and their prospects

The development of a one-dimensional (1D) donor array plays
a pivotal role in the quest for scalable donor-based quantum
computers. Demonstrations of the feasibility of several critical
scaling-up techniques on the 1D donor array are important
stepping stones in the process of transitioning to large systems.
The most imperative task is developing a multiplexed spin
readout technique [232], which requires a high-fidelity spin
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Fig. 6. Two-qubit gate characterization in a donor-based quantum dot. The fidelity of a two-qubit gate based on exchange-coupled electron spins in ™'Si remains below the
fault-tolerance threshold [248], and its demonstration in %Si is yet to be reported. Conversely, the geometric CZ gate between nuclear spins in 2®Si has been demonstrated with
high fidelity, surpassing the fault-tolerance threshold [37,41]. The GST method enables precise extraction of gate fidelity, distinguishing between various error contributions and
separating local errors from cross-talk errors, as illustrated in (A) and (B) [37]. The interleaved randomized benchmarking method was applied for the first time to characterize
CZ gates between different nuclei within a donor dot in silicon, achieving fidelities exceeding 99% for all three CZ gates (C to E) [41]. Additionally, different groups have employed
Bell states to demonstrate the entanglement capabilities of the two-qubit gates [3741]. (A) and (B) are adapted from Ref. [37], with permission, Springer Nature. (C), (D),

and (E) are adapted from Ref. [41], Springer Nature, under a CC BY license.

readout array. For larger systems, an SET becomes impractical
due to the excessive number of electrodes needed for fan-out
[195]. A more viable alternative is using a single electron box
array combined with a dispersive readout, which reduces the
number of electrodes and allows longer sensing distances,
consequently facilitating a more straightforward multiplexing
process. In addition, the cross-talk issue must be investigated
on the 1D donor array. Although a fixed J supports “always-
on” type quantum gates [35], achieving ideal single-qubit gates
necessitates extensive pulse engineering to effectively mitigate
significant J couplings between donors and to isolate a single
spin through quantum control methods [246]. Despite those
efforts, careful management of cross-talk, as demonstrated in
gate-defined quantum dots [43], still needs to be carefully
handled for realizing high-fidelity gates, even with switchable
J couplings.

Moreover, solving the issue of addressability is equally critical.
In unit cells with fixed donor numbers, whether single phospho-
rus (1P) or multidonor dots, the footprint of tens of nanometers
is much smaller than the ESR antenna. Consequently, qubits
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must be engineered with different energies to solve the address-
ability issue. Potential means include engineering a tunable
Stark effect [253], fabricating a micromagnet to create a mag-
netic field gradient [43], or using the FF mechanism to achieve
hyperfine-assisted tunable single-qubit frequencies at different
detuning voltages [74,239]. Furthermore, we also emphasize
that the frequency crowding problem is more prominent in
large systems; it could be mitigated by resorting to electrical
control methods, which would make it easier to realize local
interaction than using an AC magnetic field. Thus, EDSR-type
single-qubit gates, such as FF gates [74] and multidonor FF gates
[239], are more suitable options for much larger systems.

A 2D-donor array is recognized as a suitable platform for
realizing fault-tolerant quantum computing, and different archi-
tectures have been proposed, such as coherent transport via
adiabatic passage [261], MOS dot coupled donor arrays [256],
two-donor array planes with cyclic motion [262], donor arrays
with shared control lines compatible with surface code [247]
(shown in Fig. 7A), and the combination of the FF qubit
and superconducting cavities [74] (shown in Fig. 7B). However,
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Fig. 7. Scaling-up designs of donor arrays. (A) A two-dimensional donor lattice architecture with shared control lines, which is designed to implement surface code quantum
error correction [247] with permission, AAAS. (B) A scalable design optimized for flip-flop qubit configurations, composed of qubit clusters with localized coupling through
dipole—dipole interactions and intercluster coupling mediated by shared superconducting microwave cavities [74], Springer Nature, image adapted under a CC BY license.

transitioning from a 1D to a 2D array presents considerable
technological challenges. Foremost among these is the issue of
fan-out and associated heat dissipation in densely packed arrays
[195]. Managing the control and readout lines in a dense donor
array is a complex task, necessitating alternatives such as shared
control lines, as preliminarily demonstrated in gate-defined
quantum dots [200]. In addition, implementing distributed
donor arrays and interconnected superconducting cavities [74]
will be important in alleviating fan-out difficulties and provid-
ing sufficient space for classical control circuits. Addressing
fabrication challenges is equally important, calling for consid-
erations of 3D fabrication technology [263,264], silicon vias,
precise alignment techniques, flip chip technology, and chiplet
technology.

Along with the endeavor of building universal program-
mable quantum computers, quantum simulation [17] emerges
as another vital field for harnessing quantum technology for
specific critical tasks in the NISQ era. Donor array systems
offer precise control over electron and nuclear arrays and
exhibit great potential for numerous quantum simulation tasks.
Many renowned physics models can be effectively mapped
onto the donor array, such as the Fermi-Hubbard model,
the Ising model, and novel topological physics. The Fermi-
Hubbard model is particularly important due to its profound
relevance to phenomena in high-temperature superconductiv-
ity. Previously, the minimal Fermi-Hubbard model was studied
in the context of a two-donor system using in situ STM tech-
niques [265]. Furthermore, an extended Fermi-Hubbard model
featuring topological states was realized in an STM litho-
graphed 1D multidonor dot array [266]. Theoretical investiga-
tions have also explored the single-donor-based dimerized
Fermi-Hubbard chain and associated Su-Schrieffer-Heeger
topological physics [267,268]. Moreover, theoretical examina-
tions of a 2D array for the extended Fermi-Hubbard model
have been conducted [269]. Recently, a 3 X 3 multidonor dot
array with the finite disorder was fabricated, yielding prelimi-
nary observations of a transport transition from the metallic
phase to the Mott insulating phase [270]. Although technolo-
gies for precise control of donor numbers and tunneling rates
are still under development, the avenue toward donor array
quantum simulation for many-body physics has been already
opened.

Spin—-Photon Interface for Scaling up

As discussed above, rapid development in spin qubits coupled
via direct exchange interactions has granted this platform
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credibility as a leading candidate for quantum computation.
However, while being highly compatible with advanced semi-
conductor manufacturing technology [25,28,42,50,134,136], the
complexity in multiplexing due to intrinsic nonuniformity and
cross-talk in quantum operations makes fan-out of control and
read-out wires in a large qubit array a challenge that is yet to be
solved. The most promising solution is to build distributed mod-
ules consisting of exchange-coupled spin qubits and interconnect
them with long-range couplers. A variety of attempts to achieve
long-distance spin coupling have been made, such as directly
shuttling the charge carriers electrically via the bucket-brigade
mode [143,144,271-273] or the conveyor (or moving quantum
dot) mode [274-280] using voltage pulses or acoustically using
surface acoustic waves [281,282]. On the other hand, circuit
quantum electrodynamics (cQED) using microwave photons in
superconducting resonators has been demonstrated as a powerful
approach that can easily transfer quantum information between
spin qubits that are several hundred micrometers apart and the
operation speed is not constrained by the distance. Moreover,
the spin-cQED architecture also opens up opportunities in rapid
spin qubit readout [283,284] and quantum simulation [285].
Here, we briefly review the key breakthroughs in spin-cQED
studies.

To ensure efficient interaction between spin qubits and micro-
wave photons before the system loses coherence, the strong cou-
pling [286] condition must be satisfied: g, > max [ys,rc], where
the g, is the spin—photon coupling strength, y, is the spin qubit
decoherence rate, and x represents the photon loss rate in the
cavity. Although the extremely small magnetic dipole makes spin
qubits immune to environment noise and allows for long coher-
ence times, it also poses challenges in achieving strong coupling
between spins and external microwave photons; coupling is typi-
cally limited to a strength of ~1 kHz [287]. To overcome this
bottleneck, methods for hybridizing the spin and charge degrees
of freedom have been proposed and demonstrated, facilitating
a sizeable coupling between the spin and cavity modes [286,288].

The spin—photon coupling strength g, is directly dependent
on the charge-photon coupling strength g,.. To maximize g,
the first step is to delocalize the electron (or hole) between two
tunnel-coupled quantum dots, meaning the charge state is
degenerate between (1,0) and (0,1) (or at an equivalent interdot
transition), where the electric dipole moment is maximized.
Second, as g, is proportional to \/Z (where Z, is the charac-
teristic impedance of the resonator), resonators are typically
made of superconducting materials with high kinetic induc-
tance materials such as NbTiN [289] and granular Al [290,291],
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or arrays of superconducting quantum interference devices
[292]. Last, since the resonators are galvanically connected to
the gates that confine the quantum dots, g, therefore is also
determined by the lever arm [58], which is related to the capaci-
tive coupling between the confined electrons in the dot and the
surrounding gates, and can be optimized through electrostatic
gate layout design.

A charge-photon coupling rate of a few hundred megahertz
can now be easily achieved in different types of devices
[58,291,293], which paves the way toward strong spin—photon
couplings. In order to couple the spin degree of freedom to
photons in a resonator, the spins must be coupled to the charge
states that mediate the coupling to photons, as previously dis-
cussed. The most straightforward mechanism is the SOL, which
is intrinsically lacking for electrons in silicon, and therefore,
micromagnets have been implemented to provide synthetic SOI
to enable spin-photon couplings [294,295]. In contrast, intrin-
sic SOI can be utilized for hole spins in silicon and germanium
[58,291,296,297]. The second method for coupling spin and
charge states is via exchange interactions, which is directly
dependent on the distance between adjacent spins. This mecha-
nism can be utilized to couple singlet-triplet qubits and
exchange-only qubits, where the qubit is defined in a subspace
of multiple spin states [298,299].

Strong coupling between spin and photon in silicon-based
DQDs was first realized in 2018 by two groups [294,295]. A
typical device for spin-photon coupling is shown in Fig. 8A,
where the electron is confined under the overlapping plunger
and barrier gates. In this device, which utilizes the DQD
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design with a micromagnet, the oscillating electron experi-
ences an inhomogeneous stray field (Fig. 8B), which hybridizes
spin and charge states and entails an indirect spin-photon
coupling. The vacuum Rabi splitting at cavity transmission is
observed (Fig. 8C) by scanning the probe frequency and mag-
netic field. The g, is determined to be 5.5 MHz, which is larger
than y, = 2.4 MHz and « = 1.8 MHz. Figure 8E shows the
similar vacuum Rabi splitting observed in another device, a
device with single-layer gate electrodes, as shown in Fig. 8D.
The corresponding g, y,, and k of this device are 10, 1.8, and
4.2 MHz, respectively. Apart from the transverse component
of synthetic SOC, longitudinal spin-photon coupling, which
is not affected by the Purcell effect, has also recently been dem-
onstrated with g, > 1 MHz [300].

To realize intermodule quantum information processing,
resonators have been applied to couple qubits at a distance.
Several groups have achieved distant couplings between the
charge states of two distant DQDs [301,302], coherent coupling
between a single charge and a superconducting qubit [303],
and collective coupling involving 5 DQDs coupled to a com-
mon resonator [304]. However, coupling spins at a distance via
the resonator is more challenging compared to charge-dipole
coupling, as it requires establishing strong spin-photon cou-
pling as a prerequisite. Long-distance coupling between two
remote spins was demonstrated shortly after realizing the strong
coupling [294,295]. As shown in Fig. 9A and B, two remote spins
in a silicon DQD, separated by about 4 mm, are coupled to each
end of the SC cavity [305]. To individually tune the frequencies
of the two spin qubits, a cobalt micromagnet is arranged with a
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Fig. 8. Strong coupling between silicon spin qubit and microwave photon. (A) A scanning electron microscope image of a silicon DQD device with overlapping gate electrodes.
(B) Schematic of a DQD device cross-section. (C) Vacuum Rabi splitting indicates strong spin—photon coupling, observed in the device shown in (A). (D) Scanning electron
microscope image of a DQD device with single-layer electrodes. (E) Vacuum Rabi splitting from the device in (D). (A) to (C) are adapted from Ref. [294], with permission,

Springer Nature. (D) and (E) are adapted from Ref. [295], with permission, AAAS.
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Fig. 9. Cavity-mediated long-distance coupling and a SWAP gate between remote spin qubits. (A) Optical picture of a superconducting resonator that couples two distant DQDs
at its ends. (B) Resonate coupling between two spin qubits via the superconducting resonator by fine-tuning of the magnetic field angle. (C) Optical picture of a hybridized
device for long-distance SWAP operation. Insets (from left to right): scanning electron microscope image of left DQD (Q1) with tilted micromagnet arrangement; schematic
of the distant spin-spin coupling architecture; scanning electron microscope image of right DQD (Q2). (D) Pulse sequence for the virtual photon-mediated long-distance
SWAP operation. (E) State evolution of Q1 and Q2 during SWAP operation. (A) and (B) are adapted from Ref. [305], with permission, Springer Nature. (C) to (E) are adapted
from Ref. [258], with permission, Springer Nature.
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tilted angle of 15° (see the inset in Fig. 9C for details). By adjust-
ing the magnitude and direction of the magnetic field, two spin
qubits simultaneously resonate with the microwave photon,
resulting in an enhanced vacuum Rabi splitting, with a collective
coupling of 32.1 MHz. Moreover, dispersive coupling between
two remote spins via virtual photon interaction has also been
realized [293], where the exchange coupling strength between
the two remote spin qubits was measured at 19 MHz, exceeding
the spin linewidths.

All of the above efforts make the cQED a critical method
for spin-qubit scalability. Microwave photon-mediated coher-
ent quantum state transfer is a key step for quantum multicore
processors and distributed architectures [195,306]. Recently,
Dijkema et al. [258] successfully demonstrated the virtual
photon-mediated long-distance SWAP operation in a hybrid
quantum dot-resonator dot device (Fig. 9C), which stands as
a milestone for scalable silicon quantum network. The time-
domain control of spin-photon coupling by pulsing on the
detuning of quantum dot as schematized in Fig. 9D makes
quantum information sequentially transfer between the left
DQD (Q1), resonator, and right DQD (Q2). Therefore, the
long-distance coupled two-spin qubit state oscillates during the
evolution process and is directly detected by the resonator, as
shown in Fig. 9E. These results suggest that superconducting
resonators can provide a feasible approach for connecting dis-
tant qubit arrays and therefore achieve a large-scale spin-based
quantum computing chip.

Outlook

In summary, the spin qubit for quantum computing has experi-
enced fast development over the last decades, with advancements
including high-fidelity operation, high-temperature operation,
fast spin manipulation, and strong spin-phonon coupling.
However, further improvement of gate fidelity, cross-talk migra-
tion, multiqubit operation, spin transportation, and multidimen-
sional spin-photon coupling is needed for scaling up. Novel
schemes and architectures are also needed for global control
[109,194] and scalable engineered driving mechanisms, such
as site-dependent spin quantization axes for hopping qubits
[40,307] and micromagnet arrays for EDSR-type driving spin
qubits [308]. Here, we outline possible future directions for spin
qubits in silicon.

Gate-defined quantum dots

The future of silicon qubits in quantum computing looks prom-
ising due to major improvements in materials science, micro-
fabrication, and quantum control. Silicon works well with existing
semiconductor technology, which facilitates the integration of
qubits into microelectronic systems. Improvements in materials
like Si/SiGe and Si-MOS have enhanced control over key proper-
ties such as valley splitting [119] and electron mobility [122].
However, the task of improving material quality and searching
for new materials is far from complete [115]. Newly emerging
materials such as planar germanium have shown potential in
fast spin operation [202] and large array construction [44,60].
Improved gate designs have also increased the density and
uniformity of qubit arrays, making it possible to create large
arrays of qubits. The ability to operate at temperatures ranging
from 1 to 4 K [38,46] provides opportunities for integration
with cryo-electronics [48,49].
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Readout [142,146,148] and control fidelity [32,33,35,36,39,
43,103,141] are sufficient for error correction. Looking ahead,
integrating silicon qubits with on-chip classical control, explor-
ing new 2D and 3D qubit array layouts [195-197], and possibly
operating at higher temperatures are important research areas.
These efforts aim to tackle scalability and functionality chal-
lenges. Open questions remain, including how to effectively
communicate with classical electronics, the optimal wiring
scheme for connectivity, the ideal size for quantum dot mod-
ules, and the scaling law of noise properties. In particular,
spatially correlated noise [174,178] creates interdependencies
across qubits, prompting questions about the optimal encoding
scheme and material stack for qubit performance.

Donor dots

We anticipate diverse and promising future directions for donor
quantum computing systems. Furthermore, combining such
systems with “hot qubits” [45-47] and cryo-CMOS technology
[48,309] opens up the potential for an on-chip silicon quantum
computing system operating within the 1 to 4 K temperature
range. Considering the deep potential of donors to confine
bonded electrons [219], “hot qubits” will enhance the attain-
ability of higher gate fidelities at elevated temperatures. As men-
tioned, leveraging high-spin nuclei combined with nuclear
electric resonance control provides a novel platform for donor
nuclear spin systems [237]. With high-spin nuclei, quantum
computing based on qudits presents intriguing topics for explo-
ration, such as demonstrating spin state squeezing and cat states.
Recently, the creation and manipulation of Schrédinger cat
states using the spin-7/2 nucleus of an Sb donor were also
realized [310]. Meanwhile, integrating a flying photon into the
donor systems is possible. Other dopants, such as erbium [311]
and selenium [312], offer the potential for coupling a flying qubit
to the donor spin, which can considerably extend the coupling
distance between dopants for distributed quantum computing
and quantum internet. Notably, a recent study demonstrated 0.8
to 1.2 ms coherence time for erbium ions in silicon [311].

Regarding large-scale universal quantum computing, donor
array fabrication techniques are still challenging and require
further development. Although deterministic ion implantation
has been demonstrated [212], methods that could further
reduce spatial variation during ion implantation—such as using
AFM apertures, EBL lithographed masks, and heavy ions—are
still developing and have not yet become mature and reliable
[61,62]. In terms of the STM lithography route, integrating the
deterministic donor array technique [221] into chip fabrication
is crucial to ensuring compatibility with the overall fabrication
process.

For the integration of quantum functionalities, several poten-
tial solutions must be considered, optimized, and implemented,
including multiplexed single-lead quantum dots for RF readout
[232], micromagnets to address the addressability issue [43],
fine-tuned ] gates for high on-off ratio two-qubit gates [35],
incorporation of MOS gate-defined dots with the application of
FF qubits [74], and spin—photon coupling cavities for a modular
architecture [74]. Meanwhile, other scaling-up issues are com-
monly shared between the donor-based approach and gate-
defined quantum dots. These issues are discussed in the following
section. Despite the inherent challenges associated with fabricat-
ing donor devices, technological advancements are underway.
We are optimistic that donor systems have a promising future in
building large-scale donor-based quantum computers.
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Scaling up

One of the outstanding advantages of spin qubits in quantum
dots is the small footprint of only tens to hundreds of nanome-
ters depending on the exact gate structures [29], which makes
it possible to place dense arrays at large scale on a small chip.
At the same time, the fabrication of quantum dots is based on
a precise process. In pioneer works, silicon quantum dots are
usually fabricated in a laboratory process by EBL and lift-off
metallization. This process has low yield [136] and induces
considerable charge noise at the interface, resulting in a low
success rate for quantum dot arrays. Recently, leveraging
advanced semiconductor manufacturing technologies, Intel
adopted the FinFET structure to integrate more than 10,000
1D quantum dot arrays with a yield exceeding 90% [136]. Then,
1D arrays of overlapping gates combined with Co micromag-
nets have also been fully manufactured by an industrial 300-mm
semiconductor wafer process line [313]. However, a 2D array
is crucial for future scaling up. Although researchers have
attempted to fabricate small 2D arrays by adopting single-layer
or overlapping gate structures in lab processes, the relatively
poor connectivity remains a challenge for the wiring and fan-
out of future large-scale 2D arrays. To increase 2D connectiv-
ity, SLEDGE devices have been successfully fabricated [57].
SLEDGE devices consist of uniplanar gate electrodes etched in
quantum dot shapes and back-end-of-line metal layers verti-
cally connected to gate electrodes for wiring [57]. Very recently,
SLEDGE quantum dots have also been successfully fabricated
in industrial lines [42]. Moreover, the fidelity of single-qubit
operation in triangle 2D SLEDGE quantum dots array has
exceeded 99%, further indicating that SLEDGE is a promising
technology for future larger 2D arrays with high connectivity
[56]. The crossbar structure [198,200] is also a promising choice,
one that can considerably decrease the complexity of wiring
and fan-out, but it requires a high uniformity of quantum dots.

From an operation perspective, the continuous improve-
ment of fidelity to well beyond 99% is necessary. So far, most
high-fidelity (>99%) spin qubit operations have been per-
formed on small quantum dot arrays [32,33,36,37,39,103,258].
For large-scale arrays, inhomogeneity and disorder in the wafer
decrease the performance of qubit operations compared to that
in small arrays. The optimization of wafer growth, especially
for SiGe, through solving lattice mismatch [314] and interface
state [315,316] will reduce charge noise and mitigate valley
splitting [317] to homogenize the whole wafer, which is a ben-
efit for increasing the fidelity of qubit operations in a large-scale
array. In addition, the heating effect from qubit operations
should not be ignored, especially for large-scale arrays. The
“hot” spin qubit is an important advancement [38,45-47,184]
and can operate above 1 and even 4 K. It would provide much
larger cooling power and more conveniently integrate with
cryo-electronics [318].

From an architecture perspective, the multimodular quan-
tum chip [306] can be used to integrate all of the above advan-
tages, which should further reduce the complexity of wiring,
fan-out, and cross-talk. For intramodular design, the industrial
foundry processes will accelerate the construction of 2D cross-
bar [198,200] and 3D wiring structure [57] of spin qubit arrays
to reduce the demand for electrode resources. For intermodular
connection, cQED remains a powerful scheme, although the
improvement of y, and k in quantum dot-cavity hybridization
devices is necessary [258,293,305]. As the number of inte-
grated modules and resonators continues to increase, layout
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complexity is an unavoidable challenge, but can be solved
using the 3D stacking flip-chip technique [300]. In addition,
conveyor-mode spin qubit shuttling [280] has achieved impor-
tant successes on micrometer-scale quantum information transfer
with fidelity exceeding 99%, and is also a promising choice for
intermodular connection. Super-exchange between distant
spins, jellybean quantum dots [319], and surface acoustic waves
[282] can serve as alternative methods for medium long-range
coupling.
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