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Semiconductor qubits in practice

Anasua Chatterjee’, Paul Stevenson

The world of quantum devices has changed at a break-
neck pace over the past two decades. In particular, the
field has witnessed the development of a large variety of
quantum bits or qubits, which are quantum, two-level
systems whose state can be initialized, coherently con-
trolled and measured with high fidelity. Increasing
research efforts are focusing on physical implemen-
tations and materials offering the best prospects for
large-scale integration. Correspondingly, scaling and
engineering efforts are increasingly moving from aca-
demic research labs to industrial-scale development cen-
tres. Semiconductor materials have been at the forefront
of these developments, along with other quantum tech-
nologies based on trapped ions and superconducting
circuits.

Quantum applications will be far-reaching and will
depend strongly on the specific properties of the under-
lying quantum hardware. Therefore, the focus of this
Review goes beyond quantifying the merits of differ-
ent semiconductor qubits as per their potential role in
universal quantum computers. We also explore their
relevance for different applications that make use of
their quantum character, including sensing, simulation,
computation and communication.

The field of semiconductor qubits itself spans a
variety of systems, material implementations and tech-
niques. The semiconductor qubits demonstrated so
far differ from each other in various ways; they vary
from systems that operate at millikelvin temperatures,
achievable only inside dilution refrigerators, to systems
that are suitable for room-temperature operation. They
can be artificially engineered potential wells confin-
ing quantized electronic states or single-atom impuri-
ties in a lattice, exploiting either nuclear or electronic
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Abstract| In the past decade, semiconducting qubits have made great strides in overcoming
decoherence, improving the prospects for scalability and have become one of the leading
contenders for the development of large-scale quantum circuits. In this Review, we describe
the current state of the art in semiconductor charge and spin qubits based on gate-controlled
semiconductor quantum dots, shallow dopants and colour centres in wide-bandgap materials.
We frame the relative strengths of the different semiconductor qubit implementationsin the
context of applications such as quantum simulation, computing, sensing and networks.

By highlighting the status and future perspectives of the basic types of semiconductor qubits,
this Review aims to serve as a technical introduction for non-specialists and a forward-looking
reference for scientists intending to work in this field.

degrees of freedom. Despite these differences, however,
they share certain properties, such as their potential for
high-density integration on a large scale, which origi-
nates from the well-established nanofabrication technol-
ogy of the semiconductor industry. Some semiconductor
qubits also boast some of the longest coherence times
ever reported. Following material and technology devel-
opments in the past few years, silicon spin qubits were
able to meet all of the DiVincenzo criteria’, and paradig-
matic, two-qubit quantum algorithms have been demon-
strated. Colour centres have demonstrated long-range
entanglement generation capabilities’ and have shown
themselves to be sensitive probes for nanoscale mag-
netometry at room temperature™, with particular
relevance for biological and medical applications.

This Review reflects the wide variety of platforms
offered by different semiconductor qubit systems.
Because of the extremely rapid growth of this area in
the past few years, here, we summarize the state of the
art of the field, rather than its historic development,
with emphasis on relating different categories of sem-
iconducting qubit implementations to their respec-
tive strengths and prospects for practical applications.
Specifically, we will describe semiconductor qubits
based on charge and spin degrees of freedom. Among
spin-based qubits, we shall devote the most attention to
gate-controlled quantum dots (QDs), dopants and colour
centres, with the qubit encoded in an individual elec-
tronic or nuclear spin. We briefly touch upon other qubit
realizations where quantum information is encoded in a
multielectron state, such as the singlet-triplet qubit, the
hybrid spin-charge qubit or the flip-flop spin qubit.
We shall not discuss the case of semiconductor self-
assembled QDs, on which extensive literature can be found
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Key points

* Semiconductor qubits span an entire ecosystem and are extremely versatile in terms
of quantum applications, particularly viewed through the lenses of quantum
simulation, sensing, computation and communication.

¢ Controlling the charge degree of freedom in gated quantum dots is important for
sensing of quantum objects, readout and light-matter coupling.

* Gate-controlled spin qubits have demonstrated long coherence times, fast two-qubit
gates and fault-tolerant operation, with promising prospects for quantum
computation.

¢ Shallow dopants have shown some of the longest coherence times in the solid state
and high sensitivity to magnetic fields, relevant for quantum memories and sensing.

* Optically active defects have shown great promise as in situ sensors, and their natural
ability to serve as spin—-photon interfaces makes them suitable for long-distance
quantum communication.

* Looking beyond a fault-tolerant quantum computer, semiconductor qubits will find
diverse applications such as light-matter networks, scanning sensors, quantum
memories, global cryptographic networks and small-scale designer simulation arrays.

(these systems are particularly relevant for the realization
of single-photon sources’). In the interest of concision,
we also exclude from this Review gatemon qubits and
topological qubits, even though semiconductors are at
the heart of their operating principles. We refer to recent
reviews for superconducting qubits® and Majorana zero
modes’, respectively.

Each qubit category is benchmarked against four
quantum technology applications (see FIC. 1). In quan-
tum sensing applications, some observable of the qubits
is sensitive to the desired environmental variable, with-
out perturbing it in a manner that cannot be corrected
for. In quantum simulations, the Hamiltonian of a phys-
ical system of interest is mapped onto the Hamiltonian
of an appropriately controlled qubit circuit. For quan-
tum computing applications, we assess the fidelity, pros-
pects for two-qubit control and coherence time of the
qubit. For quantum communication, semiconductor
qubits can serve as nodes in quantum networks, ena-
bling non-classical communication between distant
sites. Examples of the materials systems, readout and
manipulation methods for the semiconducting qubits
discussed in this Review are illustrated in FICS 2,3 4,
respectively and some quantities of interest are sum-
marized in TABLE 1. A future outlook for semiconductor
qubits is provided in FIC. 5.

Gate-defined quantum dots

In a semiconductor structure, the location and motion
of an individual electronic charge can be controlled
and measured with relative ease, and it can also be used
to encode a qubit. In this section, we discuss a family
of semiconductor-based QDs where the confinement of
electrons (or holes) is obtained through electrostatic
gating in combination with physical or band-structure
confinement, and where qubit states can be encoded in
the charge or spin degrees of freedom, or combinations
thereof.

The first QD devices of this family were made from
arsenic-based III-V heterostructures (III = Ga, In, Al
and V = As) typically grown by molecular-beam epitaxy’.
A particularly successful approach relied on the use of
modulation-doped GaAs/AlGaAs heterostructures

hosting a high-mobility two-dimensional electron gas
(2DEQG). In this case, vertical confinement (along the
growth direction) occurs at the GaAs/AlGaAs hetero-
junction, due to a conduction-band step of a few hun-
dred meV. Lateral confinement is obtained by means of
metallic gate electrodes fabricated on the semiconductor
surface, which deplete the 2DEG to form a small isolated
puddle of electrons.

Because of its versatility, this approach is widely used
to reliably realize tunable single QDs or small tunable
arrays of tunnel-coupled dots. The key to this success
lies in the low defect density of the epitaxially grown het-
erostructures and in the relatively low effective mass of
electrons in GaAs, which favours quantum confinement.
Moreover, because the 2DEG lies typically 50-100 nm
below the surface, the QD confinement potential is rel-
atively insensitive to surface charges. The occupation
of gated QDs can be tuned down to the few-electron
regime. The exact electron number can be measured by
means of a nearby charge sensing device, that is, another
QD or a quantum point contact’. Increasing the com-
plexity of the gate layout allows going from one single
QD to two or more QDs tunnel-coupled by gate-tunable
interdot barriers (see example in FIG. 1).

GaAs-based heterostructures have played a pivotal
role in the development of QD devices, but much of the
research focus is now shifting towards silicon-based
nanostructures, owing to their potential for spin-based
quantum computing. Isotopically purified silicon,
enriched in nuclear-spin-free ?Si, has been shown to
provide long spin lifetimes, as discussed in the next
section. In addition, silicon is an attractive material
for large-scale integration using industrial production
processes. Due to the larger effective masses in sili-
con, however, the characteristic size of the QDs needs
to be smaller than in GaAs, that is, less than ~20 nm,
which poses nanolithographic challenges. Currently,
foundry-fabricated silicon-on-insulator transistor tech-
nology (incorporating gates over a silicon nanowire,
see FIC. 2a) and devices fabricated from high-mobility
Si/SiGe strained heterostructure (see FIG. 2b) show
promise for industrial mass production, at least on the
single-qubit and two-qubit levels.

Charge control and coherence

A single electron trapped in a pair of adjacent QDs can
encode a charge-based qubit. The two basis states cor-
respond to the electron being localized either on the left
or on the right QD (labelled |L) or |R), respectively),
from which bonding and antibonding combinations are
formed in the presence of interdot tunnelling. We label
them as |0) and |1), respectively. FIGURE 4a shows the
energy-level structure of the double QD as a function of
the detuning parameter, ¢, defined as the energy differ-
ence between states |L) and |R) in the limit of vanish-
ing coupling. Due to interdot tunnelling, the two states
hybridize, forming bonding and antibonding combina-
tions with minimal energy splitting, 2¢, where ¢ is the tun-
nelling amplitude. After initializing the qubit in the |R)
state, coherent charge oscillations can be induced by a
non-adiabatic gate voltage pulse (shown in red in FIG. 4a)
towards e =0 for a controlled amount of time.
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Fig. 1| Semiconductor qubits and their potential applications. Top: four areas of quantum applications, with different
desired features and their suitability to a particular physical implementation (denoted by the colour of the boxes in the
bottom graphic). For the purposes of quantifying a system for quantum simulation (as opposed to potential for fault-tolerant
quantum computation), we have considered the ability to deterministically place and control the interactions of a set

of quantum objects (spin, charge and so on) to simulate specific physical models, ideally with a simpler architecture and
lower effort than that required for a universal quantum computer. Centre: various solid-state qubit implementations
arranged by the approximate size of the qubits’ active parts, not including readout ancilla and sensing devices. Bottom:
representative illustrations of the four major qubit categories covered. From left to right, in order of the qubit size: colour
centres (pink box), shallow dopants (yellow box) and gate-patterned quantum dots (silicon-on-insulator accumulation-mode
and GaAs depletion-mode devices; blue boxes). finFET, fin field-effect transistor.

Initially, these oscillations were measured in elec-
tron transport, manifesting as periodic modulations of
the current through the double QD as a function of the
pulse duration, t, (REF. 1%). Successively, they were detected
by measuring the charge occupation of the double QD
via a nearby charge-sensitive device, such as a quan-
tum point contact or another QD' see FIC. 3a. The lat-
ter approaches eventually enabled a demonstration of
full charge qubit functionality with two-axis control’.
Another type of charge-based qubit was experimentally
demonstrated in a silicon double QD confining elec-
trons. Such an alternative qubit exploits the multi-valley
nature of the silicon conduction band. In a silicon QD,
spatial confinement results in a partial lifting of the
sixfold valley degeneracy, leaving two lowest energy
valleys separated by an energy gap, the so-called valley
splitting, that can vary between a few and hundreds of
peV. In the case of a relatively small valley splitting, the
QD state can be brought into a superposition of the two
valley components. Coherent valley-state oscillations’
and, eventually, a valley qubit with two-axis control'
were demonstrated in a silicon double QD. Qubit read-
out was realized by projecting the valley states onto dif-
ferent charge configurations of the double QD, which
were measured with a nearby charge sensor. Although
the charge qubits discussed above allow for extremely
fast quantum operation, they are generally sensitive to
charge noise, which makes their coherence time rather

short and limits the number of consecutive coherent
rotations that can be realized. The detrimental effect
of charge noise can be partly mitigated by operat-
ing the qubit in a regime where the energy difference
between bonding and antibonding states is first-order
insensitive to electric field fluctuations. In the case
of the valley qubit, this occurs at large detuning, where
the coherence time can reach several nanoseconds'’.
In the case of conventional charge qubits, which rely
on a single excess charge shared between two adjacent
QDs, the sweet spot is at e =0, where the energy dif-
ference between the bonding and antibonding states is
first-order insensitive to charge noise (that is, to fluctu-
ations in ¢€). Reference'’ reported a maximum coherence
time of about 7ns at £ =0, comparable to that of valley
qubits.

Further improvements in the sweet-spot coherence
time can be achieved through material optimization and
device engineering. Reference' reported a coherence
time of 0.4 s in a silicon-based double QD fabricated
from a strained Si/SiGe heterostructure similar to the
one shown in FIG. 2a. A similarly long coherence time
was obtained'® using a double QD defined in a GaAs/
AlGaAs heterostructure.

Although charge makes it difficult to engineer long-
coherence qubits for quantum applications, it provides
an easily accessible tool for the readout of other
qubit encodings using spin-to-charge conversions
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Fig. 2 | Material systems hosting semiconductor qubits. a| Quantum dots
in nanowires. The confinement is provided in 2D by the structure of the
nanowire itself (materials may be germanium, InAs, silicon and so on),
whereas gate electrodes below or above the nanowire create a confining
potential along the nanowire. Shown here are fin field-effect transistor-like
gates overlapping a silicon nanowire in a silicon-on-insulator device®, in top
view and cross section (partial, of section indicated by the red line in the
top view). The buried silicon oxide insulator layer is labelled BOX.
b | Heterostructured materials, typically grown by molecular beam epitaxy
or chemical vapour deposition. Here, a silicon—germanium heterostructure
is shown in cross section, with a graded buffer for relieving strain and using
band structure engineering to create quantum wells?”’. Another well-known
example is GaAs. Gates are patterned on top (shown in top view) to confine
carriers within the plane of the quantum well; two or three layers of
overlapping gates (adjacent gates false-coloured in yellow are patterned
on different layers, in addition to the green screening layer) can greatly
enhance confinement and control®’. ¢ | A planar silicon structure can also
be used, with overlapping aluminium gates confining carriers to form qubit
dots or single-electron transistors (SETs)*, as shown in top view and cross
section. B(t) is the magnetic field (marked by green field lines) and G1..G6
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denote the gates; QD1 and QD2 denote the two quantum dots. d | Shallow
dopants can be implanted into a suitable crystal (here, phosphorus,
a dopant with an extra electron, into silicon, as shown in the inset) with a
gate above the implantation location for tuning of the dopant’s chemical
potential. Gates (here, for an SET charge sensor) can be patterned on top of
the crystal as for gate-patterned quantum dots, to read out the dopant
charge or spin state, or couple it with a quantum dot. Another approach
(right panel) involves engineering the silicon surface atom-by-atom, placing
dopant atoms for qubits (with source and drain reservoirs, as well as a gate
for local control), SET and gates'?!, as shown in the top-view scanning
tunnelling microscope image of the silicon surface. e | Optically active point
defects can be addressed by a combination of confocal microscopy and
microwave manipulation (left). Substitutional defects and vacancies are
common motifs in these defects, such as the nitrogen-vacancy'®* and
silicon-vacancy centres’"’ in diamond and the divacancy’”’ and silicon-
vacancy'’* complexes in silicon carbide (right). Panel a image courtesy of
Louis Hutin (CEA-Leti). Panel b left side is adapted with permission from
REF.?’® and the right side image is courtesy of Fabio Ansaloni, Niels Bohr
Institute. Panel cimage courtesy of Andrew Dzurak. Panel d is adapted with
permission from REFS##21,
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(see below). These remarkable advances in single-carrier
control have been instrumental in establishing a strong
quantum-mechanical coupling between a semiconductor
charge qubit and the photon field of a superconducting
microwave resonator, opening the door to circuit quantum
electrodynamics with semiconductor-superconductor

REVIEWS

Spin-based qubits

Localized spins in semiconductors provide natural
implementations of two-level systems for qubits®'.
Although the individual electronic (or nuclear) spins
of dopants embedded in semiconductors can serve as
ultra-coherent quantum bits (see the next section), in

systems'’ .
a Charge sensing [
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o

Fig. 3 | Readout techniques for semiconductor qubits. BOX 1 includes
further details about each readout method. Proximal (panel a) and
gate-integrated (panel b) charge sensors for readout of charge and spin
qubits in gate-controlled semiconductor quantum dots. I indicates
the tunnel rate between the quantum dot and the reservoir. | stands for
a DC current flowing through the sensor, which is sensitive to charge
rearrangments in its environment as a plunger gate is varied (V,,). Alternatively,
Vi stands for the reflectometry signal (typically derived from a carrier in
the radio-frequency (RF) range) that is used to read out the sensor with
high bandwidth (about 10 MHz). The signal is usually dependent on the
tunnel rate (I to the source (S) or drain (D). Readout mechanisms for two
common qubit encodings, the single-spin qubit (panel ¢, ‘Elzerman readout’)
and the singlet-triplet (5-T) spin qubit (panel d, Pauli spin blockade).

this section, we focus on gate-controlled QDs, where
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DQD refers to double quantum dot. e | Readout of shallow dopants using
the DC current | running through a single-electron transistor (SET) charge
sensor. Dopant energy levels (D*) and (D°) form the two-level system for the
ionized nuclear spin and the electron spin qubit, respectively. Transitions
are addressable using distinct frequencies (f, and f,) delivered via a
coplanar waveguide (CPW). f | Spin-to-optical readout for colour centres.
The qubit states 0 and 1 can be distinguished by detecting the presence or
absence of fluorescence, using either resonant or non-resonant optical
excitation. g | Spin-to-photocurrent readout for colour centres. In the
presence of optical drive fields (green arrows), qubit states 0 and 1 lead
to drastically different electrical current that can be detected in the
conduction band, due to the presence of shelving states that suppress
ionization for the 1 state.
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Fig. 4| Manipulation methods for semiconducting qubits. Depending on the materials system and qubit encoding,

a host of initialization and manipulation methods is available. a | For charge, voltage pulses applied to gate electrodes can
reconfigure potentials in short timescales. Voltages (V| and V;, where subscripts L and R stand for left and right, respectively)
applied to the gate electrodes can move an electron to the left or to the right, or delocalize it over the two quantum dots,
creating bonding and antibonding orbitals (separated in energy by the tunnel coupling, t), by tilting the potential over
picosecond timescales ((t,), right panel). Relaxation via phonon emission can be employed to initialize the qubit. b |Fora

single spin, initialization can be performed by aligning the two Zeeman-split levels with a reservoir such that (as shown
here) only the down spin can tunnel onto the quantum dot or dopant. Resonant manipulation can be performed via
precisely timed AC fields, which can be magnetic (B,), directly driving the spin via a microwave (MW at frequency f,)
stripline (coplanar waveguide, CPW, left panel), or electric, shaking the position of the spin in natural® or synthetic”
(micromagnet-generated, see square labelled MM, right panel) spin—orbit fields (at frequency f,). c | The Heisenberg
exchange interaction can be used to rotate spins by a specified amount, by finely tuning the degree of wavefunction
overlap*. This can be done on fast timescales (~ps to ns), using gate voltage pulses; for example, by lowering the barrier
gate (BG, left panel) in the case of symmetric operation®, the exchange interaction (J) can be turned on for a time 7.

For three spins instead of two, exchange-based gates can provide for universal one-qubit and two-qubit operations

42,44

Initialization can be performed by loading the two spins into a single dot and waiting for relaxation into the singlet ground
state. d | Optical pumping provides a convenient route to initializing optically active defects in a specific state, while
resonant microwave fields allow for coherently controlling different spin projections (green arrows, right panel).

slow and fast gate voltages are used to confine and
manipulate either electron or hole spins. As for the case
of charge-based qubits, the need to overcome the ther-
mal energy and suppress phonon-assisted excitations

limits qubit operation to very low temperatures. Even
though most of the experiments so far were performed
below 100 mK (hence, requiring dilution refrigera-
tors), qubit functionality above 1K has been recently
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Decoherence-free subspace
A subspace of the qubit’s
Hilbert space where it is
decoupled from specific
environmental noise, leading
to an evolution that is close to
completely unitary;
characterized as passive

error correction.

demonstrated”>*. In few-electron QDs, the electron spin
has shown long coherence times*’; in materials with a
low natural density of spinful nuclei, such as silicon,
isotopic purification has enabled researchers to achieve
dephasing times, T, routinely exceeding tens of micro-
seconds (and, occasionally, even up to 120 us (REF.),
which is much longer than manipulation times™.

Various spin-based qubit encodings exist, and, in
the last decade, spin qubits involving more than a sin-
gle electron have been shown to offer advantages such
as electrical control and decoherence-free subspaces.
However, trade-offs in terms of increased operational
complexity and fabrication overhead can be involved.
Here, we describe a few qubit encodings of particular
interest.

e The single-spin (Loss-DiVincenzo) qubit*': in the
presence of a static magnetic field, the Zeeman-split
[1), 1) spin states of an unpaired electron con-
fined in a QD form a paradigmatic qubit encod-
ing. A time-dependent modulation of a magnetic
field perpendicular to the one that creates the static
energy splitting provides a means to execute coher-
ent single-qubit operations®***. Exchange-based
two-qubit gates can be executed by controlling the
wavefunction overlap associated with two spins®-*.
In addition to singly occupied QDs, larger (odd)
occupation numbers have also been explored”-*', and
may offer advantages in terms of electrical screening™
or as intermediate-range couplers™.

The singlet-triplet qubit: the qubit is encoded in the
singlet (|S) = (|t}) - [11))/~/2) and unpolarized
triplet (|Ty) = (|14) + [41))/~/2) states of two elec-
trons in a double QD. Here, the qubit splitting can be

REVIEWS

set and controlled by the gate voltages®°. Coherent
rotations can be achieved via a magnetic field gradi-
ent between the dots, while an orthogonal rotation
axis about the Bloch sphere is provided by the finite
exchange energy”. The qubit can be operated in the
symmetric regime, for example, by applying control
voltage pulses to the interdot potential instead of the
detuning to reduce noise’*'. With a magnetic quan-
tum number m =0 for both qubit states, the qubit is
also robust against global magnetic field fluctuations.
The exchange-only qubit: using three electrons in a
triple QD**~*, this qubit provides two axes of rotation
via the gate-voltage-controlled exchange interaction,
mitigating the need for a magnetic field gradient, at
the cost of more complex operation and a height-
ened sensitivity to charge noise. For sufficiently large
interdot tunnelling, these devices can be operated in
a rotating frame as resonantly driven exchange (RX)
qubits'»*>*. Three-electron spin qubits have been
reviewed in detail in REF.".

The charge-spin hybrid qubit*: demonstrated as an
all-electrical, double-dot, three-electron qubit with
fast rotations (m-rotations within 100 ps), the hybrid
qubit combines advantages from its charge-like
(speed) and spin-like (increased coherence) nature.
Multi-dot spin qubits: generalizing the singlet-triplet
and exchange-only qubits to collective spin states of
multi-dot systems, the quadrupolar exchange-only**
qubit and the exchange-only singlet-only*’ qubit
were recently proposed. Both of them exploit a
decoherence-free subspace at an extended charge
sweet spot and can potentially be operated fast, either
resonantly or via electrical voltages.

Table 1| Current state of the art for semiconductor qubits

Qubit type Characteristic timescales (s) Quantum computation
T, T Single-qubit Single-qubit
gate time fidelity
Gated charge 30ns (REF?") 7 ns (REF') ~0.1ns (REF') 86%’"°
Gated spin 57 s (REF™) 28 ms (REE?Y) 25ns (REE?) 99.96%**"

Shallow dopants

(electron) (REF'%)
Shallow dopants  >days®
(nucleus)

Colour centres >1h(NV-

105 (SiV SiC)”"’

>1h (REF'"Y) (ens), 10s

10s (REF'Y (ens),
0.56's (REF.**)

~100ns (REF.®)

3h(REF(ens),  ~20ps(REF™)  99.98%*'%
35.6s'%
diamond)'”®> 1s(NV-diamond)'”® <20ns (REF'”’) 99.995%*

(NV- diamond)?”

>20ms (SiV SiC)*"’ 99.984%*

(divacancy

SiC)!

99.94%*'/

Quantum sensing

Quantity Sensitivity
Charge ~10"* e//(Hz) at 1Hz REE")
Magnetic field 50 pT/M (REFS24167)
gradients
Magpnetic field (AC) 1g PT/M (REF1%)
Magnetic field (AC) 2 I’IT/M (REF.%)
Magpnetic field (DC) 5 pT/ [Hz (REF?*) (ens),
500nT/~/Hz (REE’®)
Magnetic field (AC) 32pT/ [Hz (REF.2) (ens),
4.3nT/+/Hz (REF*)
Temperature 100 mK/~/Hz (REFS?0251)
(SiV in diamond, SiC)
Electric field

107°V - pm '/ .f(Hz) REF 779

We provide the best known values (at the time of writing) for key single-qubit timescales: the relaxation time, T, and the maximum coherence time, T, using
dynamical decoupling. For quantum computation, we quote the typical single-qubit gate time and the highest single-qubit gate fidelity; an asterisk denotes gate
fidelities assessed using randomized benchmarking and (ens) indicates values obtained in bulk spin ensembles. State-of-the-art experiments for quantum sensing
are also highlighted, in terms of the quantity sensed and the sensitivity achieved. For gated charge, the reported timescales refer to experiments on semiconductor
double quantum dots operated as charge qubits. Yet, much longer sweet-spot coherence times (around 0.4 us) were found in double quantum dots coupled to a
superconducting resonator'>'°. We also note that charge sensitivity is frequency dependent due to the 1/f’ character of electrical noise (0.7 Sy < 1.4 (REFS”*777)),
and it can be measured in different device set-ups. For example, measurements on singlet-triplet qubits yielded a spectral density of 2 x 10 %e/-/Hz at 1 MHz
(REF.?"?). When scaled down to 1 Hz, this value is consistent with the one given in the table. Unless otherwise noted, quantum sensing metrics for colour centres
refer to the negatively charged nitrogen vacancy centres (NV-) in diamond. SiV and SiC stand for silicon vacancy and silicon carbide, respectively.
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Fig. 5 | Future outlook for semiconductor qubits. The applications for semiconductor qubits are diverse, and we illustrate
only a few here. a| The demonstration of strong coupling between microwave photons and charge or spin qubits in gate-
controlled systems underpins the field of hybrid systems that blend light and matter, or superconductor-semiconductor
networks. The inset shows a network with local nodes consisting of quantum-dot-based spin qubits coupled via a
superconducting resonator. b | Colour centres have made headway towards quantum networks, with the ability to
entangle distant qubits across hundreds of kilometres. Other uses include entanglement beacons for cryptography

and secure global communications. ¢ | Quantum-dot-based arrays of spin qubits have been used for proof-of-principle
simulations of condensed-matter systems such as the Hubbard model and Nagaoka ferromagnetism. 2D arrays and
arbitrary connections could enable versatile, reconfigurable simulations. d | Dopants in silicon have shown extraordinary
coherence times and are among one of the best candidates for addressable quantum memories and dense qubit arrays.
e| Colour centres fabricated on the tip of a scanning probe can be used for extremely sensitive magnetometry across
surfaces. f| An attractive proposal is the operation of qubits at temperatures reachable without dilution refrigerators or
even at room temperature. Although most gate-controlled spin and charge qubits require millikelvin temperatures, spins
in silicon have been operated as qubits above 1K, whereas selenium dopants in silicon are predicted to be operable above

77K. Colour centres can be operated at room temperature.

50— w"

Apart from the electron spin, confined holes’
that is, missing valence band electrons, provide for the
realization of another kind of spin qubit, one where
the contact hyperfine interaction is suppressed owing
to the p-wave symmetry of valence band states (reviewed
recently™ in the context of the material system germa-
n1um). Here, intrinsic sp1n orbit interaction is suffi-
ciently strong to enable hole spin rotations driven by
purely electrical means.

Initialization, readout and manipulation

Usually, qubit initialization is not performed by ther-
malization to the spin ground state, since spin relaxa-
tion times can be in the range of seconds or even up
to a minute®. Therefore, faster methods are used, such
as hotspot thermalization™ or initialization by aligning
a particular level of the two-level system to a reservoir
(spin-selective tunnelling)*. For the singlet-triplet qubit,
the singlet state is most easily initialized in the (2,0)
charge state, whereas adiabatic separation into the (1,1)
state would initialize the ground state in the nuclear basis
(I1d) or [41))*. (In this notation, numbers indicate the

occupation of the left and right wells of a double QD.)
Currently, gate-controlled spin qubits™ can be initialized
with fidelities above 99%.

Despite the multiple ways of encoding the spin qubits
described above, the primary readout method is based
on spin-to-charge conversion®. Whereas the magnetic
moment of a single spin is exceedingly small (on the
order of the Bohr magneton, ~57.8 peV T™") and its direct
detection is correspondingly difficult, the detection of
small displacements of charge has been perfected over
the years. Techniques based on a local charge detector™,
radio-frequency reflectometry”** or dispersive readout
via a resonator’>® have been developed (see FIC. 3a,b).
To implement spin-to-charge conversion, a charge dis-
placement between dots, or between a QD and a reservoir,
is engineered to be dependent on the spin-qubit state
(see BOX 1). For spin qubits in particular, the Pauli spin
blockade®', where the Pauli exclusion principle ensures
that charge tunnelling is blocked or allowed based on the
spin state of the qubit, has been widely utilized across
material systems. A separate charge detector can be
used for this measurement; this can be a constriction
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Set of universal quantum
gates

A set of quantum gates

to which all other quantum
operations can be reduced.

Qubit Larmor frequency
Frequency of the spin qubit,
rotating via Larmor precession
along a static magnetic field

in the laboratory frame.

Dynamical decoupling
Applying periodic sequences
of short qubit control pulses,
with an intended effect of
approximately averaging

out the unwanted system—
environment coupling.
Common sequences are the
Hahn echo, CPMG and XYXY.

in a nearby 2DEG, called a quantum point contact®,
a QD*, a single-electron transistor (SET)** or a direct
measurement of charge hybridization by detecting the
associated changes in gate capacitances**¢*, Charge
detectors in conjunction with spin-to-charge conver-
sion and radio-frequency reflectometry have yielded
single-shot spin-state measurements in microseconds™,
whereas high readout fidelities have been reported both
for dot-based (99.86%)°° and for dopant-based nuclear
(99.8%)° and electron spins (99.8%)"".

In order to form a set of universal quantum gates, for
each encoded qubit, methods are required for individual
rotations about two axes of the Bloch sphere and for cre-
ating entanglement between two neighbouring qubits.
Typically, for gate-controlled spin qubits, these logic
gates are achieved by two methods.

Directly engineered magnetic fields, turned on and
off for short timescales using a coplanar stripline fabri-
cated adjacent to the spin qubit, can be used to perform

Box 1 | Spin-to-charge conversion

For spin qubits in semiconductors, measurements of the spin state are typically made

through projection onto another degree of freedom such as charge, which is more

easily accessible by transport and charge-sensing measurements. Spin-to-charge

conversion has become the dominant way to read out QD spin states. Here, we

illustrate this principle for a few different qubit implementations.

 FIGURE 3c shows a sketch of spin-to-charge conversion based on energy selection.
Asingle spinin a QD is capacitively coupled to a sensor and tunnel-coupled to a reservoir.
After spin manipulation, the dot energy level is tuned such that the Fermi reservoir lies
between the two Zeeman-split spin states (1 and ). If the dot is in state |, the Coulomb
blockade prevents the electron from entering the reservoir, whose energy levels are
completely filled at that energy, and there is, therefore, no charge rearrangement and
no change in the sensor signal. For a state 1, the electron can tunnel out of the QD
and into empty states of the reservoir located above the Fermi energy, leading to a
measurable charge change until a new electron tunnelling in reinitializes the qubit to its

ground state.

For a double-dot singlet-triplet qubit, capacitively coupled to a sensor, the conversion

process makes use of spin-to-charge conversion (FIG. 3d). Here, the two levels are
the singlet (|S), typically in the (0,2) charge state) and the (1,1) triplet state (|Ty)).
After spin manipulation in the (1,1) charge state (that is, with one electron in each
QD), gate voltages are adjusted to favour the (0,2) charge state. If the two spins are
singlet-correlated (antisymmetric spin states), the left electron can tunnel to the
same orbital occupied by the right electron, giving rise to a charge change detected
by the sensor. If the two spins are parallel (symmetric spin states), the Pauli exclusion
prevents such a tunnelling, unless higher-lying orbitals in the right dot can be
accessed. This conditional tunnelling process arising from spin blockade is known as

spin-to-charge conversion.

Shallow dopants also use the process outlined for single-spin state conversion to

charge. However, in all qubit demonstrations to date, a single-electron transistor acts

both as the charge sensor and as the charge reservoir for spin-to-charge conversion.
The dopant energy levels that form the two-level system for the ionized nuclear spin

and the electron spin qubit are shown in FIC. 3¢, and transitions are addressable using

distinct frequencies (f, and f, in the figure). After manipulation, as described for the

first case, the dopant energy levels are aligned with the single-electron transistor, and

conditional tunnelling is used to both measure and reinitialize the qubit.

In colour centres, spin-to-charge conversion can be used either as a direct readout
scheme (via photocurrent) or as a contrast mechanism. Both schemes rely on
state-dependent photoionization; in the case of the negatively charged nitrogen-

vacancy (NV") centre in diamond, shelving into a metastable singlet state protects the

m, =1 states from ionization. The resulting photocurrent can be measured directly
with local electrodes, or the ionization into the spectrally distinct NV° charge state
may be used to increase contrast in traditional photoluminescence-based readout
schemes.
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single-spin rotations via electron spin resonance’**.
This method involves using resonant microwave pulses
that match the qubit Larmor frequency, thereby, driving
rotations between the energy levels.

Fast gate-voltage pulses can be used to move the elec-
tron or hole wavefunction or to electrostatically change
their effective charging energies. Such baseband pulses
are, therefore, useful to switch on and off the Heisenberg
exchange interaction (FIG. 4c), allowing to coherently
control singlet-triplet and exchange-only qubits.
Microwave-modulated pulses are used to spatially
oscillate the electron wavefunction, thereby, generating
effective time-varying magnetic fields via natural®-"
or synthetic”>”® spin-orbit fields (FIC. 4b, right). The
result is a form of spin resonance that involves an elec-
tric dipole transition, thus, called electric dipole spin
resonance.

Material systems

There are several material systems suitable for gate-
controlled spin qubits, with specific advantages and
disadvantages for particular applications. These include
engineered heterostructures (where charge carriers are
strongly confined along the growth directions), nanowires
(which naturally provide confinement in two directions)
and planar semiconductor platforms (see FIG. 2).

Starting in 2005, the first experiments demonstrating
spin qubits were reported in GaAs/AlGaAs hetero-
structures*™, where the 2DEG formed in the GaAs layer
was depleted by negative gate electrodes to trap individ-
ual electrons for qubit operations. The GaAs platform
benefits from a relative simplicity of fabrication and
some favourable electronic properties, such as a single
conduction band valley and a small effective mass lead-
ing to less stringent lithographic constraints. That said,
the totality of the atoms in the lattice carry a non-zero
nuclear spin, making hyperfine interaction a significant
source of decoherence and leading to intrinsic inho-
mogeneous dephasing times of T,'~ 10 ns. However,
more than a decade of technological improvements in
GaAs, namely, the development of nuclear field distri-
bution narrowing by dynamic nuclear polarization®
and dynamical decoupling sequences’, have enabled
millisecond-long coherence times™ and single-qubit
control with a fidelity of 99.5% (REF.”). Additionally, pie-
zoelectricity and spin-orbit coupling are other concerns
in this material system, while the direct bandgap could
potentially be useful for spin-photon conversion for
readout or other applications based on optical access.
Currently, research continues on GaAs heterostructure-
based devices for proof-of-concept multi-spin quan-
tum devices™’*”, spin transfer demonstrations* and
quantum simulators®.

Since the demonstration of the first** silicon spin
qubits in 2012, the research focus has moved to this
low-nuclear-spin material system. Here, electrons
(or holes) are confined in the silicon in metal-oxide-
semiconductor (MOS) devices with either planar* or
nanowire’"* structures, or in devices based on silicon—
germanium (Si/SiGe) heterostructures’””*’>%, Dopant
atoms in the silicon host can also be used as qubits*®*,
as discussed in the next section.
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Natural silicon contains only 4.7% of *Si, the only
stable isotope bearing nuclear spin; this can be reduced
to ppm concentrations by isotopic purification®. Silicon
also has a weaker spin—orbit interaction than GaAs, InAs
and InSb, and is a material compatible with powerful
foundry fabrication in the microelectronics industry.

Currently, silicon spin qubits have some of the longest
coherence times among spin qubits, with gate-controlled
implementations showing a (dynamically decoupled)
coherence time up to 28 ms (REF.**). However, some
challenges remain®”: in silicon, devices need to be
smaller compared with GaAs devices, due to the larger
effective mass of electrons, and fabrication results are
not yet as reproducible as in GaAs. As a result of valley
degeneracy, low-lying leakage states can exist and they
may be thermally populated even at low temperature®.
In the future, research on silicon qubits must focus on
the scalability considerations due to the fact that valley
splitting is affected by unavoidable fabrication-related
defects, inhomogeneities and step edges in the nanow-
ire, interface or heterostructure. Encoding spin qubits
in hole-based QDs is a possible approach to overcome
such issues, since the topmost valence band comprises
only one valley.

Germanium, another group IV semiconductor and
the material of the first transistor, has been used to make
SiGe/Ge/SiGe quantum-well heterostructures confining
high-mobility hole gases and QDs that can be used to
encode spin qubits>*>***, Due to the inherent presence
of a sizeable spin-orbit coupling in the valence band,
hole qubits can be manipulated by means of electric
dipole spin resonance without the need for local micro-
magnets. The characteristic manipulation times demon-
strated so far (~10ns) are shorter than those typically
achieved for electrons, which partly compensates for the
shorter hole coherence times.

Applications

Quantum sensing. Spin qubits are well suited for quan-
tum sensing since they are sensitive magnetometers and
excellent detectors for charge noise if operated appro-
priately. For example, gate-tuned exchange interactions
can be finely dependent on electrical fields and are,
thereby, useful to detect both low-frequency and high-
frequency electrical signals. In the magnetic domain,
the nuclear spin bath and its diffusion constant has
been measured using the dephasing of a spin qubit in
GaAs (REF¥). However, impurity atoms such as shallow
donors or negatively charged nitrogen-vacancy (NV~)
centres are currently more suited to technologies such
as scanning-probe magnetometers. In the future, flip-
chip technology”, already available for gate-controlled
superconducting qubits, could open up applications
where a gate-controlled charge or spin qubit, operated
as a sensor, could be scanned over another material
surface. In addition, through fast spin-to-charge con-
version techniques, spin qubits can be local probes for
other physical systems that can also be implemented in
semiconductors, such as nanowires and high-mobility
2DEGs. When these systems interact in specific ways
with spin, they can be probed in a range of bandwidths;
examples include the Kondo state, quantum Hall

edge states and topological entities such as Majorana
fermions’'. However, the requirement for millikel-
vin temperatures and wiring requirements, combined
with the lack of optical addressability, make it difficult
for these spin systems to be useful for biological or
environmental sensing.

Quantum simulation. A primary characteristic of
gate-controlled QDs is their versatility and ability to
realize 2D arrays’® to engineer and simulate specific
Hamiltonians. Owing to their superior coherence, spin-
based encodings offer a better prospect as opposed to
their charge counterparts. The gate-controlled exchange
interaction for spin can be used to form as-desired
nearest-neighbour connections in a spin qubit array,
which can be controlled on nanosecond timescales (see
FIG. 5¢). Arrays of spin qubits have lent themselves to
simulation experiments, such as that of a Mott insulator
based on the Hubbard model” and for probing itinerant
magnetism in the Nagaoka regime®.

Quantum computation. Along with superconducting
qubits and trapped ions, gate-controlled spin qubits are
one of the technologies that present an advanced level
of development with regards to coherence, scalability
and the ability to make small-scale quantum processors,
making quantum computation one of the primary long-
term applications of these systems’*”*. With a greater
research focus on the silicon material system, especially
with semiconductor companies and research foundries
entering the fray, foundry-fabricated silicon qubits are
becoming a reality and demonstrating the scalability of
the gate-controlled approach. At the same time, SiGe and
planar silicon devices have shown long coherence times,
especially impressive when compared with short gating
times, yielding gate fidelities above some error correc-
tion thresholds. Finally, with the demonstration of relia-
ble two-qubit gates**>”>%, all of the DiVincenzo criteria’
have been satisfied and simple proof-of-principle
quantum algorithms” have been implemented.

Quantum networks. Quantum communication involves
non-classical communication based on entanglement
shared over large distances, whether directly or through
an intermediary classical or quantum system. For spin
qubits, direct entanglement is a difficult goal to achieve,
since the long coherence times of spins are due to their
isolation from the environment, and spin-spin interac-
tions are intrinsically short-ranged. However, interme-
diary systems have been used to extend the range of this
interaction over longer distances. One way is to use an
exchange coupling mediated via a large multielectron
dot®. Another way is to physically shuttle electrons’
using a surface acoustic wave or finely tuned and timed
voltage pulses””. An opportunity for long-distance cou-
pling is coming from circuit quantum electrodynamics
using superconducting resonators. Originally developed
for charge qubits, this approach could be extended to spin
qubits by means of spin-charge hybridization'’ %%,
This is currently a very active field of research. Finally,
the direct gap in GaAs and other materials could be
useful for a direct exciton-to-optical-photon coupling.
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Hahn echo time
Decoherence time obtained via
a Hahn echo sequence, a form
of dynamical decoupling of the
qubit from its environment.

Summary

By leveraging the electronic spin degrees of freedom and
properly engineered spin-charge hybridization schemes,
gate-defined QDs are capable of long coherence times,
along with fast, gate-controlled manipulation and read-
out techniques, with prospects for a scalable, all-in-one
platform with low overhead per qubit. This is further
enhanced by advances in silicon qubit technology,
achieving compatibility with industrial semiconductor
fabrication. The versatility of qubits and qubit arrays
formed by a wide range of gate geometries, when com-
bined with a library of different qubit encodings, also
makes them useful to study small-scale simulations and
condensed matter systems.

Dopants in silicon

Shallow group V donors in group IV materials consti-
tute a solid-state analogue of the hydrogen atom. For
example, phosphorus in silicon (Si:P) possesses a weakly
bound electron in a 1s-like orbital wavefunction and a
spin-1/2 nucleus coupled to the electron via Fermi con-
tact hyperfine interaction. The 1s orbital envelope wave-
function has a Bohr radius of about 2 nm: an estimate for
this value could be obtained from the hydrogen Bohr
radius formula a, = 4me i*/m €% replacing the permittiv-
ity of vacuum ¢, with the dielectric constant of silicon
and the electron mass m, with the effective mass m* of an
electron near the bottom of the silicon conduction band.

Looking beyond the hydrogen atom approximation,
the physics of spin and orbital states of shallow donors
reveals important details on band structure proper-
ties, such as valley degeneracy of the conduction band
minima, spin-orbit coupling or valley—orbit coupling.
Therefore, at the dawn of modern semiconductor elec-
tronics, detailed studies of the quantum properties of
dopant atoms in silicon'” constituted an important
benchmark for band structure theories, which were
being developed in the 1950s. It was well known, even
back then, that the spins of electrons bound to dopants
in silicon possess long-lived quantum states''.

Once quantum computing became a topic of active
research, it was, therefore, natural to consider donor
spins for quantum information processing. In a similar
spirit as the earlier Loss—DiVincenzo proposal for quan-
tum computing with spins in QDs*, Bruce Kane pre-
sented a proposal to encode quantum information in the
nuclear spin of individual *'P donor atoms in silicon'®.
Kane warned about the extreme technological challenge
in fabricating devices at the single-atom level, but argued
that the progress in miniaturization imposed on the
semiconductor industry by the pursuit of Moore’s law
would eventually lead to the capacity to fabricate silicon
devices at the scale necessary for quantum computing.
Twenty years later, this vision has indeed materialized.

Spin coherence in donor ensembles

The renewed interest in the spin coherence of donors
in silicon motivated a series of electron spin resonance
studies on bulk spin ensembles, particularly as a func-
tion of isotopic enrichment of 8Si. Samples with residual
81 (with nuclear spin I=1/2) concentration of 800 ppm
showed electron coherence times T,, = 60 ms (REF.'”),
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extensible to 10s by suppressing dipole-dipole inter-
actions'*'* and further reducing the Si concentra-
tion to 50 ppm. The accuracy of these experiments
made them an ideal test bed for advanced theoretical
methods to describe spin dephasing caused by a fluc-
tuating nuclear spin bath'””. Such highly coherent spins
systems enabled the demonstration of a nuclear quan-
tum memory protocol, where the electron spin state is
stored in the *'P nucleus and later retrieved'®®. Operating
at high magnetic field (3.4 T) and low temperature
(2.9K) allowed for the establishment of genuine quan-
tum entanglement between the electron and the nuclear
spin of the P donors'”. Using the spin-dependent pho-
toionization of the donors to detect the nuclear spin
polarization, donor ensembles in highly enriched
#8i exhibited extraordinary nuclear coherence times,
Ty =3min in the neutral charge state'’ and T;, = 3h in
the ionized state'"!, all obtained using XYXY dynamical
decoupling.

The integration of donor ensembles with super-
conducting resonators allowed the observation of the
Purcell effect, that is, cavity-enhanced relaxation, in
the electron spins of **Bi donors''”.

Initialization, readout and manipulation

A scalable quantum processor requires individually
addressable and measurable donors. The fabrication of
single-donor devices can take two alternative pathways:
one based on hydrogen lithography with scanning tun-
nelling microscopy (STM)'"* and the other following the
industry-standard ion implantation method'". The first
experimental breakthrough in this field was achieved by
combining MOS QDs'"* with ion-implanted donors in
a tightly integrated structure, in which a large QD acts
as a tunnel-coupled charge sensor for the donor-bound
electron. Using the energy-dependent tunnelling
method developed earlier in GaAs QDs* unlocked the
capability to read out the spin state of a single electron
spin on an implanted P atom in single shot''*. The same
method was later applied to STM-fabricated donor
clusters'”, and extended to fast spin detection with a
radio-frequency SET''®. Donor-based QDs (each con-
taining approximately 3-4 STM-placed P donors) were
used to demonstrate single-gate dispersive readout of
singlet-triplet spin states'"’.

The spin-lattice relaxation time T, of donor-bound
electrons is strongly dependent on magnetic fields, with
T, ' oc B® (REF.9), and also influenced by confinement
and proximity of metallic gates'”’. The longest observed
single-donor T is 9.8s at B=1T. For a single electron
bound to a 3P donor cluster, the deeper confining
potential allowed T, to extend to 30s (REF'?") at B=1.5T.
A value of T, =5,000s was observed at B=0.32T in
donor ensembles'”".

The coherent control of single-atom electron® and
nuclear® spin qubits in silicon was achieved by integrat-
ing an implanted *'P atom with the readout circuitry
and a broadband, on-chip microwave antenna. The first
experiments, conducted using a natural Si substrate,
yielded spin coherence times in line with the expectations
from ensemble experiments, with electron dephasing
time Tz*e: 55ns and Hahn echo time Tzli: 200 pus (REF.%).
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Clifford gate

The Clifford gates are quantum
gates from the Clifford group
affecting permutations of Pauli
operators; examples are the
Hadamard gate, the CNOT
gate and the X, Y, Z gates.

Spin-squeezed states

Special kinds of entangled
states that allow us to

g0 beyond the classical
projection noise limit due

to the independent nature of
single spins; useful for quantum
sensing using interferometry.

Kicked-top model

A well-studied model of
single-body quantum

chaos, the dynamics of the
kicked top is described by a
time-dependent Hamiltonian
combining the top’s spin
precession with nonlinear
periodic ‘kicks".

Trotter steps

In digital quantum
simulation, the time evolution
of a simulation (f) is often
decomposed into n Trotter
steps of duration t/n, called
the ‘kicking period’ for the
kicked-top model.

The Hahn echo times for a single *'P nuclear spin in
natural silicon are T)., = 3.5ms and T}, = 60ms in the
neutral (D°) and ionized (D*) states, respectively®.
Measuring nuclear coherence times in diluted donor
ensembles is extremely challenging, but a value of
T3l =16.7 ms was obtained using hyperpolarized neu-
tral donors'* and a value of T, = 18 ms was obtained
in ionized donors using electrically detected magnetic
resonance'”.

With the introduction of isotopically enriched #Si
substrates, the performance of single-donor qubits
improved dramatically, with coherence times reaching
T,,=0.56s and T,, =35.6s using dynamical decou-
pling'**. These record coherence times translate to
one-qubit Clifford gate fidelities, measured by rand-
omized benchmarking of 99.94% for the electron'*
and 99.98% for the nucleus'”. Electron-nuclear entan-
glement, mediated by the hyperfine interaction, was
demonstrated by violating Bell's inequality with a record
Bell signal $=2.70 (REF.'*).

Alternative dopant atoms

Although the majority of research on shallow donors
has focused on *'P in silicon, alternative dopants offer
interesting properties. 2Bi possesses a large nuclear
spin I=9/2 and a very strong hyperfine interaction
A =1.4GHz, which result in an energy-level diagram
that comprises ‘clock transitions, that is, pairs of states
whose energy splitting is first-order insensitive to mag-
netic field noise'”*. Ensembles of **’Bi atoms have been
integrated with superconducting resonators to obtain
the first demonstration of the Purcell effect for spins
in the solid state''”. Integrating a single '**Sb donor
(nuclear spin I=7/2) in a nanoscale device has led to the
discovery of nuclear electric resonance, whereby coher-
ent nuclear spin transitions are induced by the electri-
cal modulation of the nuclear quadrupole coupling'®.
Acceptor atoms such as boron have been recently stud-
ied in ensemble experiments using planar microwave
cavities and have shown remarkably long spin coherence
times (TZCPMG ~10ms) in strained samples of enriched
28 (REF),

Applications

Quantum sensing. The high spin coherence of donors
in enriched *Si translates into a high sensitivity to
minuscule magnetic field perturbations'’. Noise spec-
troscopy on a single *'P atom revealed a noise floor
equivalent to 18 pT/«/E (REF.'*Y). However, the need for
low-temperature operation and integration with charge
readout devices suggests that the magnetic sensing appli-
cations of donors are likely to be limited to the detection
of materials and structures fabricated directly on top of
the chip.

Recently, the idea of sensing strain at the atomic scale
has been suggested'’’. Strain is universally adopted in
modern ultra-scaled silicon transistors to maximize their
electrical performance. Lattice strain could be detected
either through its influence on the quadrupolar split-
ting of heavy group V donors such as °As (REF.'*) and
13Sb (REF.'*) or through the shift of the optical transition

frequency of the erbium atoms'*.

The recent demonstration of full quantum control of
a high-spin '2Sb nucleus'” opens exciting perspectives
for exploring highly non-classical spin states for quan-
tum sensing. Enhanced quantum sensing methods pio-
neered in the cold atoms community'* include the use
of Schrédinger cat states or spin-squeezed states. Their
metrological usefulness is a topic of active research, as
it depends crucially on the nature of the noise that per-
turbs the system. It is predicted that the key to achieving
a metrological advantage from non-classical spin states
is the presence of non-Markovian noise'**, which is pre-
cisely the kind naturally occurring in solid-state spins
immersed in a nuclear spin bath'*¢-'%,

Quantum simulation. The atomic size and amenability to
atomically precise placement makes dopants in silicon an
appealing platform to embody solid-state quantum sim-
ulations of the Hubbard model, where single-site meas-
urement could be obtained by STM'*. In the context of
digital quantum simulations, efficient methods for dis-
cretizing quantum dynamics is an active research topic.
For example, quantum simulations of the kicked-top model
may provide precious insights into the proliferation of
errors due to discrete Trotter steps'*. A proposal suggests
that a chaotic top can be experimentally implemented in

the high-spin nucleus of a '»*Sb donor'"'.

Quantum computation. Dopant spins in silicon are
among the most coherent quantum systems in the
solid state, but building a scalable quantum proces-
sor requires moving beyond single-spin coherence
and one-qubit gate fidelities, introducing a coupling
between the electrons. The natural coupling mechanism
is the exchange interaction®"'”?, arising from overlap of
the donor electron wavefunctions. Strong exchange
has been observed in several two-donor devices'*>'*,
and fast time-resolved exchange oscillations have been
achieved using donor-defined QDs, with t 5=0.8ns
for a /SWAP operation'*. In the regime where the
exchange is weaker than the electron-nuclear hyper-
fine coupling'*, a native controlled-rotation gate can be
implemented using fixed exchange coupling and state-
conditional microwave pulses'*. The very short range
and oscillatory behaviour'* of this interaction, however,
poses significant challenges to the layout of a large-scale
processor. Therefore, there have been suggestions for
spacing out the donors using large interposer QDs'*,
dopant spin chains'* or ferromagnetic couplers'’.

Alternatively, scaling up donor-based quantum com-
puters might be achieved by adopting different qubit
encodings that possess an electric dipole and use elec-
tric dipole-dipole interaction, or coupling the dipole to
a microwave resonator to achieve long-distance cou-
pling. A natural system in which an electric dipole can
be dynamically induced is the boron acceptor. Placing B
in strained Si creates a noise-resilient system'*’, where
theory predicts that dipole-dipole coupling can mediate
a two-qubit gate (the -/SWAP gate) between acceptor
spins in 4 ns at 20-nm distance'"".

A large artificial electric dipole can be induced on
a *'P donor by placing it at a vertical distance =15nm
from a Si/SiO, interface and applying a vertical electric
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field to displace the donor-bound electron towards the
interface'*?. This introduces a strong electrical modula-
tion of the electron-nuclear hyperfine coupling, which
can be used to electrically drive coherent transitions
between the |f+]) « |[J1) flip-flop’ states. Theoretical
models predict that a pair of flip-flop qubits could
perform ~/SWAP operations in 40 ns at a distance of
200nm (REF.').

A hybrid donor-dot system can also be used in a
two-electron configuration to form a singlet-triplet
qubit. The magnetic field gradient AB, is set to a fixed
and large value by the presence of the hyperfine cou-
pling in the donor-bound electron. Fast exchange oscil-
lations, with ¢ 5 =4ns, were observed experimentally in
a hybrid device comprisinga MOS QD and an implanted
donor'**.

In addition to the coupling methods discussed above,
some proposals provide detailed prescriptions for the
layout and operation of large-scale, donor-based quan-
tum computers, where multi-qubit gates are mediated by
magnetic dipole coupling'*, by a moving probe'** or
by shuttling electrons across QDs coupled to sub-surface
donors'”". For donor encodings that possess an electric
dipole, there is also the theoretical option of achieving
long-distance coupling mediated by microwave photons
in superconducting resonators'>"'*.

The atomic, identical nature of the dopant atoms is
ideal to explore quantum computing schemes involving
spin ensembles™'. For example, donor ensembles could
be used as a spin-wave memory element in a quantum
Turing machine'*.

Quantum networks. The indirect bandgap of silicon is
normally an obstacle for the establishment of optical
interconnects between shallow donors, since the decay
of an optical excitation typically results in an Auger
process, where the energy of the absorbed photon is
imparted to the donor-bound electron, instead of being
re-emitted. More promising systems for the spin-optical
interface are group VI donors such as ”’Se, which have
much deeper binding potentials than shallow group
V atoms, and possess optical resonances in the mid-
infrared, associated with long-lived spin states and
magnetic clock transitions'”. Such optically addressable
donors have been theoretically considered in the con-
text of 3D cluster-state quantum computing, with qubits
coupled via integrated photonics'®.

Alternatively, rare-earth atoms such as erbium
exhibit spin-dependent optical transitions at telecom-
munication wavelength and have been integrated with
nanoscale transistors for electrical readout of the optical
excitation'®".

Summary

Dopants in silicon provide an eclectic platform for quan-
tum technology applications'*. They offer outstanding
spin coherence times and the choice of compatibility
with standard silicon MOS fabrication pathways or
near-atomic placement precision using STM lithog-
raphy. Their atomic nature enables a broad range of
experiments both at the single-atom level and in large
ensembles.
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Optically addressable quantum defects

Optically addressable quantum defects are point defects
in a lattice where a spin degree of freedom is coupled
to one or more optical transitions. This spin-photon
interface allows for the combination of two powerful
toolkits: spin resonance techniques for manipulating
the spin and its interactions with its environment, and
single-molecule microscopy techniques for addressing
individual quantum defects. The electronic spin sublev-
els of an atom-like qubit serve as the qubit states, simi-
lar to dopants in silicon. The optical manifold serves a
dual role as both a control and a readout mechanism.
There has been intense interest over the past two dec-
ades in developing quantum defects for a variety of
technologies, with notable success in colour centres
in diamond and silicon carbide (SiC), and rare-earth
ions (REISs) in various crystal hosts. Such defects have
been deployed in a number of quantum applications,
including spin-spin entanglement'**"'**, nanoscale and
quantum sensing>*'*"'*’, and remote entanglement
and quantum teleportation®'”’. These atomic-scale
defects share many of the advantages and applications
explored in strain QDs'”’, with the advantage of the long
spin coherence times achievable in nuclear-spin-free
host materials.

Initialization, manipulation and readout

A combination of optical and microwave manipulation
of quantum defects allows for full control of the spin.
Quantum defects can be initialized into a well-defined
ground state by various optical pumping schemes. For
room-temperature operation, off-resonant excitation
and spin-projection-dependent inter-system crossings
can be used to initialize the system'”2. This approach
presents a simple route to initialization outside the
low-temperature regime, but the fidelity is limited by
the inter-system crossings rate contrast. At low tempera-
tures, excitation of non-cycling fine-structure transitions
may be used for high-fidelity (>99.7%) initialization'”.
In the case of defects with non-integer spins $>1/2, it
may be necessary to simultaneously drive spin tran-
sitions in order to create a well-defined initial state'”*.
Coherent control of the spin qubit is commonly achieved
using microwave pulses (drawing on similar pulsed tech-
niques used in essentially all solid-state qubit platforms),
delivered by a wire loop antenna or stripline resonator,
to directly drive transitions between spin states. The
wide availability of ultra-stable commercial microwave
sources enables the use of long dynamical decoupling
sequences to extend coherence times'”.

Optical readout is one of the key advantages of opti-
cally addressable quantum defects, enabling the qubit
to function as a spin-photon interface. Long-distance
quantum communication requires flying qubits, and
contact-free readout is highly advantageous for many
sensing applications. At low temperatures, excitation of
a highly cycling transition provides a convenient route
to high-fidelity readout, allowing for single-shot read-
out and quantum non-demolition measurements of
the electron spin, with fidelities reaching 94.6%'7>'7'”".
A key challenge is the extraction and detection of these
photons from materials with high refractive indices.

NATURE REVIEWS | PHYSICS

VOLUME 3 | MARCH 2021 | 169




REVIEWS

Stark tuning
Electric fields can be used to
tune the optical transition

frequencies of colour centres,

usually by inducing a linear
shift in frequency with
applied field.

This problem can be overcome by the micromachin-
ing the solid-state host'’® and coupling to photonic
structures'”*'%2,

Room-temperature readout typically relies on some
spin-projection-dependent change in emitter brightness
(for example, spin-dependent inter-system crossings
competing with radiative relaxation). Readout contrasts
in this scheme can vary significantly, from =30% in NV~
centres in diamond'®’ to <1% for the nitrogen-vacancy
in silicon carbide (NV,.) defect'”?, depending on the
relative radiative and non-radiative relaxation rates.
Strategies have been developed to further improve
readout fidelity in these systems, for example, using
spin-dependent ionization to increase contrast'®* and
repetitive readout schemes using nuclear spins as ancilla
states'®. Reference'® reviews several of these strategies
for improving readout efficiency.

Electrical manipulation of point defects has been
demonstrated in several systems. Spin-to-charge detec-
tion has been realized in NV~ centres in diamond'?’,
Sivacancies in SiC (REF.'*) and Er** ions'®". Electric fields
can also be used to modulate the optical properties of
defects; Stark tuning of NV~ centres in diamonds can
mitigate the effect of spectral diffusion'®, whereas DC
bias fields in SiC can be used to deplete nearby charge
traps to stabilize the optical transition'®. Another
approach to qubit control focuses on using mechanical
resonances to drive transitions between states'’’; acous-
tically driven strain has been used to manipulate spins
in NV~ centres'”” in diamond and divacancy centres in
SiC (REF.'%). Control schemes for optically addressable
defects are reviewed in more detail in REF'*.

Material systems

Although an exhaustive cataloguing of optically active
defects in solid-state systems is beyond the scope of this
Review, several well-studied systems serve as exam-
ples of key concepts and design principles for vari-
ous applications. A more detailed discussion may be
found in REFS'*%%,

Diamond. Diamond has proven to be one of the most
successful host materials for optically addressable
quantum defects. The most-studied defect in diamond
is the NV~ centre, which has been widely explored as a
sensor'”’"!, quantum register'*>'**'*> and quantum com-
munication node’. The room-temperature operation,
biocompatibility and photostability of the NV~ centre
make it an excellent sensor in a wide range of environ-
ments. However, the NV~ centre faces several challenges
in other quantum applications. It suffers from signifi-
cant spectral diffusion of its optical transition®”, limited
emission into its zero-phonon line (ZPL)'*? and operates
in a wavelength range that is not directly compatible with
long-distance photon propagation, motivating broad
searches for alternative defects. Nevertheless, the NV~
centre remains best-in-class for spin coherence times,
with T,,, times surpassing 1s at low temperature'”.
This coherence time can be extended by mapping the
electron spin coherence to a nuclear spin coherence of a
nearby "*C, enabling repetitive readout protocols'* and

coherence times of seconds at room temperature*”.

The negatively charged silicon vacancy centre (SiV~)
has several desirable optical properties for quantum com-
munication applications (limited spectral diffusion, high
Debye-Waller factor*) but requires cooling to millikelvin
temperatures to overcome phonon-induced dephasing. At
4K, the spin coherence is 35 ns (REF*”), whereas at 10mK,
it can be extended by dynamical decoupling to 10 ms
(REF.'7). These properties have enabled demonstrations
of spin-photon entanglement using SiV~ in nanopho-
tonic structures”*>*””. Nearby nuclear spins can be used as
ancilla qubits with coherence times of up to 0.2s (REF*).
The spin coherence can also be extended by increasing
the energy splitting between spin—orbit states, for example
by applying strain®”. Other negatively charged group IV
vacancy defects have also been studied with the goal of
achieving larger spin-orbit splittings*”*'* and longer spin
coherence times outside the millikelvin range”'"*'%.

The neutral silicon vacancy (SiV°) has also been
demonstrated as a promising alternative to the NV~ cen-
tre, combining many of the desirable optical properties of
SiV~, with long spin coherence times possible in the NV~
centre?*?*, This alternative charge state can be accessed
by controlling the Fermi level of diamond?". SiV° exhib-
its a spin coherence time of 255ms with dynamical
decoupling at 15K, and near-transform-limited optical
linewidths*”*. The wavelength of the SiV® ZPL (946 nm)
experiences significantly less attenuation in fibres and is
compatible with many frequency conversion schemes for
telecom C-band wavelength operation”.

Silicon carbide. Beyond diamond, many other mate-
rials are being pursued as potential hosts for optically
active defects. Among the most successful of these is
perhaps SiC. SiC shares many of the desirable materials
properties of diamond (large bandgap, low background
magnetic noise, low spin-orbit coupling) and has the
substantial benefit of wafer-scale processing and com-
plementary metal-oxide-semiconductor (CMOS)-
processing compatibility*””. SiC is known to host many
defects, and, here, we restrict ourselves to only a small
subset of these. A fuller description of the defects hosted
by SiC is given in REFS*'%?,

Several defects in SiC have shown promise for quan-
tum communication applications. Long spin coher-
ence times (>1 ms) and spin-dependent fluorescence
have been demonstrated in both the neutral diva-
cancy and silicon vacancy in SiC at cryogenic (4-20K)
temperatures'’****, As with diamond, nearby nuclei
may serve as ancilla qubits for these systems. This has
been demonstrated for both silicon vacancies in sili-
con carbide (SiV.)""* and neutral divacancy defects*’
using a proximal #Si nucleus. The SiVy. defect has also
been shown to operate at room temperature, with spin
coherence times in the hundreds of microseconds range,
comparable to NV~ centres in diamond'”?. However, the
contrast from off-resonant excitation is on the order of
a half a percent, rather than the 30% achievable with
NV~ centres in diamond.

The emission wavelengths of these defects fall in
the near-infrared range, making them more amenable
to frequency-conversion to telecom wavelengths for
quantum communication applications. SiC also plays
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host to a number of defects that operate directly in the
near-infrared range. The NV, centre and V** defect
operate near the telecom O-band (1,300 nm)****. The
minimal transmission loss in optical fibres in this range
makes these defects promising candidates for quantum
communication applications.

SiC as a platform has the additional advantage of
mature, CMOS-compatible (nano)fabrication tech-
niques. These nanofabrication procedures enabled sev-
eral realizations of several interesting control schemes.
Purcell-enhanced emission from defects in SiC
(REFS*'7**') using nanophotonic structures, unique spec-
tral shaping via energy-level modulation*” and acoustic
control of the spin degree of freedom'” have all been
demonstrated in SiC.

Rare-earth ion systems. REIs in solid-state hosts present
a subtly different class of quantum defects. Transitions
present in the free ion are perturbed by the crystal-
field interaction with the host, but retain many of their
‘atomic’ properties, and, in some cases, the optical coher-
ence time is sufficiently long to allow the optical states
to be used as qubit states directly. Bulk REI samples have
been studied extensively as potential ensemble quantum
memories using photon echoes and other techniques™,
including inside nanophotonic structures®”’.

Integration of nanophotonic structures with REI-
doped crystals has enabled single-ion optical detection
and manipulation'”***, and key requirements for a quan-
tum node have been demonstrated in single erbium ions,
including single-shot readout'”’. An alternative approach
is to use dipole-allowed transitions to 5d orbitals, which
are significantly brighter than intra-4f transitions, and
have been used to both initialize and read out the spin
degree of freedom in Ce** (REF?%).

One significant challenge in the use of REIs as quan-
tum resources is the spin coherence time, which is often
limited by other REI defects present in the crystal, or
host nuclear spins**. This motivates the search for new
host materials not only for REIs**' but for all types of
quantum defects. REIs have the advantage that the
optical and spin properties of the defect resemble those
of the implanted ion, rather than a complex combina-
tion of implanted ion and vacant site. This has enabled
high conversion efficiency (approaching 90%) of ions
implanted in host materials*'**?, an important property
for generating scalable arrays of these defects.

Prospects for new defects and new material systems. The
primary function of the host material is to act as a struc-
tural matrix for the defect. A key requirement of a good
host is that it introduces minimal additional noise into
the system. Though there may be application-specific
host requirements (for example, environmental com-
patibility considerations for sensors) and various strat-
egies to extend coherence times, the generally desirable
properties of the host may be summarized as:

1. Bandgap sufficient to support the defect optical
transition.

2. Minimal magnetic noise background: low para-
magnetic defect concentration, low nuclear spin
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background. The latter consideration limits the possi-
ble materials to those comprised entirely of elements
with only nuclear-spin-zero isotopes. Note that this
requirement is general to all of the systems described
here; magnetic noise from proximal spins is generally
undesirable.

3. High Debye temperature and/or low spin-orbit
coupling to minimize relaxation and dephasing.

The identification of promising host materials is
challenging because of the overwhelming vastness of
the chemical space that may meet these basic criteria. The
advent of large-scale materials properties repositories,
however, has enabled efficient automated searches for
new host materials®”.

The optimal properties of a defect are typically
application-specific (such as the optimal wave-
length operation or the importance of room-temperature
operation), though long spin coherence times, optical
initialization and spin-dependent emission are generally
desirable in all applications'”’. An a priori prediction of
the optical and spin properties of defects in solid-state
systems represents an outstanding challenge in the field.

In addition to searching for new defects and new host
systems, realizing existing bulk systems as nanoparticles
would enable several new applications. For example, the
use of these systems for in situ sensing, such as NV~ cen-
tres in nanodiamonds incorporated into living cells®”’,
presents an exciting frontier. This mode of operation is
unique to optically addressable quantum defects among
the systems discussed in this Review; optical addressing
enables non-contact probing (unlike in gate-defined
structures). Arranging nanoparticles into regular arrays
circumvents problems arising from the probabilistic for-
mation of defects from ion implantation into bulk crys-
tals, enabling new implementations of spatially resolved
sensing**'. However, the synthetic methods for creating
nanoparticles often introduces additional paramagnetic
impurities **°, which has motivated the development of
various methods for nanoparticle fabrication, including
ball-milling bulk substrates**, to nanofabrication®”,
to wet-chemistry methods** and plasma etching of
high-purity bulk material**. In addition to decoherence
from paramagnetic impurities in the nanoparticle, the
perennial challenge of maintaining useful optical and
spin coherence properties of a defect near a surface is
brought into sharp relief in the case of nanoparticles
because of their larger surface-to-volume ratio**"'.

Applications
Quantum sensing. Optically addressable quantum
defects have been used extensively in quantum sensing.
The key advantages are the contact-free mode of oper-
ation (requiring only an optically transparent environ-
ment) and the high spatial resolution offered by their
point-like nature. Additionally, room-temperature coher-
ence and straightforward integration into nanoparticles
make these qubits especially attractive as in situ sensors.
One natural application of these defects is as mag-
netometers, reviewed extensively in REF*?. DC vector
magnetometry has been demonstrated with sensitivities
of 500 nT/~/Hz using single NV~ centres in diamond**’
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and 50 pT/+/Hz in ensemble samples***. Colour centres
have also shown great utility sensing AC magnetic fields,
achieving sensitivities” of 4.3 n'T/~/Hz, limited by the
coherence time of the defect. Further improvements
in sensitivity have been demonstrated using quantum
logic'®*'®> and spin-to-charge readout'®. Sensitivity to
small fields is not the only important metric for AC mag-
netometers; frequency resolution and precision are also
key parameters. Pulse sequences have been developed to
enhance the frequency resolution beyond limits imposed
by NV~ spin decoherence, and have achieved <100 uHz
frequency resolution and <puT precision®'®, offering a
route to single-molecule chemical-shift nuclear magnetic
resonance experiments’. Combining NV-containing
nanodiamonds with scanning probe microscopes enables
nanometre-scale imaging**. An alternative approach is
to construct atomic force microscope cantilevers directly
from diamonds containing colour centres”**,

Beyond magnetic field sensing, the high thermal con-
ductivities of diamond and SiC have led to their use as
nanoscale temperature sensors. Both microwave-assisted
and all-optical thermometry schemes with NV~ centres
have been demonstrated”"*’, whereas optical ther-
mometry schemes with the silicon-vacancy defects in
diamond*" and SiC*' have been reported with sensitiv-
ities down to 100 mK/-/Hz. These schemes rely on sub-
tle changes in the host lattice with temperature, and, so,
do not require any additional labelling. Note that these
defects all operate in distinct wavelength ranges; optical
multiplexing could be used to increase the sensitivity
further.

A key challenge remaining in the use of quantum
defects as nanoscale sensors is gaining control over
the surface of the sensor. Both sensitivity and resolu-
tion require that the defect must be close to the sensing
target, which necessitates being near the host surface.
This requirement brings significant materials engineer-
ing challenges; surface-related defects such as charge
traps and dangling bonds can lead to Fermi-level pin-
ning and magnetic noise, degrading charge stability
and coherence time of near-surface quantum defects.
Many research groups have observed that NV~ coher-
ence degrades as NV~ centres are brought closer to the
surface”?-***, Other work has led to the realization of
NV~ centres with dynamically decoupled coherence
times exceeding 100 ps within nanometres of the surface
by careful control over the diamond surface”***.

Quantum simulation. The straightforward initialization
and control of quantum defects suggests that they may
find a natural home in quantum simulation applications.
However, the probabilistic nature of formation of these
defects makes the construction of a target Hamiltonian
extremely challenging. This stands in contrast to litho-
graphically defined qubits (as discussed earlier), where
the coupling between qubits can be tuned by applying
voltages to gate electrodes. An additional challenge is
the length scale of spin—spin interactions (several nano-
metres) and the minimum defect separation imposed by
the optical diffraction limit (hundreds of nanometres),
though this challenge may be overcome with spectrally
distinct emitters'”’.

Instead, several proposals have focused on using
nearby spins to serve as a simulator, with the optically
active defect serving as a route to both manipulating
and reporting on these proximal spins. Proposed sys-
tems include using dipolar interactions between nitro-
gen spins in the bulk as buses™”, exploiting nearby spins
at a diamond surface to probe many-body localization**
and patterning nuclear spins on a surface to realize
effects such as frustrated magnetism*”. A key technical
achievement to this end has been the mapping out of
the locations of nearby *C spins in diamond and using
this information to manipulate individual nuclear
Spinslwa,ZSX.

Quantum defects find broader applicability when,
instead of simulating arbitrary target systems, they are
used to probe new physics in disordered systems. One
example of this approach is the experimental realization
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of time crystals using NV~ centres in diamond™”’.

Quantum computation. Many of the DiVincenzo criteria
have been robustly met in quantum defect systems: opti-
cal pumping provides high-fidelity initialization'”*'77-*%,
long spin coherence times have been demonstrated in
many systems'’*?'>2203% spin-selective transitions pro-
vide a straightforward readout channel and two-qubit
gates have been demonstrated using nearby nuclear
spins®®. As with simulation applications, however, the
scalability of these systems is hampered by the probabil-
istic formation of defects and the positions of the nuclear
spins surrounding them.

Though these defects may not be suited to large-scale
quantum computation, the use of smaller quantum
registers' may be advantageous in modular quan-
tum computing, enhanced sensing or high-fidelity
quantum communication. A key advance to this end is
the development of protocols enabling the manipulation
of nearby nuclear spins via hyperfine interactions with
NV centres, enabling registers with tens of qubits'®**%.

Quantum networks. The ability to serve as a spin-
photon interface makes quantum defects uniquely well
suited for quantum communication applications. The
spin degree of freedom can serve as a local quantum
memory, whereas the photon takes the role of a flying
qubit. Remote entanglement over the kilometre scale has
already been demonstrated with defects in diamond*
A common scheme used to generate entanglement
between two defects uses the interference of indistin-
guishable photons on a beam splitter. An optimal defect
for this application would have a high rate of genera-
tion of indistinguishable photons, and these photons
would experience minimal loss over the distance they
propagate. Though NV~ centres in diamond have been
the main platform used to demonstrate these entangle-
ment experiments>*®, the large fraction of the emission
(>0.97) into the phonon sideband'®?, spectral diffusion
of the optical transitions and the high attenuation of
637-nm light through fibres on the kilometre scale pre-
cludes the ‘as is’ use of NV~ centres in a large quantum
network. Efforts to address this issue include nanopho-
tonic structures to enhance the ZPL emission'*"**? and

frequency conversion to telecom wavelengths*.
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Other quantum defects have been proposed as alter-
natives to NV~ centres. SiV~ and SiV® show reduced
spectral diffusion because of their inversion symmetric
structures®'***, allowing for higher entanglement gen-
eration rates. Silicon vacancies in SiC have also shown
limited spectral diffusion'” (in this case, it is the sim-
ilarity between permanent electric dipole moments in
the ground and excited states that minimizes spectral
diffusion).

Several key technical accomplishments for quan-
tum communication have been demonstrated with
the SiV~ defect. Cavity-mediated interactions between
different defects have been demonstrated****®, as have
spin-photon interfaces and the formation of local quan-
tum registers”’>*””. However, the limited spin coherence
time and millikelvin operation temperature of SiV-is a
significant challenge for building a large network. This
has motivated two distinct approaches to improving
this system; increasing the ground-state splitting to
enable higher-temperature operation by using heavier
elements and engineering a spin-1 analogue of SiV~.
The former approach has yielded germanium-vacancy,
tin-vacancy and lead-vacancy defects’”-?'?, with
T, =540ns observed for the SnV centre at 2.9 (REF'%).
The latter approach has yielded the SiV° defect, with
a dynamically decoupled coherence time of 255ms at
<15K (REF?"), and in which spin-dependent fluorescence
has recently been demonstrated”.

One major frontier in this field is the integration of
quantum defects into nanophotonic cavities to enhance
the atom-photon interaction. Significant effort has been
dedicated to integrating NV~ centres into nanophotonic
structures'®’; however, the sensitivity of the optical
transition to fluctuating charges precludes high coop-
erativity in such structures®>*". Because of their larger
spectral stability, SiV~ centres implanted into diamond
nanobeam cavities have achieved cooperativity of >100
(REF.**%). Future work along this direction would bene-
fit significantly from a material system that allows for
high-quality heteroepitaxial growth, such as SiC (REF?").

Ultimately, for long-range quantum communication,
operation in the telecom band is essential. Although
there is an active subfield working on realizing
low-noise, high-efficiency, quantum frequency conver-
sion to the telecom band for various emitters, it would
undoubtedly be beneficial to have a quantum defect
that emits directly in the telecom band. Er** ions are
one of the few systems that have optical transitions in
the C-band (1,550-nm region). Detection of single ions
has been historically limited by the slow emission rate
(=100 Hz); however, integrated nanophotonic cavities
have demonstrated that significant Purcell-enhanced
emission rates can be achieved'””'””, presenting a route
towards long-range, single-ion, Er’**-based quantum
repeaters. Several defects in SiC, such as the NV centre
and V** defect, lie within the only slightly less optimal
O-band (1,300-nm region)>**>*.

Summary

Optically addressable quantum defects combine the
two capabilities of magnetic resonance and single-
molecule fluorescent microscopy, enabling single-spin
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manipulation and detection, even at room tempera-
ture. Devising methods for deterministic formation
and placement will enable their use in quantum sim-
ulation and computation applications. Furthermore,
they present a powerful spin-photon interface for
quantum communication applications, and their broad
environmental compatibility and single-spin sensitivity
makes them extremely versatile and sensitive quantum
SEensors.

Outlook

In this Review, we have highlighted the variety of
quantum systems in which semiconductor qubits can
be implemented and the applications they offer. With
high-fidelity initialization and readout methods, long
coherence times with fast gate operation, inter-qubit
coupling and coupling to photons, many of these sys-
tems fulfil criteria essential for realizing quantum com-
putation. We envision that a diverse ecosystem of qubits
will allow for many different quantum applications,
with inherent advantages and trade-offs for each qubit.
The semiconductor community is very far from having
‘picked a winner’. As this Review has highlighted, a ‘win-
ner’ may never even need to be picked; rather, the diverse
and eclectic nature of semiconductor qubits is likely to
remain a defining feature of this platform. This situa-
tion is rather different from superconducting qubits, for
instance, where the community has mostly converged
towards a rather narrow portfolio of implementations,
optimized for quantum information processing.

FIGURE 5 illustrates a few applications that are likely
to be pursued using the broad palette of semiconductor
qubits. Charge—photon and spin—photon interfaces with
strong coupling, based on circuit quantum electrody-
namics, have recently been demonstrated (and reviewed
in REF?), and advances in resonator engineering may
lead to light-matter networks (FIC. 5a), entangling distant
qubits for a surface code and other qubit-qubit connec-
tivities. A quantum internet (FIC. 5b) based on secure
quantum cryptography and entanglement beacons may
become possible when semiconductor qubits are made
optically active. FIGURE 5¢ shows a powerful application
of gate-controlled spin qubits in QDs, where specific 2D
arrays implement Hamiltonians desired for quantum
simulations. Dopant atoms with long-lived spin states
can be used to store information as quantum memories
(FIC. 5d), including in ensembles coupled to microwave
cavities or in hybrid donor-dot systems. Quantum sens-
ing applications are already widely researched*”, with
nanomechanical piezoelectric actuators used to create
scanning quantum probes (FIC. 5e) for magnetism and
new spin textures. Lastly, quantum systems operable
above millikelvin-scale temperatures would go a long
way towards solving the problem of wiring and cooling
large numbers of physical qubits; FIG. 5f shows a few sem-
iconductor qubits that have already been operated above
dilution-refrigerator temperatures.

Several challenges remain for semiconductor quan-
tum circuits. Probably the most significant one is the
establishment of a scalable and reproducible fabrication
process. This task is rendered onerous by the extremely
small physical dimensions of semiconductor qubits, but
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the future prospects are brightened by the potential for
integration with industry-based manufacturing meth-
ods. Calibrating, operating and stabilizing large arrays
or simultaneously performing and validating quantum
operations over multiple qubits are among the current
challenges faced by all quantum computing research
groups. The broad issues are superficially similar to
those in superconducting circuits and trapped ions, but
the small size of semiconductor qubits poses unique
problems with crosstalk and placement of classical
readout devices. In return, the extreme density afforded
by semiconductor systems lends credibility to the
prospect of integrating hundreds of millions of qubits
on a chip, as necessary for the most useful quantum
algorithms integrated with quantum error correction.

For quantum sensing, the next frontier is developing
methods to operate in 3D and under an ever wider range
of environmental conditions.

In conclusion, the diversity and flexibility afforded
by semiconductor materials and qubit encodings will
continue to encourage the community to work in many
complementary directions. An increasing engagement
with the semiconductor industry will enable exceptional
levels of qubit density and device reliability; this will not
only enable the production of useful and manufactur-
able quantum devices but also continue to expand the
scope for studying fundamental science in engineered
quantum systems of unprecedented complexity.
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