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QUANTUM PROCESSING ELEMENT AND QUANTUM PROCESSING
SYSTEM

TECHNICAL FIELD

[0001] Aspects of the present disclosure are related to quantum processing systems
and more particularly to semiconductor-based quantum processing systems and quantum

processing elements.

BACKGROUND

[0002] Universal quantum computing is a potentially revolutionary technology that
could be applied in certain domains to solve problems that are intractable when running the
currently known best classical algorithms on state-of-the-art classical computers.
Examples of domains in which universal quantum computers are known to provide an
advantage include classes of optimization problems; advanced chemistry simulations; and
finding prime factors of large numbers, which would defeat the most common classical
encryption protocols. For some of these applications, such as finding prime factors of large
numbers, quantum computers should be exponentially faster than their classical
counterparts. Quantum computing may also be useful in certain machine learning

applications.

[0003] One such universal quantum computer architecture utilizes quantum bits (or
qubits) encoded in the spin of an electron localized in a semiconductor substrate (such as
silicon), either electrostatically with a gate, or using the natural confinement of a donor
atom hosted in the crystal lattice. Qubits implemented in silicon can leverage some of the
mature technology used to fabricate conventional silicon transistors and integrated circuits.
It is believed that a useful, universal quantum computer will comprise hundreds of error-
corrected qubits, with the critical ability to implement two-qubit operations between a

number of these qubits.

[0004] Semiconductor spin qubits have now reached high enough figures of merit to
envision error-corrected architectures for quantum information processing, but several
outstanding challenges remain to be solved before a viable quantum computing processor

can be demonstrated in silicon. One such challenge relates to the placement of quantum



WO 2022/187908 PCT/AU2022/050208

dots/donors on a processor chip. It is known that exchange interactions between qubits
decay exponentially with quantum dot/donor separation, meaning that the quantum
dots/donors need to be closely and precisely placed, tens to hundreds of nanometres apart.
In such a two-dimensional qubit array, it becomes extremely difficult to include gates,
necessary for control and readout, to quantum dots/donors in the centre of the array.
Furthermore, such a dense packing of quantum dots/donors and control electronics implies
a rate of heat dissipation that is currently incompatible with the cryogenic temperatures

necessary for qubit coherence.

[0005] One option to overcome such issues is to include multiple qubits or nodes in a
quantum computing processor where each node includes a limited number of quantum
dots/donors and their associated circuitry. The nodes may be connected to each other,
alleviating overall density while still allowing quantum computation to be performed. To
do this, the outer edge qubits of one node will need to be coupled with the corresponding
outer edge qubits of another node. A leading technique for coupling the edge qubits across

nodes is via superconducting microwave resonators and spin-photon coupling.

[0006] However, direct spin-photon coupling between an electron spin and a
microwave photon, is inherently challenging due to the small magnetic dipole interaction,
of the order of 100 Hz, between the electron spin and microwave photon. Instead, the
coupling between the photon and the spin can be enhanced by implementing a so-called
spin-orbit coupling between the spin and a charge degree of freedom of the qubit, the latter
coupling electrically to the photon. However, up to now, micro-magnets or nano-magnets
have been fabricated on chip in order to achieve spin-orbit coupling, but this is a complex

fabrication process that poses new challenges when scaling up to hundreds of qubits.

[0007] The developments described in this section are known to the inventors.
However, unless otherwise indicated, it should not be assumed that any of the
developments described in this section qualify as prior art merely by virtue of their
inclusion in this section, or that those developments are known to a person of ordinary

skill in the art.
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SUMMARY

[0008] According to a first aspect of the present disclosure there is provided a quantum
processing system comprising: a first qubit comprising a first unpaired electron bound to
a first pair of donor clusters embedded in a semiconductor substrate at a distance from the
semiconductor surface, each donor cluster in the first pair of donor clusters including at
least one donor atom; a second qubit comprising a second unpaired electron bound to a
second pair of donor clusters embedded in the semiconductor substrate at a distance from
the semiconductor surface, each donor cluster in the second pair of donor clusters including
at least one donor atom; and a microwave resonator located between the first qubit and the
second qubit, wherein a first end of the microwave resonator is coupled to the first qubit
and a second end of the microwave resonator is coupled to the second qubit; wherein a

photon of the microwave resonator couples the first qubit and the second qubit.

[0009] In one embodiment, the donor clusters in the first pair of donor clusters and
the second pair of donor clusters are separated such that a tunnelling frequency of the

unpaired electron is close to a resonance frequency of the microwave resonator.

[0010] In some embodiments, the quantum processing system further includes first
and second electrically-conductive leads fabricated within the semiconductor substrate in
proximity to each of the first and second qubits. The first and second electrically
conductive leads may be phosphorous &-layers. In addition, the first and second
electrically conductive leads may be connected via first and second vertical vias to the

surface of the semiconductor substrate, respectively.

[0011] Further, the first end of the microwave resonator may be connected to the
first vertical vias on the surface of the semiconductor substrate and the second end of the
microwave resonator may be connected to the second vertical vias on the surface of the

semiconductor substrate.

[0012] In some embodiments, the first and second qubits and the first and second
electrically conductive leads are fabricated in the same plane in the semiconductor
substrate approximately S50nm below the semiconductor substrate surface. The first and
second electrically conductive leads may be fabricated approximately 20 nanometres

from the first and second qubits respectively.
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[0013] In some embodiments, the microwave resonator is made of a thin, high-
kinetic-inductance superconducting material. In one example, the microwave resonator

s a A/2 resonator.

[0014] In some example embodiments, the quantum processing system includes a
first node and a second node. Each node comprises a plurality of qubits and the first
qubit is part of the first node and the second qubit is part of the second node. In such
cases, the distance between the first qubit and the second qubit is 1 millimetre to about 20
millimetres. Further, the distance between the pair of donor clusters in each qubit may be

approximately 15-20 nanometres.

[0015] In another example, the distance between the first qubit and the second qubit
is 10 micrometres to about 20 millimetres and the distance between pairs of donor

clusters in each qubit is about 10-20 nanometers.

[0016] In an embodiment, each of the first and second donor clusters includes a

single donor atom and the donor atom may be a phosphorous atom.

[0017] In some examples, the quantum processing system further includes additional
gates located in the semiconductor substrate in proximity to each of the first and second
qubits (¢.g., located approximately 40-100nm of the first and second qubits). The
additional gates may be configured to generate a DC electric field gradient to electrically

induce spin orbit coupling in the first and second qubits.

[0018] In another aspect of the present disclosure there is provided a method of
operation of the quantum processing device of the first aspect, the method comprises the
steps of: applying a static magnetic field to the quantum processing system to separate
spin states associated with the first and second unpaired electrons and a nucleus of the
first and second donor atom clusters of the first and second qubits, respectively; applying
a local electric field to each of the first qubit and the second qubit to bring the
corresponding first and second qubit in dispersive coupling with the microwave
resonator; maintaining the first qubit and second qubit in the dispersive coupling with
the microwave resonator for a predetermined period of time; and applying local electric
fields to the first and second qubit after the predetermined period of time to take the first

and second qubits out of the disperse coupling with the microwave resonator.
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[0019] In some examples, amplitude of the static magnetic field is such that a
frequency of the first and second qubit is within a threshold range of a frequency of the
microwave resonator.

[0020] As used herein, except where the context requires otherwise, the term

"on
>

"comprise" and variations of the term, such as "comprising", "comprises" and "comprised”,

are not intended to exclude further additives, components, integers or steps.

[0021] Further aspects of the present invention and further embodiments of the aspects
described in the preceding paragraphs will become apparent from the following

description, given by way of example and with reference to the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0022] Features and advantages of the present invention will become apparent from
the following description of embodiments thereof, by way of example only, with reference

to the accompanying drawings, in which:
[0023] Fig. 1A is a schematic of an example qubit device.

[0024] Fig. 1B is a schematic of another example qubit device.

[0025] Fig. 2 is a schematic of a device according to some embodiments of the present
disclosure.
[0026] Fig. 3 is a schematic view of an example quantum processing unit according to

some embodiments of the present disclosure.

[0027] Fig. 4 is a schematic side view of the microwave resonator, terminating in a

phosphorous d-layer lead below the Si surface, and qubit.

[0028] Fig. 5 illustrates the operating point in gate space for a 1P-1P qubit coupled to

the resonator.

[0029] Fig. 6A is an example device layout to use the hyperfine interaction (HF) for
spin-orbit coupling.
[0030] Fig. 6B is an example device layout, to use both the HF and ‘clectrically-

induced spin orbit (EISO) mechanisms.

[0031] Fig. 6C is another example device layout according to aspects of the present

disclosure.
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[0032] Fig. 7 is a graph of system energy levels as a function of detuning.

[0033] Fig. 8 is a scheme of system energy levels for zero detuning for symmetric and

asymmetric hyperfine interactions.

[0034] Fig. 9 is a graph of spin-photon coupling as a function of external magnetic
field.

[0035] Fig. 10 is a graph of tunnelling energy as a function of donor separation.

[0036] Fig. 11 is a graph of voltage and electric field from a single photon in the

resonator mode as a function of distance from the é-layer lead.

[0037] Fig. 12 is a flowchart of an example method of coupling two qubits via a

resonator cavity according to some embodiments of the present disclosure.

DETAILED DESCRIPTION

[0038] As the magnetic dipole interaction between the electron spin and microwave
photon is small, electrical coupling between the electron spin and microwave photon is
preferable. Electrical coupling can be created and enhanced by inducing a spin-charge
hybridisation, either through an extrinsic spin-orbit mechanism (engineered through
implementation of an external magnetic field), or through an intrinsic spin-orbit

mechanism.

[0039] In the past few years, a number of different types of quantum processing
elements have been introduced that can be electrically coupled to superconducting
microwave resonators. These types of quantum processing elements include a pair of
quantum dots/sites and are based on a single electron spin that can be in two different
charge states. By carefully adjusting the detuning (¢), the electron can be put into a charge
superposition between the two quantum dots/sites (forming a charge qubit). If the electron
Zeeman splitting is comparable to the charge qubit splitting, the spin-orbit coupling will

allow for the spin and charge states of the electron to become hybridized.

[0040] Fig. 1A and Fig. 1B illustrate two types of previously known quantum
processing clements that could be coupled to superconductor cavitics to enable long

distance qubit coupling.

[0041] The quantum processing element or device 100 shown in Fig. 1A includes a

semiconductor substrate 102 and a dielectric 104. In this example, the semiconductor

6
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substrate 102 is 28silicon (*3Si) and the dielectric 104 is silicon dioxide (SiO2). The
semiconductor substrate 102 and dielectric 104 form an interface 105, which in this
example is a Si/Si0z interface. A qubit 106 is formed in the semiconductor substrate 102.
The qubit 106 includes two quantum dots 107 and 108 that share a single electron.
Electronic confinement of the electrons in the two quantum dots is achieved by a gate 109
positioned on the dielectric 104. This type of qubit is referred to as a double quantum dot
(DQD) qubit.

[0042] In addition, a micro-magnet 110 is fabricated on-chip and in particular on the
dielectric 104 along with the gate 109. The micro-magnet 110 generates a local magnetic
field gradient with longitudinal and transverse components that differs at the two quantum
dot sites. The device 100 is coupled to a resonator (not shown). When the resonator field
excites the electron from its orbital bonding to anti-bonding state, the electron is subjected
to an effective spin-orbit coupling (SOC) as it moves across this magnetic field gradient

and spin rotation driven by the electric field of the resonator is thus achieved.

[0043] Fig. 1B illustrates another example of a known qubit device 120 for coupling
with a superconductor cavity. In this arrangement, the qubit 121 includes one quantum dot
122 and a donor atom 124. In particular, the qubit device 120 shown in Fig. 1B includes a
semiconductor substrate 102 and a dielectric 104. In this example, the semiconductor
substrate is 2%silicon (*®Si) and the dielectric 104 is silicon dioxide (Si0O2). The
semiconductor substrate 102 and dielectric 104 form an interface 105, which in this
example is a Si/S10s interface. The quantum dot 122 is formed near the interface 105,
whereas the donor atom 124 is located within the substrate 102. A gate 128 is positioned

above the quantum dot 122 (on the dielectric 104).

[0044] The gate electrode 128 is operable to interact with the donor atom 124. For
example, the gate 128 may be used to induce an AC electric field in the region between the
interface 105 and the donor atom 124 to modulate a hyper-fine interaction between the
electron (confined in the quantum dot 122) and the nucleus of the donor atom 124. When
electrically driving the qubit 121, the electron spin flip-flops with the nuclear spin of the
donor. That is the electric field can be used to control the quantum state of a qubit 121
associated with the pair of electron-nuclear spin eigenstates ‘electron spin-up, nuclear spin-
down” and ‘electron spin-down, nuclear spin-up’. This type of qubit 121 is referred to as

a flip-flop qubit.
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[0045] In the DQD qubit 106, spin-orbit coupling is engineered by the micro-magnet
110. Further, the tip of the resonator is at the silicon surface in this case. Further still, the
DQD qubit 106 needs extra confinement gates to form the qubit. Finally, the DQD qubit
106 requires precise design and fabrication of the micro-magnet 110 to engineer the desired

highly local spatial field gradient.

[0046] Although the qubit 121 of Fig. 1B does not need a micro-magnet and exploits
a hyperfine interaction at the single donor site it still includes a quantum dot 122 formed
by a gate 128 near the interface 105. Therefore, the device 120 requires precise

engineering, fabrication and control which can be challenging to implement.

[0047] To overcome one or more of these issues, aspects of the present disclosure
provide a novel quantum processing element/qubit that allows for efficient spin-cavity
coupling and thus for long range qubit entanglement. The qubit design does not require
any on-chip magnets, distinguishing it from device 100. Further, the qubit can be
manipulated with the electric field from a single photon of a superconducting microwave

resonator.

[0048] Fig. 2 illustrates an example qubit 200 as disclosed herein. The qubit 200 is
located in a semiconductor substrate 202 having a surface 204. In this example, the

semiconductor substrate is 28silicon.

[0049] The qubit 200 includes a pair of tunnel-coupled donor atom clusters 206, 208
and a single electron 209 bound to the pair of donor atom clusters 206, 208. In certain
embodiments, the donor atom clusters 206, 208 are placed in the silicon substrate 202 with
atomic-scale precision using scanning tunneling lithography techniques. Further, in some
examples, the donor atoms 206, 208 may be located approximately 50 nm below the surface
204.

[0050] The qubit 200 may be coupled to a resonator (not shown), which in some
examples may be a high-impedance, co-planar, superconducting microwave resonator
positioned at the silicon surface 204. The resonator couples to the qubit 200 by one or more
delta-layer leads positioned tens of nanometers from one of the donors. The donor clusters
206, 208 arc separated such that the single electron tunneling frequency is close to the
resonance frequency of the resonator. In one example, the donor atom clusters 206, 208
may be approximately 15-20 nm apart from each other. In another example, they may be

approximately 10-20 nm apart.
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[0051] The qubit 200 uses a hyper-fine interaction from the electron-nuclear system
in donor systems to generate an intrinsic spin-orbit coupling (SOC). In particular, in qubit
200, the spin-charge hybridization arises from a hyperfine interaction between the bound
electron 209 and the nuclear spins of the donor atom clusters 206, 208. The hyper-fine
interaction uses the 1/2 spin of the donor atom nuclei. The interaction strength between
the electron 209 and nuclear spins is denoted Ar and Ag, at the left and right donor sites
respectively. The electron and nuclear spin states are entangled, and the resonator field can
drive a transition to an excited state in which the electron spin and one of the nuclear spins
have flipped orientations — the hyperfine interaction preserves total spin of the overall qubit
200. Spin qubit operation driven by the electric field of the resonator is achieved, without

needing to fabricate a local micro-magnet (as required in device 100).

[0052] In certain embodiments, each donor cluster 206, 208 may have a single donor
atom and the donor atom may be a phosphorous (P) atom such that the qubit 200 is a 1P-
1P system. In other embodiments, the qubit 200 may be an nP-mP system and the donor

atom clusters 206, 208 may have any other number of phosphorous donor atoms.

[0053] A constant external magnetic field is applied to split the energy levels of the
electron and donor spins. The strength of the magnetic field is selected such as to bring
the electron spin energy splitting close to the resonance frequency of the co-planar
microwave resonator. For a typical co-planar microwave frequency range of 4-12 GHz,

the strength of the magnetic field would be 0.14-0.43 Tesla.

[0054] In addition, electrically-conductive leads (not shown) are also defined with
scanning-tunneling lithography near the nP-mP qubit 200 in the same crystal plane as the
qubit, approximately 50 nm below the silicon surface. In some embodiments, these leads
may be phosphorus d-layers, which are connected by vertical vias to metal deposited on
the silicon surface 204. The lead nearest to the donor atom clusters 206, 208 is connected

at the silicon surface to one end of the resonator.

[0055] The resonator may be made of a thin (e.g., few nanometers), high-kinetic-
inductance superconducting material. In one example, it is designed to be a A/2 resonator
so that the clectric field anti-node is located at the donor atoms 206, 208, maximizing
coupling to its charge dipole. This lead can also serve as the reservoir from which a single

electron is loaded onto the qubit, at a time scale far slower than the resonance frequency.
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[0056] The qubit 200 described here can be used to transfer quantum information
between qubits separated at length scales of up to several millimetres, on the same silicon
chip. As the quantized electromagnetic field mode of the resonator mediates the quantum
information transfer between qubits, it can be achieved at low power (at the level of a single
microwave photon), and the resonator can mediate two-qubit gates. This addresses two of
the major obstacles to scaling up mentioned previously - quantum information can be
transferred between smaller qubit arrays, to give space for control gates in these smaller

arrays, and it alleviates energy density concerns in the cryogenic environment.

[0057] A quantum processing unit (or QPU) for semiconductor quantum dots can
include multiple arrays or nodes of qubits. Fig. 3 is a schematic diagram of an example
QPU 300 according to some embodiments of the present disclosure. As seen in Fig. 3, the
example QPU 300 includes two qubit nodes 302 — nodes 302A and 302B. It will be
appreciated that although Fig. 3 illustrates two nodes, in actual implementation the QPU
may have many more nodes and the number of nodes utilized for a given QPU may depend
on the particular application, the number of qubits located in each node, and the

computational requirements of the QPU.

[0058] Each node 302 includes a plurality of qubits 303 arranged in a two dimensional
array. The number of qubits 303 located in each node 302 depends on a number of factors
such as the distance between qubits, the number of control lines and/or gates that can be
accommodated on the node to address each qubit in the node 302, and the heat dissipated
by the control circuitry. In some examples, the nodes 302 are small enough such that
control gates 304 located on the chip surface or within the silicon substrate can address
each individual qubit 303, and the qubits are close enough together for exchange
interactions (i.e., at a length scale on the order of 10 nm). In the example shown in Fig. 3,
each node 302 includes 8 qubits 303.

[0059] The nodes 302 can be separated by a few millimetres on the same silicon
chip/substrate 202. Further, the nodes can be connected to each other by one or more
resonators. In one implementation, a resonator 306 is connected between a pair of nodes
and in particular, the resonator 306 is coupled with one qubit in each of the pair of nodes
302. In the example QPU 300, qubit 303A in node 302A is coupled with qubit 303B in
node 302B via the resonator 306. As the resonator 306 can mediate two-qubit gate

operations, quantum information can be transferred between the qubit nodes via the

10
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resonator 306, allowing for connectivity that is critical to implement useful quantum

algorithms on a QPU.

[0060] In Fig. 3, the qubits that are coupled to the resonator 306 on each node 302
(i.e., qubit 303A and qubit 303B) are fabricated as the qubit shown in Fig. 2 — that is, qubit
303A and qubit 303B are double donor cluster qubits 200. The other qubits on a node 302
may also be double donor atom qubits 200, however this is not essential. In some examples,
the qubits that are not coupled to the resonator 306 may be any other type of qubits such as
simple donor qubits or gate controlled qubits without departing from the scope of the
present embodiment. Further, the qubits 303 on each node 302 may be coupled to their

nearest neighbours via exchange coupling.

[0061] Fig. 4 is a schematic illustration of one end of a resonator, e.g., resonator 306
and in particular a 4/2 microwave resonator. The resonator 306 is at the surface of the
silicon substrate 202. In some examples, the resonator 306 is made from a thin, high-
impedance superconducting film. One end of the resonator 306 contacts a vertical metal
via 402, which connects the resonator 306 to a lead 404 within the silicon substrate 202.
In some examples, the lead 404 may be a J-layer lead. Further, the lead 404 may be
positioned approximately 50 nm below the silicon surface and on the same plane as the
qubit 200. This brings the clectric anti-node close to the double donor atom qubit 200. The
distance between the lead 404 and the qubit 200 is denoted as AL, the distance between the
donor atoms is denoted as Ax and the depth of the qubit 200 from the surface of the

semiconductor surface 204 is denoted as Ah.

[0062] In the case the double donor atom qubit 200 is a 1P-1P system, the operating
point in gate space for the 1P-1P qubit strongly coupled to the quantized resonator mode is
at the (1, 0) - (0, 1) transition. Fig. 5 is a chart showing the operating point in gate space
for the 1P-1P qubit 200 coupled to the resonator 306. In particular, along the x-axis, the
chart plots the resonator voltage Vres and along the y axis, the chart plots the gate voltage
Ve. (1, 0) denotes electron occupation number on the left donor cluster 206 and (0, 1)
denotes electron occupation number of the right donor cluster 208. The resonator lever
arm, or the coupling to the 1P-1P charge dipole, should be strong enough for the electric
field eo of a single microwave resonator photon to drive the electron occupation across this

transition.

11
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[0063] Fig. 6A is atop view of an example device 600 that uses hyperfine interaction
(HF) between the electron and the nuclei for spin-orbit coupling. In particular, Fig. 6A
shows a top view of a single qubit 200 coupled to a resonator 306 along with the circuitry
required for the qubit 200 to function. As shown in Fig. 6, the device 600 includes a gate
602 positioned close to the qubit to control operation of the qubit 200. The gate 602 may
include a metallic contact on the semiconductor surface 204, which is connected to a &-

layer lead (fabricated on the same plane as the qubit 200) via metallic leads or vias.

[0064] In addition to the gate 602, the device may include a charge sensing device 604.
In some embodiments, this charge sensing device may be a single electron transistor (SET)
positioned close to the qubit 200 and in the same plane as the qubit. In other embodiments,
the gate 602 or the resonator 306 may act as the charge sensing device 604. In such cases,

an additional charge sensor may not be required.

[0065] Another way of achieving electron spin-photon coupling is through an
clectrically induced spin-orbit interaction. Previous studies have shown that in the
presence of electric fields at the donor clusters, the spin-orbit coupling that directly couples
the external electric field and magnetic field can dominate over Rashba spin-orbit coupling
and the spin-orbit from bulk Si crystal. If the electric fields from the surrounding gates are
different between the two donors, the clectron spin-orbit can create an effective

inhomogeneous field and therefore rotate its spin.

[0066] Fig. 6B is a top view of an example device 650 that uses such an electrically-
induced spin orbit (EISO) mechanism along with the hyperfine mechanism to operate the
qubit 200. As with Fig. 6A, Fig. 6B shows a top view of a single qubit 200 coupled to a
resonator 306 along with the circuitry required for the qubit 200 to function and to
electrically induce a spin-orbit coupling. As shown in Fig. 6B, the device 650 includes a
gate 602 positioned close to the qubit 200 to control operation of the qubit 200. The device
650 also includes two additional EISO gates 652A, 652B. In some examples, the gates
602, 652A, 652B may be located within the silicon substrate 202 in the same plane as the
qubit 200. In other examples, one or more of the gates 602, 652A, 652B may be positioned
on the semiconductor surface 204. In such cases, the gates may be connected to the qubit
200 via metallic leads or vias. The EISO gates 652A, 652B on the sides create a strong

DC electric field gradient that can result in a similar effect as the hyperfine interaction.

12
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[0067] Hyperfine-mediated spin-photon coupling depends on the initial nuclear states
of the donors and therefore a device that operated simply based on hyperfine interaction
would have to be initialised with the correct nuclear states before it can be operated. EISO
interaction, on the other hand, allows for spin-photon coupling independently of the initial
nuclear states and therefore if EISO gates were used in a device, there would be no need
for initializing the nuclear state of the donor atoms in such devices before they can be

operated.

[0068] Fig. 6C is a top view of another example device 660 that uses hyperfine
interaction (HF) between the electron and the nuclei for spin-orbit coupling. In particular,
Fig. 6C shows a top view of a single qubit 200 coupled to a resonator 306 along with the
circuitry required for the qubit 200 to function. The left and right dots in the qubit may be
positioned about 10-20 nanometers apart to ensure tunnel coupling close to the resonant
frequency of the resonator 306. As shown in Fig. 6C, the device 660 includes a reservoir
gate 662 positioned to the left of the qubit 200. The reservoir gate 662 is placed 15-30
nanometers away from the qubit 200 and is electrically connected to a resonator e.g.,
resonator 306 (not shown in this figure) through a metal via (not shown). The short
distance between the reservoir gate 662 and the qubit 200 is chosen for this gate to act as
an electron reservoir for the qubit 200 and to maximise the resonant voltage induced by the

resonator 306 on the qubit.

[0069] The device 660 may further include another gate 664 positioned close tot he
qubit to control operation of the qubit 200. The gates 664 may include metallic contacts
on the semiconductor surface 204, which is connected to a d-layer lead (fabricated on the

same plane as the qubit 200) via metallic leads or vias.

[0070] In addition to the gate 664, the device 660 may include a charge sensing device
666. In some embodiments, this charge sensing device 666 may be a single electron
transistor (SET) positioned 30-100 nanometers away from the qubit 200 and in the same
plane as the qubit 200. The SET 604 is asymmetrically positioned with respect to the two
donor clusters of the qubit 200 to result in different lever arm parameters and be able to
discriminate which cluster is probed when tracking the SET response. In other
embodiments, the gates 662, 664 or the resonator 306 may act as the charge sensing device

666. In such cases, an additional charge sensor may not be required.
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[0071] Fig. 7 is a graph 700 depicting system energy levels £ as a function of detuning
(€) between P donors. At zero detuning the electron 209 forms bonding |—) and anti-
bonding |+) orbitals, split by tunnelling energy 2. Here |F) = (|L) + |R))/V2, where
|L) and |R) indicate electron localization on the left or right donor cluster 206, 208,
respectively. Each of the |—) and |+) levels are further split in energy due to an applied
external magnetic field B, with spin Zeeman splitting between electron spin | and 1 states
indicated by hy,B. Where / is Planck’s constant and y, is the electron spin gyromagnetic
ratio. At non-zero detuning the electron density is shifted to the donor of lower potential

energy — in limiting case of very large detuning the electron occupies only one donor site.

[0072] Each of the energy levels depicted in Fig. 7 is further split into four states due
to nuclear Zeeman interaction and hyperfine interaction (as shown in Fig. 8). The qubit
subspace is specified within the bonding |—) state manifold while the proximity of the
antibonding |+) orbital plays a mediating role, enabling the charge-spin coupling. Fig. 7
is a schematic of system energy levels E for zero detuning for symmetric (AL = Ar) and
asymmetric (AL > Ar) hyperfine interaction. Solid arrows in Fig.8 indicate transitions
mediated by hyperfine interaction whereas the dashed arrows show transitions forbidden
by the hyperfine interaction but driven by electrically-induced spin-orbit interaction or

EISO interaction.

[0073] The eigenstates shown in Fig. 8 are determined by the total system
Hamiltonian, H. In the |DI IzS) basis, where D defines an electron localization on the
left or right donor |L) or |R), I and /r indicate the left and right nuclear spin (with a
polarisation |) or |U)), and S defines the clectron spin (|T) or [{)), the Hamiltonian reads

H = Ho + Hur + Herso (1)
where
Hy = —t.1,+ et,+hy,B-S+ Zj:L_R hy.B - I; )
[0074] 7 are the Pauli matrices in the left/right donor basis, while S = %{a;, o, 07}

and I = %{af; , af,j ,af } are the electron and donor spin operators with ¢ (¢”) being the

Pauli matrices in the electron (donor) spin basis. The electron and nuclear spin

gyromagnetic ratios in Si are y, =27.97 GHz/T and yp = —17.23 MHz/T, respectively.
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[0075] Hpyr is the Hamiltonian describing the hyperfine interaction that mixes the

electrons spatial and spin degrees of freedom. It can be expressed as:
Hor=hAilL - S Q |L) (L| + hArIr - S @ |R) (R (3)

[0076] where Az (4r) represents the hyperfine constant of the left (right) donor. The
Si bulk value of the hyperfine constants is approximately Az = Ar = 117 MHz. The
electron-nuclear spin product can be expressed as I - S = LS: + 1/2 (I+5- + I-S+). The
dependency of hyperfine interaction on electron localization (on left or right donor)
introduces charge-spin hybridization. This is because, due to hyperfine coupling,

eigenstates of Hamiltonian Ho acquire admixtures of different spin and orbital states.

[0077] While hyperfine interaction is intrinsic and therefore present at all times in 1P-
1P systems, electrically-induced spin-orbit interaction Heiso can be switched on and off as
needed. The EISO arises when, within the donor region, we apply an electric field £
perpendicular to the external magnetic field B (for example, using the EISO gates shown
in Fig. 6B).

For B polarized in z and £ in y direction, Heso takes the following form —

E:B,C 0

0 E§BZC> ® ox @)

Hgrso = (

[0078] Where the first matrix is in the {|L), |R)} basis and o5 is the Pauli x matrix in
electron spin basis. Hgso does not influence the nuclear spins thus it is considered the
identity in the nuclear spin basis subspace. The coefficient (C) is estimated to be about 6
% 10~ em/T for single donors in silicon. Ej; and Ejf correspond to electric field at the left
and right donor sites, respectively. The difference between EJL, and Eff is required to

generate charge-spin hybridization.

[0079] In Fig. 8 the lowest cight eigenstates of Hamiltonian H are shown for
symmetric (4. = Ar) and asymmetric (AL > Ar or equivalently € < 0) hyperfine interaction.
Symbols {1, U3}, {1,1},{|-), |+)} describe the majority part of each eigenstate. It should
be noted that due to hyperfine interaction those eigenstates also include some small but

non-zero admixtures of different basis states.
[0080] System interaction with cavity photons can be described by Hamiltonian

H, = hgc(a + aT)TZ (5)
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[0081] Where a (@) is the annihilation (creation) operator for the microwave resonator
mode. Assuming the cavity field is described by amplitude o and frequency f- and has a
non-zero polarization component along the x—axis, the charge coupling rate gc can be
defined hge = gyd, = e€y|(—|x| +)|. The solid and dashed vertical arrows in Fig. 8
indicate all the Hc-driven transitions which rotate electron spin - provided the resonator
frequency f- is matched to the energy splitting between the appropriate pair of states. Solid
arrows show transitions which are feasible without any electrically-induced spin-orbit (i.e.,
even when Hgso = 0) and are mediated solely by hyperfine interaction. Dashed arrows
show transitions, which become accessible once EISO is switched on with Hziso # 0 and

Ey # Ef.

[0082] The energy splitting between 1] and U | states is approximately (4r + Ar)/4
— 2hyeB, which for P donors in silicon gives values on the order of 100 MHz. Energy

splitting between U] and UM states is dependent on hyperfine interaction asymmetry and

is approximately (4. — Ar)/4. However, even at Az = Ar the splitting between zero-
nuclear-spin states (nuclear singlet and triplet) is non-zero due to mixing of 1| and % ny

+ U1M) 1 states by hyperfine interaction. This splitting decreases with increasing magnetic

field and for B of about 0.2 T is on the order of 0.1 MHz.

[0083] Each of the transitions depicted in Fig. 8 can be valid points for qubit operation,
with the qubit itself defined by the initial and final eigenstates corresponding to a particular
transition. The common feature of each such qubit subspace is rotation of electron spin.
For hyperfine-mediated transitions the electron spin rotation is accompanied by nuclear
spin flip (analogously to flip-flop qubit) while for EISO-mediated transitions the nuclear

spin configuration is conserved.

[0084] To select a specific qubit working point, the desired nuclear spin configuration
needs to be initialized, which can be achieved with nuclear polarization methods such as

Nuclear Magnetic Resonance (NMR) or Dynamic Nuclear Polarisation.

[0085] For a given cavity frequency f- the qubit is brought into resonance by adjusting
external magnetic field B and thereby the qubit energy splitting. For the standard resonator
frequency bandwidth of 4-12 GHz, magnetic fields in the range of 0.14-0.43 T are required.
As the spin-photon coupling is reliant on different spin and orbital states admixtures to the
Ho eigenstates, maximization of charge-spin hybridization is desired and this is dependent

on how close the antibonding |+) manifold is to the qubit subspace.
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[0086] Referring to Fig. 9, cavity-spin coupling g+/gc between states 1 and 6 (i.e., the
left-most transition in Fig. 8) is shown as a function of magnetic field B for a given value
of 2t/h=7.64 GHz. The coupling is calculated by evaluating H. between the eigenstates 1
and 6: figs = [(W,|Hc[We)l.

[0087] The abrupt increase of gs at B~ 0.272T is due to bringing the |—T) manifold to
degeneracy with the |+!) states. Operating very close to that point is not desired as it
increases decoherence. However, setting the tunnelling energy not equal but comparable
to f- allows to obtain still significant values of gs > 0.01gc. The tunnelling rate in the 1P-
1P system can be controlled by adjusting the donor separation. Referring to Fig. 10, which
shows the tunnelling rate 27c/h as a function of donor separation Ax — as calculated with
atomistic tight-binding simulations. According to that data, for cavity bandwidth of 4-12
GHz the optimal 1P-1P separation lies in 15-20 nm range.

[0088] For comparison, for EISO-mediated transitions obtaining spin-photon coupling
of about gy =0.01g. at B=0.2T and 2t h = 7.64 GHz would require applying
approximately 12 MV/m electric field difference between the donors 206, 208. The electric
field difference can be distributed between both donors, ¢.g. Ej =6 MV/m and Ef = -6
MV/m. The different electric fields at the two donor sites can be produced with additional
EISO gates as shown in Fig. 6B.

[0089] As the charge-photon coupling is proportional to the system dipole moment de
and the amplitude of the electric field due to one photon in the cavity €0, maximising both
parameters is desired. Since the electron wave function is strongly localized within the
donor regions, the dipole moment can be well approximated with 1/2 of the donor
separation dc = eAx/2. As mentioned earlier, Ax (i.e., the distance between the donor
clusters 206, 208 of qubit 200) is restricted by corresponding tunnelling values and
optimally takes on values in the 15-20 nm range. The cavity electric field € can be
maximized by appropriate donor placement with respect to the phosphorous d-layer lead,
by adjusting AL value (see Fig. 4).

[0090] Fig. 11 is a chart 1100 illustrating the electric potential V and electric field
(¢) from a single photon in the resonator mode as a function of x (i.c., distance from J-
layer lead 502). With Ax ~ 10-20 nm and AZ > 20 nm (to ensure the tunnelling frequency
from the lead to the closest donor is slower than any other time scale in the system) it is

still possible to achieve donor detuning of AV ~ 0.5 uV and gc = eAV/2h on the order of
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100 MHz. Thus, with g+/gc ~ 1 — 10% of the spin-cavity coupling on the order of 1 MHz
is achievable within device 200. Contacting the ends of a /2 microwave resonator 306
with the phosphorous d-layer lead buried at the qubit layer is a distinctive feature of the
proposed design. This allows the double donors to be positioned in a region of high electric

field, significantly enhancing the charge-photon coupling of the system.

[0091] The extension of the proposed device 200 to other donor clusters systems is
possible although the system specification has to be adjusted accordingly. For systems
with the same number of donors in each, cluster both the cluster separation and the number
of electrons needs to be modified. For example, if each donor cluster includes 2
phosphorous donor atoms, the 2P-2P qubit may include 3 electrons. Similarly, if each
donor cluster includes 3 phosphorous donor atoms, the 3P-3P qubit may include 5
clectrons. Alternatively, for asymmetric systems (i.e., systems that have a different number
of donor atoms in the donor clusters, such as 1P-2P, 2P-3P, etc.), additional detuning is
needed to bring the system to the bonding-antibonding states anti-crossing. In both cases,

the possible transitions and qubit subspaces have to be refined.

[0092] Fig. 12 illustrates an example method 1200 for coupling two qubits — for
example qubit A and qubit B of Fig. 3 via a resonator. For example, this method describes

an 'iISWAP' interaction between qubit A and qubit B via a resonator.

[0093] The method 1200 commences at step 1202, where a magnetic field is applied
to qubit A and qubit B. In some embodiments, the magnetic field is a static homogenous
field. The strength of the external magnetic field is such that the Zeeman splitting brings
the qubit energy splitting close to the resonator frequency. In one example, the external

magnetic field may be set to 0.2T.

[0094] At step 1204, the double-donor structures of which qubit A and qubit B are
comprised are loaded with electrons from their respective reservoirs. The number of
clectrons loaded in each cluster depends on the double donor cluster system in use. IfaIP-
IP system is used, a single electron is loaded into qubit A and/or qubit B. Alternatively, in
case of any other nP-mP system, more than one electron may be loaded.  Electron loading
can be achieved using one or more gates (¢.g., gate 602 shown in Fig. 6A or Fig. 6B) to
apply local detunings, in order to navigate to the appropriate electron occupation region in

gate space (e.g., the (1, 0)-(0,1) transition space in Fig. 5). It is ensured, by waiting in the
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appropriate region in gate space, that the loaded electrons have relaxed to their spin-down

ground state.

[0095] At step 1206, electron spin of qubit B is flipped. In one embodiment, the
electron spin is flipped to the spin-up state using a calibrated one-qubit gate, ¢.g., through
an oscillating magnetic or electric field (electron spin resonance or electric dipole spin

resonance).

[0096] Next, at step 1208, qubit A and qubit B are individually brought to known
energy detunings with respect to the resonator frequency. The detuning of qubit A relative
to the resonator frequency may or may not be the same as the detuning of qubit B relative
to the resonator frequency. In this "dispersive" regime, E,, Eg < hf,, and hgy, hgp <
|E 48— hfo | Here, E, p are the energies of qubits A and B, respectively, taking into account
their Zeeman energies (assumed to be equal), and the energy due to their individual
detunings (which can be equal, but need not be). Furthermore, here the energy of a
microwave photon in the resonator is hfy, and g4 and gg are the coupling rates of qubits

A and B to the cavity, respectively.

[0097] At step 1210, the fixed detunings of qubit A and qubit B with respect to the
resonator frequency are maintained for a time 7 = 7T|,/AAA B | /(29495). Where, A, and
Ap denote the energy detunings of qubit A and qubit B from the resonator, respectively. In

this characteristic time 7, the free evolution of the coupled system effectuates the "iSWAP"

gate between qubit A and qubit B.

[0098] At step 1212, after time 7, both qubits should be far-detuned from the resonator

frequency, to end the gate interaction.

[0099] Finally, if desired, the states of qubit A and qubit B can be independently
measured, to verify that the iISWAP gate between the two qubits in fact occurred. In certain
embodiments, this readout can be achieved with conventional techniques, e.g. using two
single electron transistors that have been fabricated on the chip close to qubit A and qubit
B.

[0100] It will be appreciated that although method 1200 is described with reference to
an iISWAP gate operation, the method 1200 can be implemented with slight modifications
to perform other types of operations between qubits A and B without departing from the

scope of the present disclosure.
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[0101] The methods and the quantum processor architectures described herein uses
quantum mechanics to perform computation. The processors, for example, may be used
for a range of applications and provide enhanced computation performance, these
applications include: encryption and decryption of information, advanced chemistry
simulation, optimization, machine learning, pattern recognition, anomaly detection,

financial analysis and validation amongst others.

[0102] It will be appreciated by persons skilled in the art that numerous variations and/or
modifications may be made to the invention as shown in the specific embodiments
without departing from the spirit or scope of the invention as broadly described. The
present embodiments are, therefore, to be considered in all respects as illustrative and not

restrictive.
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CLAIMS

1. A quantum processing system comprising:

a first qubit comprising a first unpaired electron bound to a first pair of donor
clusters embedded in a semiconductor substrate at a distance from the semiconductor
surface, each donor cluster in the first pair of donor clusters including at least one donor

atom;

a second qubit comprising a second unpaired electron bound to a second pair of
donor clusters embedded in the semiconductor substrate at a distance from the
semiconductor surface, each donor cluster in the second pair of donor clusters including at

least one donor atom; and

a microwave resonator located between the first qubit and the second qubit,
wherein a first end of the microwave resonator is coupled to the first qubit and a second

end of the microwave resonator is coupled to the second qubit;

wherein a photon of the microwave resonator couples the first qubit and the

second qubit.

2. The quantum processing system of claim 1, wherein the donor clusters in the
first pair of donor clusters and the second pair of donor clusters are separated such that a
tunnelling frequency of the unpaired electron is close to a resonance frequency of the

microwave resonator.

3. The quantum processing system of any one of claims 1-2, further comprises
first and second electrically-conductive leads fabricated within the semiconductor

substrate in proximity to each of the first and second qubits.

4. The quantum processing system of claim 3, wherein the first and second

clectrically conductive leads are phosphorous é-layers.
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5. The quantum processing system of claim 4, wherein the first and second
clectrically conductive leads are connected via first and second vertical vias to the

surface of the semiconductor substrate, respectively.

6. The quantum processing system of claim 5, wherein the first end of the
microwave resonator is connected to the first vertical vias on the surface of the
semiconductor substrate and the second end of the microwave resonator is connected to

the second vertical vias on the surface of the semiconductor substrate.

7. The quantum processing system of claim 3, wherein the first and second
qubits and the first and second electrically conductive leads are fabricated in the same
plane in the semiconductor substrate approximately 50nm below the semiconductor

substrate surface.

8. The quantum processing system of claim 3, wherein the first and second
electrically conductive leads are fabricated approximately 20 nanometres from the first

and second qubits respectively.

9. The quantum processing system of any one of claims 1-8, wherein the
microwave resonator is made of a thin, high-kinetic-inductance superconducting

material.

10.  The quantum processing system of any one of claims 1-9, wherein the

microwave resonator is a A/2 resonator.

11.  The quantum processing system of any one of claims 1-10, further
comprising a first node and a second node, wherein each node comprises a plurality of
qubits and wherein the first qubit is part of the first node and the second qubit is part of

the second node.
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12.  The quantum processing system of any one of claims 1-11, wherein the
distance between the first qubit and the second qubit is 100 micrometres to about 20

millimetres.

13.  The quantum processing system of any one of claims 1-12, wherein the

distance between the pair of donor clusters is approximately 10-20 nanometres.

14.  The quantum processing system of any one of claims 1-13, wherein each

of the first and second donor clusters includes a single donor atom.

15.  The quantum processing system of claim 14, wherein the donor atom is

phosphorous.

16. The quantum processing system of any one of claims 1-15, wherein
additional gates are located in the semiconductor substrate in proximity to each of the
first and second qubits, wherein the additional gates are configured to generate a DC
clectric field gradient to electrically induce spin orbit coupling in the first and second

qubits.

17.  The quantum processing system of any one of claims 1-16 wherein a
continuous external magnetic field is applied to the quantum processing system to
separate spin states associated with the unpaired clectron and nuclei of the donor atom

clusters.

18.  The quantum processing system of claim 17, wherein the strength of the

magnetic field is between 0.14 — 0.43 Tesla.

19. A method of operation of the quantum processing device of any of the

preceding claims, the method comprising the steps of’
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applying a static magnetic field to the quantum processing system to separate
spin states associated with the first and second unpaired clectrons and nuclei of the first

and second donor atom clusters of the first and second qubits, respectively;

applying a local electric field to each of the first qubit and the second qubit to
bring the corresponding first and second qubit in dispersive coupling with the microwave

resonator;

maintaining the first qubit and second qubit in the dispersive coupling with

the microwave resonator for a predetermined period of time;

applying local electric fields to the first and second qubit after the
predetermined period of time to take the first and second qubits out of the disperse

coupling with the microwave resonator.

20. The method of claim 19 wherein an amplitude of the static magnetic field
is such that a frequency of the first and second qubit is within a threshold range of a

frequency of the resonator.
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