


RESEARCH ARTICLE

effect, the complexity of all quantum operations is distilled to the
well-understood operation of loading and unloading electrons to
and from donors, which has been demonstrated in numerous ex-
periments (29-32).

In presenting the concept, we aim to address the physical realities
as comprehensively as possible. The system is therefore detailed and
analyzed across several perspectives: from the physical qubit system,
including spin-based quantum gates and simulations of experimen-
tal implementations, to the operations underpinning surface code
QEC and scale-up. First, we present an overview of the architecture
spanning the physics of the nuclear spin qubit states, shared control,
and single- and two-qubit quantum gates. From this physical basis,
we analyze the implementation of the surface code on the architec-
ture, including the conditions under which the quantum operation
error rates are below threshold. As we will show, the degree of par-
allelism achieved in this design is high, requiring only four steps to
perform surface code stabilizer measurements across the entire ar-
ray, independent of the number of qubits. From simulations of the
quantum operations, we determine the conditions under which the
effective gate errors are below the error threshold, and we consider
various sources of qubit and control inhomogeneity and their miti-
gation in the architecture design. In our Discussion section, we discuss
scale-up to large arrays required for universal quantum computing. In
the Supplementary Materials, we focus on the experimental imple-
mentation by performing 3D electrostatic simulations, paying par-
ticular attention to qubit phase synchronization and the robustness
of shared-control qubit addressing given the likely level of fabrication
variations. Many of the building blocks of this architecture have been
experimentally demonstrated, and our simulations of the quantum
operations, including the various sources of decoherence and control
errors, indicate that the single- and two-qubit gate error rates under
the current experimental conditions are within the expected surface
code error threshold. While our simulations focussed on the specific
case of dipole-only coupled qubits, a relatively small increase in the
donor array density would engage the exchange interaction and in-
crease the CNOT gate speed significantly. In our architecture, the
overall fabrication and control complexity is significantly reduced: a
full-scale universal quantum computer based on this design will have
far fewer control lines, by several orders of magnitude, than that re-
quired for independent qubit control. The architecture thus provides a
pathway to a large-scale universal quantum computer based on donor
qubits in silicon, and the shared-control paradigm may be of use in
other qubit systems where uniformity can be exploited.

RESULTS

Overview of the architecture

The architecture is schematically shown in Fig. 1. Quantum informa-
tion is encoded on the long-lived nuclear spin-Y; states of ionized P*
donors, |1,y — |0), || .) — |1), which are arranged in a 2D square array.
We can take advantage of the recent demonstration of 3D STM fab-
rication of Si:P structures (33) to break free from the geometric con-
straints of planar circuitry and exploit the third dimension to define
three operational planes. In the upper (green) and lower (blue) planes,
nanowires form a regular crisscross grid of control lines (Fig. 1A), with
a width of 5 nm and a pitch of 30 nm (for definiteness). In the middle
plane, the 2D lattice of P donor qubits at the same pitch is patterned
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with atomic precision, tunnel-coupled to phosphorus-doped quan-
tum dots that form the islands of vertical single-electron transistor
(SET) structures (Fig. 1B). The upper series of nanowires alternate
as SET source (S) and upper gates (G,), whereas the lower comple-
mentary control line series alternate as SET drain (D) and lower gates
(Gg). Each qubit is addressed by a set of upper/lower gate crossings
around each cell (Fig. 1C). In any given unit cell, the SET island facil-
itates donor spin loading and unloading, controlled by bias conditions
defined by the associated intersections of proximal source, drain, and
gates. The bias conditions can be set to independently couple the SET
island to a specific neighbor donor to load/unload an electron for
activation/deactivation, and the control layout allows for multiplex-
ing this operation across the array (see the Supplementary Materials
and fig. S1). Once qubits are activated, they can be controlled by ex-
ternally applied (global) radio frequency (RF) and microwave (MW)
fields acting on the nuclear-electron states to simultaneously perform
single- and two-qubit quantum gates on the activated donor qubits, on
the basis of well-understood electron spin resonance (ESR) and nucle-
ar magnetic resonance (NMR) techniques (I). Nonactivated qubits are
sufficiently detuned and remain unaffected by global control. Initializa-
tion and readout of the qubit nuclear spins follow well-established
protocols on the basis of swapping the quantum information from
the nuclear spin to the electron spin, together with spin-dependent elec-
tron tunneling to the SET island (5). The whole device is cooled to the
millikelvin regime and operates in a static magnetic field of B, ~ 2 T.
The remainder of the paper is devoted to detailing the operation of
the architecture.

Single-qubit gates
The nuclear spin states of the qubit in the P" “memory” configura-
tion (Fig. 2A) precess according to the usual Zeeman Hamiltonian

Hpem = _gnlvlnBzZn (1)

where g, = 1.13 is the nuclear g factor for phosphorus (I), p, is the
nuclear dipole moment, B, is the static magnetic field in the z di-
rection, and Z, is the Pauli Z-operator acting on the nuclear spin
(throughout this paper, the subscripts n and e refer to nuclear and
electron spins, respectively). In the absence of a bound electron on
the donor, the hyperfine interaction is identically zero, and in high-
purity **Si, the quantum coherence time of the qubit in this memory
configuration is much longer than the operational time scale of the
architecture. The uniformity of the qubit energy levels, and hence reso-
nant frequency in the memory configuration, A®ynem = AEmem =
2g.11,,B, (denoted RF, in Fig. 2A), is therefore limited only by the pu-
rity of the silicon substrate and the homogeneity of the magnetic field.

An electron is loaded in a spin-down state to the corresponding donor
from the proximate SET island to activate a specific qubit (Fig. 2B). This is
achieved by first applying a small negative voltage to both of the S and D
lines that intersect at the desired SET. This raises the Fermi level of the
SET in question, bringing it close to the electrochemical potential required
to load an electron onto one of the nearby donors. A combination of
voltages applied to the gates (G4, Gp, G4', and Gg') lowers the potential
of the target donor so that an electron will transfer to it. 3D electrostatic
simulations of the combination of voltages required to execute read,
load, and unload operations (see the Supplementary Materials and
fig. S1) show that the bias control conditions are robust against donor
placement variations of several nanometers, well within current
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Fig. 1. Physical layout of the donor-based surface code quantum computer. (A) The system comprises three layers. The 2D donor qubit array
resides in the middle layer. A mutually perpendicular (crisscross) pattern of control gates (initially chosen to be 5 nm in width and 30 nm in pitch) in the
upper and lower planes form a regular grid of (3D) cells. In the upper plane, the control lines alternate as source (S) and gate A (G,), and in the bottom
plane, the control gates alternate as drain (D) and gate B (Gg). (B) In the middle plane directly below each intersection of S and D lines is a STM fabricated
Si:P monolayer quantum dot, which forms the island of a vertically defined SET facilitating electron loading/unloading and readout. (C) A single P donor
is located at the center of each cell defined by the boundaries of G, Gg, S, and D lines. In the noninteracting memory state, the qubit states are encoded
on the long-lived zero-leakage/zero-loss spin states of the spin-Y2 P nucleus (3'P*). A specific qubit is activated/deactivated by applying voltages to the
proximal gates (S, D, Ga, Gg, Ga', and Gg') to create the local bias condition to load/unload an electron onto the donor or to place the system into the
readout configuration (see the Supplementary Materials and fig. S1). By virtue of the shared-control lines, this process can be carried out in parallel at
multiple locations. Activation switches on the hyperfine interaction on single donors, and spin-spin interactions for neighboring activated donors,
allowing single- and two-qubit gates to be carried out via global ESR and/or NMR control. Nonactivated qubits are detuned from these control fields
and remain unaffected. The computer operates at millikelvin temperatures in a background static field of ~2 T.

STM-based fabrication tolerances (7, 34). When an electron is loaded to
a donor, the hyperfine interaction is immediately switched on, and the
Hamiltonian of the qubit in this activated configuration becomes

Hact = _gnunBzZn + glJ'BBzZe + Acnce (2)

where 6 = (X, Y, Z) and the hyperfine interaction for P donors in
silicon is (2A/h) = 58.5 MHz (35). The activated-qubit states and res-
onant frequencies are schematically shown in Fig. 2B. In the electron
spin-down sector, the resonant frequency of the qubit (denoted RF,
in Fig. 2B) changes to W,y = AE.ct = Ej1)y — Ejo)y = AEmem + 24,
detuned from spectator qubits in the memory configuration by an
amount 2A. Given the relatively low voltages applied to these struc-
tures, the Stark shift of the donor levels and the hyperfine interaction
will be negligible (7), and the value of A will be highly uniform given
that the extremely narrow linewidth of P donor nuclear spins in en-
semble measurements (3) is dominated by field inhomogeneity. The
resonant frequency of the qubit nuclear spin in the “activated” con-
figuration is thus digitally switched (36) and therefore provides a pre-
cise method of addressing qubits for global NMR control. The crisscross
control array allows multiple qubits to be activated in parallel and
brought into resonance with the global RE/MW spin-control fields to
effect any single-qubit gate en masse over the activated set. Meanwhile,
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qubits in the memory configuration are sufficiently off-resonance and
remain spectators to the process. Single-qubit operations on nuclear
and/or electron spins are thus performed via the global application of
the following Hamiltonian (1)

Hgiobat = gupBumw (Xe cos(omw?) + Y, sin(omw?)) 3)
—gull, Bre (X, cos(wrpt) + Y, sin(wgrgt))

where oy rr are the frequencies of the applied fields tuned to the
relevant transitions of the activated electron/nuclear spin system (Fig. 2B)
and Byrw ke are the respective field strengths. Assuming a RF field
strength of Bgr = 1 mT, the corresponding X gate (n rotation) time
on the nuclear spin qubit is ~21 ps. Rotations of the nuclear spin
around the y axis may also be achieved with a RF field 7t/2 out of phase
to x-axis rotations. Using combinations of rotations around these two
orthogonal axes, any single-qubit rotation of the nuclear spin may be
achieved using this global control, including robust control pulses such
as BB1 (37), which can correct for residual control errors (such as small
inhomogeneities in A) and/or global decoupling pulses. Similarly, the
electron spin can be controlled via resonant MW fields.

The procedure for qubit initialization and readout, schematically
shown in Fig. 2D, is based on the protocol for donor nuclear spin read-
out demonstrated by Pla et al. (5). Qubit readout can be carried out
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Fig. 2. Schematic of single-qubit states, activation, and initialization/readout. (A) Single donor qubit cell and SET island (side view), addressed by the
intersection of source/drain gates and proximal gates. In the memory state, the donor is ionized (P*) and the energy splitting between the computational
states is AEmem = 2gnltnB; (designated RFy). (B) The qubit is activated by loading a spin-down electron, where RF NMR (RF; and RF,) and MW ESR (MW, and
MW,) transitions allow global nuclear/electron spin control, leaving unactivated qubits unaffected. (C) Top view showing the control lines biased to
activate a qubit (deactivation occurs in reverse). Shared control allows qubits to be activated at multiple locations. (D) Readout is performed by swapping
the nuclear state to the electron spin and placing the SET-donor system in the spin-dependent tunneling position (5). Readout signals from S/D lines are
time-correlated to pinpoint the qubit cell and, by generalization, allow readout across multiple qubit cells. (E) Phase-matched (PM) loading/unloading
incorporated into quantum operations. For load/unload configurations, voltages on gates (S, D, Ga, Gg, Ga', and Gg') are pulsed to only allow SET-donor
tunneling during intervals t, which are phase-locked to the hyperfine frequency 1/ta = 2A/h, preventing stochastic phase accumulation on the nuclear spin
when the electron loads/unloads (see the Supplementary Materials).

in parallel over the array by time-correlating current signals in the S on QEC because the qubit memory time is much longer than the
and D lines. Either the near-coincidence readout events that occurat  overall readout protocol.

cell locations that cannot be uniquely resolved in the first pass can be The activation (and deactivation) process is key to qubit addressing
ignored (allowing the QEC protocol to compensate) or the measure-  and operation and is governed by the donor island tunneling process.
ment at those locations can be repeated with minimal overhead effect ~ The ability to load, unload, and read an individual electron from a donor
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has been demonstrated in several experiments (29-32); with donor place-
ment to near single atomic site precision (7), the mean tunneling time
between donor and SET island can be engineered from sub-nanoseconds
to milliseconds. However, in addition to variations in the mean tunnel
rate due to donor placement, quantum tunneling is a naturally stochastic
process. As soon as the electron is present on the donor in the activated
configuration, the qubit nuclear spin begins to acquire a (well-defined)
phase due to the hyperfine interaction. If the time at which the electron
tunnels to the donor is not known, because of the stochastic nature of the
tunneling process, the abrupt change in the strength of hyperfine ata
random time gives rise to an unknown phase accumulation on the qubit
state and can be a source of dephasing. It is possible to engineer
tunneling rates to be faster than the hyperfine interaction; however, this
could be problematic for readout with SET sensitivities at the
10_66/ v/Hz level (30). To overcome this issue, we introduce a new
concept of a phase matched (PM) pulsed loading sequence applied to the
appropriate control lines (see Fig. 2E). The system is placed into the load/
unload configuration during discrete intervals, At, that are short com-
pared to the hyperfine time scale. The period between these intervals £,
is PM to the difference in frequency, 1/t5 = (AE,x — AEpem)/h = 2A/h,
between the nuclear spin precession frequencies of active (loaded) and
memory (unloaded) qubit configurations. The PM scheme thereby
restricts the stochastic tunneling events to be synchronous with the
natural phase cycle of the qubit. The qubit activation/deactivation pro-
cess is now semideterministic—one does not need to know exactly when
the electron tunneled, only that the PM sequence is long enough for
the probability of tunneling to be high and for the residual phase error
[~(%/3)(At/£4)?] to be low with respect to the surface code error thresh-
old. Qubits may now activate/deactivate at different times in the PM
sequence because of residual control variations in each qubit cell; how-
ever, phase matching is maintained, and by timing all pulses with respect
to a common clock, qubit phases will remain synchronous across the
entire array. As we will see, the PM scheme is remarkably robust against
variations in the inherent tunneling times and voltage control conditions
that may arise owing to limits on donor placement and control line
fabrication/alignment (see the Supplementary Materials and fig. S2).

Control-NOT gate
The interaction underpinning the two-qubit Control-NOT (CNOT)
gate between neighboring qubits is based on natural electron-electron
spin interactions and controlled by the timing of electron load/unload
operations. In the absence of bound electrons, the spin-dipole inter-
action between the nuclear spins of memory qubits is negligible. How-
ever, when electrons are loaded on adjacent sites, the spin-spin interaction
between activated donor pairs increases by more than six orders of
magnitude because of the larger magnetic moment of the electron. By
swapping the states of the nuclear and electron spins on a given donor,
using global control, the electron spin-spin interaction directly couples
the qubit data and forms the basis of the two-qubit CNOT gate. The
electronic spin-spin interaction can be based on either dipole or ex-
change interactions, depending on the overall dimensions and place-
ment of gate structures, and the CNOT gate can be made insensitive to
donor placement variations by incorporating robust control (38, 39).
Here, we explicitly consider the case of dipole-mediated gates, which is
the dominant interaction at a separation of 30 nm. At smaller spacings,
the faster exchange interaction would dominate.

The sequence of operations involved in the CNOT gate between any
pair of neighboring qubits is described in Fig. 3 (A to H). The CNOT
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gate can be understood as two Hadamard gates directly applied to the
target qubit through global control on the nuclear spin, sandwiching a
control-Z operation [conjugation by Hadamard gates transforms Z into
X and therefore converts the control-Z into a control-X (CNOT) gate].
The qubit-qubit interaction is mediated by the electron-electron
spins after the qubits are activated using the gates shown in Fig. 3
(B and E), and nuclear spins states are swapped to the electron spins
using RE/MW control (3) (Fig. 3F). As a result of the electron-nuclear
spin swap operation, the nuclear spins of the neighboring donors are
oppositely aligned as a result of the X gate applied to the target qubit
electron after the first load phase (Fig. 3C). Therefore, flip-flops be-
tween electron spins carrying the qubit data are highly suppressed be-
cause they are out of resonance with one another, and only phase is
accumulated in the interaction. During the interaction, a spin echo
sequence is applied, which serves to refocus any inhomogeneous
magnetic field affecting the electron spins [guaranteeing that the over-
all CNOT gate fidelity is governed by T,(e) rather than the much
shorter 7 *(e)]. These X gates commute with the interaction and thus
do not change the timing of the control-Z phase accumulation. Final-
ly, the qubit data on the electron spins are swapped back into the nu-
clear spins and the electrons are unloaded (Fig. 3H) to place the qubits
back in the memory configuration. At this stage, it is also possible that
the electrons could be read out, and this information then used to
check the CNOT operation and/or incorporated into the error correc-
tion protocol. As spin control is carried out by global RF and MW fields,
the CNOT gate can be carried out on many pairs of qubits in parallel
through the multiplexed control lines. The activation of the target
qubit followed by the control qubit occurs in sequential steps and
hence can be carried out on neighboring qubit cells (see the Supple-
mentary Materials for details of the voltage conditions). Because we
do not precisely know when the electron loads onto the CNOT control
qubit, that is, the start of the electron-electron spin interaction, we ap-
ply a global decoupling pulse, which in this case decouples the dipole
interaction by applying rotations around the dipole magic angle (40),
applied in phase with the PM loading cycle to ensure that the electron
spins have the correct alignment for the CNOT gate interaction at the
end of the loading phase.

Provided the overall electron-electron interaction strength is much
smaller than the hyperfine interaction A, the same pulse sequence
applies to the CNOT gate with exchange interactions (up to the details
of the decoupling sequence during the target qubit loading phase).
With the control qubit and target qubit having distinct transition fre-
quencies, the CNOT gate design also allows for the inclusion of an in-
teraction correction protocol, for example, BB1-based schemes (38, 39),
which provides robustness to a priori unknown variations in the spin-
spin interaction (dipole or exchange) given donor placement precision
by STM at the lattice site level (7).

Surface code operations

For QEC on the surface code, the 2D array is set up in an alternating
arrangement of data and ancilla qubits, upon which repetitive X and
Z stabilizer measurements are carried out (13-16, 28, 41) (Fig. 4A). A
local stabilizer measurement in the syndrome extraction process in-
volves a sequence of CNOT gates between any given ancilla qubit
(CNOT target) and its four neighboring data qubits (CNOT con-
trols), sequentially cycling north, west, east, and south, followed by
measurement of the ancilla. In terms of the basic architecture operations—
electron loading/unloading, global electron/nuclear control, interaction,
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Fig. 3. Overview of the two-qubit CNOT gate. (A) Circuit-process diagram for a CNOT between target/control nuclear spin qubits (n,/n;), mediated
by the spin-spin interaction between loaded electrons (e;/e,). (B) The target qubit is activated using the gates (S, D, Ga, Gg, Ga', and Gg'). (C) A global ESR
X gate flips the loaded electron spin to the up state, thereby distinguishing the target qubit resonant frequency from the control qubit when activated.
(D) A Hadamard gate, H, is applied to the data on the target qubit nuclear spin. During the subsequent control qubit load process (E), a global de-
coupling pulse is applied, in phase with the PM loading cycle, to switch off the (nonqubit) electron-electron interaction until required. The electron and
nuclear spin states are swapped (F), marking the beginning of the two-qubit interaction mediated by the (qubit-encoded) electron-electron interaction
(G). With exactly opposite nuclear spins, the interaction is an Ising ZZ coupling executing a control-Z (CZ) gate. The X gates extend electron spin
coherence during this interaction phase. At the completion of the CZ gate, the qubit data are swapped back to the nuclear spins, and the second
Hadamard gate on the target qubit converts the CZ gate to a CNOT. (H) The electrons are unloaded to deactivate the control and target qubits. Memory
(spectator) donors are unaffected by these operations.

and readout—we show in Fig. 4B the sequence of steps for a Z stabi-
lizer measurement (for simplicity, global ESR/NMR operations in the
CNOTs are not shown). The X stabilizer case is similar in the essen-
tials. These measurements must occur with a high degree of parallelism
over the array to capture the high threshold of the surface code—at this
key point, the power of the design with shared-control lines and global
ESR/NMR becomes apparent. Figure 4 (C to G) shows the Z stabilizer
measurement sequence over multiple ancilla/data qubit groups in
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terms of the control lines activated. To avoid stray qubit-qubit interac-
tions and accommodate the set of gates distinguishing the ancilla po-
sitions, we perform the stabilizer measurement at every fourth ancilla
position. To carry out the set of stabilizer measurements across the
entire lattice, we therefore need only four steps, independent of the
number of qubits. Ancilla readout at the end of each step requires S-D
correlation over only one-quarter of the array. Multicell coincidences
can be identified and resolved by repeating the ancilla measurements
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