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SpinHex: A low-crosstalk, spin-qubit architecture based on multielectron couplers
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Semiconductor spin qubits are an attractive quantum computing platform that offers long qubit coherence
times and compatibility with existing semiconductor fabrication technology for scale-up. Here, we propose a
spin-qubit architecture based on spinless multielectron quantum dots that act as low-crosstalk couplers between
a two-dimensional arrangement of spin qubits in a hexagonal lattice. The multielectron couplers are controlled
by voltage signals, which mediate fast Heisenberg exchange and thus enable coherent multiqubit operations. For
the proposed architecture, we discuss the implementation of the rotated XZZX surface code and numerically
study its performance for a circuit-level noise model. We predict a threshold of 0.18% for the error rate of the
entangling gates. We further evaluate the scalability of the proposed architecture and predict the need for 4480
physical qubits per logical qubit with logical error rates of 10~'? considering entangling gate fidelities of 99.99%,
resulting in a chip size of 2.6 cm? to host 10 000 logical qubits.

DOI: 10.1103/t2ry-119n

I. INTRODUCTION

Fault-tolerant quantum computers enable calculations that
are impractical for classical supercomputers [1-4]. However,
building a fault-tolerant quantum computer is difficult. For
example, it requires managing hardware errors that limit the
complexity of addressable computations [5—12]. Thus, error
correction is central for realizing large-scale, fault-tolerant
quantum computers. Surface codes [13—15] are a promising
approach to realizing error-corrected quantum hardware. They
allow for suppressing errors by combining many physical
qubits that operate as a single logical qubit.

The feasibility of this error-suppression concept has
recently been demonstrated on superconducting and neutral-
atom hardware [16—19] for a single logical qubit. However,
executing complex quantum algorithms requires many (logi-
cal) qubits with long coherence times [20], which remains a
significant challenge for all quantum hardware.

Semiconductor spin qubits are one potential platform
for realizing error-corrected quantum hardware [21-24].
Their benefits include small footprints, long coherence times
[25,26], high gate fidelity [27-32], operation at 1 K [32],
and the potential for scale-up using semiconductor fabrica-
tion technology [33-37]. Although experimental verifications
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of error-correction protocols have just started [38], several
theoretical works propose scalable spin-qubit architectures
[39—47] that allow for implementing surface codes with spin
qubits.

Unfortunately, many proposals suffer from high wiring
densities and partially rely on long-range coupling methods
[48-52], which have not yet achieved the required fidelity.
Some proposals [42,44], on the other hand, significantly
reduce the wiring density, by shuttling spin qubits from
occupied to vacant quantum dots with high fidelity. The feasi-
bility of this approach is under active investigation, mainly
in one-dimensional (1D) arrays of quantum dots [53-61].
Meanwhile, experimental investigations of two-dimensional
(2D) spin-qubit devices are still rare [60,62—-66]. Thus, we
anticipate challenges with the two-dimensional integration
required for implementing surface codes. In particular, we
expect issues due to (capacitive) crosstalk in the couplers
[42,44], which connect 1D arrays of quantum dots in the
necessary second dimension.

In this paper, we propose SpinHex, a conceptual spin-qubit
architecture for operating surface codes with spin qubits at
low crosstalk. SpinHex provides a 2D arrangement of spin
qubits in a hexagonal lattice. Its core unit is a spinless mul-
tielectron quantum dot, which mediates voltage-controlled
Heisenberg exchange [67-69] between up to three spin qubits
in 2D. Such a multielectron coupler (MEC) provides a large
separation between the coupled spin qubits, thus significantly
lowering capacitive crosstalk.

The use of MECs in spin-qubit architectures builds on
experimental demonstrations showing that mediated exchange
via multielectron quantum dots is a robust mechanism in one
dimensional GaAs devices [69] and that the relevant MEC

Published by the American Physical Society
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FIG. 1. (a) SpinHex hardware graph composed of MECs (red disks) and 1D quantum dot arrays (black lines). Circles (yellow and blue)
represent the data and measurement qubits of a logical qubit (blue background tiles). (b) MEC coupling the occupied quantum dots (blue disk)
of three 1D quantum dot arrays. (c)—(e) Three possible realizations of a 1D quantum dot array. Blue open circles represent empty quantum

dots. The underlined quantum dots host the surface code qubit.

spin physics and tunable exchange have been characterized
in detail [70-72]. A full two-dimensional network of MECs
has not yet been realized experimentally, and extending me-
diated exchange to large 2D layouts in silicon or germanium
remains an open engineering step. However, key ingredients
assumed by SpinHex have been demonstrated separately, in-
cluding coherent control of large-shell multielectron dots in
silicon complementary metal-oxide semiconductor compati-
ble platforms [73—75] and the operation of multiqubit devices
in planar geometries [62-66,76]. We therefore view Spin-
Hex as a near-term target, with concrete milestones being
the demonstration of a three-port MEC with independently
tunable couplings to multiple spins and a quantitative char-
acterization of capacitive crosstalk and noise during mediated
exchange operations.

To evaluate the feasibility of SpinHex, we discuss the
implementation of the rotated XZZX surface code [14]
and numerically study its performance under device-specific
circuit-level noise. In particular, we consider the errors in-
troduced by swapping spin qubits across MECs and report a
threshold of 0.18% on the error rate of the entangling gates.

We also compute the number of physical qubits required
to reach the MegaQuop, GigaQuop, and TeraQuop regimes,
where a single logical qubit can perform a million, a billion, or
a trillion error-free quantum operations, respectively. At error
rates of 0.01%, we show that approximately 1 000 physical
qubits are required to reach the MegaQuop regime. Mean-
while, a footprint of approximately 4480 qubits is required
to reach the TeraQuop regime. Finally, we estimate that a chip
operating 10 000 logical qubits in the TeraQuop regime would
result in a chip of around 2.6 cm?.

While SpinHex is not intended as a blueprint for immediate
implementation, it aims to provide a realistic and modular
design concept that addresses key integration challenges in
spin-qubit systems. By combining experimentally motivated
components, such as multielectron couplers, with quantitative
thresholds from surface-code simulations, this work outlines

a path toward scalable, low-crosstalk quantum computing ar-
chitectures in two dimensions.

II. RESULTS

A. SpinHex hardware graph

The hardware graph of SpinHex is depicted in Fig. 1.
Similar to Ref. [44], SpinHex connects 1D arrays of quantum
dots via three-way junctions to form a hexagonal lattice of
data and measurement qubits [see Fig. 1(a)]. Instead of T junc-
tions [44], we propose using spinless multielectron (or hole)
quantum dots [67—69] to couple the terminal ports of three 1D
quantum dot arrays in 2D [see Fig. 1(b)]. Such multielectron
(or hole) couplers (MECs) provide a large separation between
the terminal quantum dots of the coupled 1D quantum dot
arrays, resulting in low capacitive crosstalk.

We envision three possible realizations of the 1D quantum
dot arrays, as depicted in Figs. 1(c)-1(e).

In the first realization [Fig. 1(e)], the 1D array consists
of empty quantum dots. Two occupied quantum dots host a
compute and reference spin qubit for readout at the array’s
center. The spin qubit is shuttled along the 1D array to SWAP
its information with other 1D arrays across the MECs at the
terminal. This realization is similar to replacing T junctions
in Ref. [44] with three-way MECs. Due to the high fidelity of
shuttling operations, this is likely an interesting realization.

Noteworthy, exchange-based SWAP operations require the
exchange coupling to exceed any mismatch in Zeeman split-
ting between neighboring spins. In silicon electron spin qubits
and in planar hole devices operated with in-plane magnetic
fields, g-factor variations are typically small enough that
experimentally demonstrated exchange couplings, including
multielectron couplers reaching several gigahertz [69], read-
ily satisfy this condition. In addition, exchange-based gates
are known to be sensitive to charge noise through fluctu-
ations of the tunnel barriers and electrostatic potentials. In
SpinHex, MEC-mediated exchange is envisaged to operate
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FIG. 2. SpinHex conceptual architecture. (a) Three-way coupler: Metal gates (light gray) on an oxide layer (dark gray) define a central
coupler (red disk) and three qubit units. Each qubit unit has a charge sensor (blue disk) and a double quantum dot (pink disks), which host a
compute and a reference spin qubit for readout, respectively. (b) Cross section of a qubit unit: Metal gates (light gray) on an oxide (dark gray) on
a semiconductor layer (medium gray) define a confining potential (black lines) to trap charges (pink clouds), which carry spin qubits (arrows).
(c) SpinHex unit cell: Accumulation gates on oxide define several couplers and double-quantum-dot qubit units. Two units are marked as data
and measurement qubits, respectively. (d) Close-up on SpinHex device comprising 4.5 x 4.5 unit cells. Metal gates terminate in connection

islands (gray regions).

predominantly at symmetric operating points, where the ex-
change interaction is first-order insensitive to charge noise,
as demonstrated experimentally in both double-dot and multi-
electron mediator systems [23,69,77,78]. Combined with the
large exchange couplings achievable with MECs, this allows
fast gate operations while remaining at charge-noise-protected
sweet spots.

In the second realization [Fig. 1(d)], the quantum dots
of the 1D array are all occupied by one spin qubit. Two
quantum dots host a compute and reference spin qubit for
readout at the array’s center. In this realization, the spin qubit
is swapped to the terminal ports of the array, to exchange
information with other 1D arrays across an MECs at the
terminal. This realization is reminiscent of Ref. [43]. Due to
the low fidelity of SWAP operations, this is likely an inferior
realization.

Finally, in this paper we focus on a third realization
[Fig. 1(c)], where the 1D array consists of double quantum
dots connected via MECs. Due to the large size of the MECs,
the double quantum dots are expected to have low capacitive
crosstalk. This configuration is expected to simplify device
tuning and facilitate low crosstalk. Two quantum dots at the
array’s center host a compute and reference spin qubit for
readout.

In this realization, the spin-qubit information is swapped
within the double dots as well as across the MECs to reach the
terminal ports of a 1D array, from where it swaps information
with other 1D arrays across the MECs.

In this context, while shuttling-based schemes such as
Fig. 1(e) may offer higher fidelities in some platforms [61],
we focus on the MEC-based realization due to its reduced
crosstalk, architectural regularity, and compatibility with
well-established noise models. In contrast, shuttling errors are
highly platform dependent and more difficult to generalize,
particularly in systems with strong spin-orbit interaction [60].

This choice does not imply that shuttling-based architec-
tures are intrinsically inferior. The MEC-based realization is
adopted as a conservative, exchange-only baseline that en-
ables a controlled and broadly applicable threshold analysis,
at the cost of additional SWAP overhead.

B. SpinHex conceptual architecture

A conceptual SpinHex device layout is shown in Fig. 2.
For simplicity, we focus on a device stack of three layers
[see Fig. 2(b)]: A semiconductor material hosting a two-
dimensional gas of charge carriers at the bottom; An oxide
layer to provide electrical insulation in the middle; And a
layer of metal gates, which create a confining potential in the
two-dimensional gas of charge carriers.

The key element of SpinHex is a three-way coupler, de-
picted in Fig. 2(a). The metal gates are arranged to form
a large quantum dot at the center, which is surrounded by
three qubit units. Each qubit unit has a charge sensor and
a double quantum dot. Each quantum dot is occupied by a
single spin qubit. One of the spin qubits serves as the compute
qubit, while the other qubit serves as the reference qubit for
readout. The large quantum dot at the center is occupied by
50-100 charges, which form a spinless quantum dot. It acts
as a coupler that mediates Heisenberg exchange between the
adjacent spins of the three qubit units.

To make SpinHex modular, we define a unit cell as depicted
in Fig. 2(c). In this unit cell, we use four three-way couplers
and expand its qubit units into 1D arrays, in the spirit of
Fig. 1(c). To define a specific architecture, we use horizontal
1D arrays with N, > 2 couplers and diagonally oriented 1D
arrays with N, > 3 couplers. Figure 2(c) shows an example
where (Ny, N,) = (2, 3). Each unit cell has one data qubit
and one measurement qubit along the horizontal quantum
dot arrays. We note that the special case (N, Ny) = (2, 1)
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closely corresponds to the sparse architecture layout recently
evaluated for the XZZX surface code in Ref. [79].

To form the complete SpinHex architecture, we repeat
the unit cell, as shown in Fig. 2(d) for a unit cell, where
(Ny, Ny) = (2,3). The metal gates connect to rectangular
(gray-shaded) regions, where they need to be wired to clas-
sical control electronics. We call this region the connection
islands.

We now discuss several aspects of SpinHex:

(1) SpinHex should be a valid proposal for a range of semi-
conductor substrates (e.g., SIMOS, Si/SiGe, Ge/SiGe, GaAs,
etc.) and it should also be valid both for electron and hole spin
qubits. However, for simplicity, the device design focuses on
depletion gates, commonly used in Ge/SiGe or GaAs devices.
Similar designs in SiMOS, Si/SiGe should be possible but
would require modifications to turn the disklike structures
(coupler, charge sensors, and qubit dots) into accumulation
gates, e.g., by connecting them to a corresponding plunger.

(2) While not explicitly specified in our design, SpinHex
may require additional elements. For SIMOS or Si/SiGe de-
vices operated with electron spins, these include antennas or
micromagnets needed to realize single spin rotations.

(3) The coupler size is large, and thus ensures low crosstalk
between spins from disjoint qubit units. However, increasing
the coupler size too much will increase its level density, which
may result in higher thermal noise. Choosing the optimal
coupler size that balances these effects remains future work.

(4) Separating the data and measurement qubits by a
large distance may reduce the correlations of their respective
charge-noise environments. This is beneficial since the surface
code works best when individual errors occur independently.

(5) Especially for large values of (N, N,), it may be pos-
sible to integrate classical electronics within the connection
island. (See Refs. [42—-44] for similar comments.) Given that
most qubits of a unit cell require identical control signals, mul-
tiplexing controls within connection islands could be largely
beneficial.

Finally, error correction requires decoders that process
the measured syndrome information quickly [15]. Suffi-
ciently large connection islands may be useful for integrating
application-specific decoders on chip to realize ultralow laten-
cies. Although decoding requires access to nonlocal syndrome
data across space and time, recent proposals for modular and
hierarchical decoding architectures [80—82] suggest that local
decoding modules hosted in these islands could exchange
syndrome information through fast interconnects or shared
memory layers, supporting scalable real-time decoding in
large systems.

Fabrication defects are an important consideration in any
large-scale spin-qubit architecture. In our design, the modular-
ity of the SpinHex layout allows for potential rerouting in the
presence of a nonfunctional coupler. Furthermore, techniques
such as code deformation and dynamic decoding [83-85] can
be applied to tolerate local defects in the surface code.

In this regard, considering the LUCI framework proposed
in Ref. [85] is readily applicable for the SpinHex architecture.
Such adaptive framework for surface code implementation
over defective lattices assures spacelike distance conservation
for isolated qubit links [85] at the cost of halving the time-
like code distance; i.e., it results in requiring doubling the

syndrome extraction cycles. Importantly, the authors how that
under 1% dropout rate, the LUCI framework would require
to double the qubit overhead to reach the Teraquop footprint
[85], indicating that the SpinHex chip size would be doubled
(~5cm?). Yields above 98% have already been demonstrated
for spin qubits in silicon [86] and fabrication processes are
expected to improve, indicating that the considered numbers
are realistic. Furthermore, the chip size can be significantly re-
duced by means of recent advances on bias-tailoring quantum
error correction codes under realistic circuit noise consider-
ations applicable to spin qubits [87]. While the failure of a
coupler may result in the loss of some input-output lines,
the connection islands can still support classical electronics
and reconfigurable logic, which helps preserve architectural
flexibility despite individual defects.

C. Device operation

Device tuning. To power on the device, the metal gates
are set at an appropriate voltage. The charge sensors are then
supplied with charges from the reservoirs in the connection
islands and the charge sensors are calibrated [88]. Next, the
quantum dots in the qubit unit and couplers are supplied
with electrons from reservoirs at the device’s circumference.
Charge sensors are used to monitor charge occupation. The
couplers are occupied with a number of charges, which en-
sure a spinless quantum dot. Quantum dots in the qubit unit
are occupied by a single spin qubit each. Standard tuning
techniques are used to virtualize the gates of the double
dots [89].

State preparation. The spin qubits are initialized with a
standard procedure [32]. First, each pair of quantum dots is
brought to the (0, 2) charge configuration. This allows the
system to relax to the singlet ground state. The gate volt-
ages are then ramped adiabatically to reach the (1, 1) charge
configuration. This ramp preserves the spin state, initializing
the system in the (up, down) state. One of these spins is the
compute qubit and the other spin serves as a readout reference.

After this initial preparation, quantum error correction
requires that the same qubits be repeatedly measured and
reinitialized over many successive cycles. Fast and reliable
qubit reset is therefore a prerequisite for repetitive quantum
error correction. In small-scale spin-qubit devices, reset is
often achieved by exchange with a nearby electron reservoir;
however, such direct reservoir access is not generally available
to all qubits in dense two-dimensional architectures.

In SpinHex, reset can be achieved through two comple-
mentary and scalable mechanisms. First, reservoir-assisted
reset can be provided via the integrated sensor dots, which
are located in close proximity to the qubits and enable
controlled charge exchange with a reservoir. Second, fully
local relaxation-based reset can be employed by temporarily
tuning the double quantum dots into configurations with engi-
neered short 7] during spin-to-charge conversion. Such local,
reservoir-free reset has been experimentally demonstrated to
enable submicrosecond reset with state preparation fidelities
approaching 99.75% in multidot encodings [90,91]. Together,
these approaches provide reset speeds compatible with the
repetition rates required for fault-tolerant quantum error cor-
rection.
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FIG. 3. SWAP operation across a three-way coupler [details cf. Fig. 2(a)]. Arrows (red, blue, and black) denote spins from qubit units 1,
2, and 3, respectively. Blue gates (Vp1, Vg2, V3) control the barriers between the coupler and qubit units 1, 2, and 3, respectively. (a) Initial
spin-qubit configuration. (b) A SWAP operation between qubit units 1 and 2, lowering barriers via Vg, and Vg,, while keeping V3 closed. (c) spin

qubits after the SWAP operation.

Coupler SWAP. The key feature of SpinHex is the ability to
SWAP spins from any pair of qubit units adjacent to the coupler.
The control sequence is similar to the 1D case, discussed in
Ref. [69]. An example of swapping the spins between qubit
units 1 and 2, while leaving the qubits in unit 3 unchanged, is
given in Fig. 3. Initially, the qubit system has a well-defined
spin state in the quantum dots [see Fig. 3(a)].

To execute the SWAP operation, the voltages on gates Vg
and Vg, are adjusted to lower the barriers between qubit units
1, 2, and the coupler, respectively. This induces a Heisenberg
exchange Je [67-69] between the spins of qubit units 1 and 2,
which are adjacent to the coupler [see Fig. 3(b)]. The voltage
Vg3 is kept, so that the barrier between qubit unit 3 and the
coupler is closed. To enable a full spin SWAP, the barriers are
kept in this configuration for a time #gy,p. Typical values for
J.. are in the range (10-100) MHz from which we can directly
calculate the fgy,p time to be in the range of tens to hundreds
of nanoseconds. At the end of the SWAP operation [Fig. 3(c)],
the voltages Vg, and Vg, are reset to their original values.
The barriers between the coupler and all qubit units are now
closed.

Qubit  operations. Standard  single-qubit  rotation
[27,62,92-95] and two-qubit operations [26,28-30,96—
99] can be performed in the double dot system both for
electron-spin [26-30,92,96] and hole-spin [62,93-95,97—
99] qubits. These operations are not assumed to function
by default in SpinHex, but are included to illustrate how
existing and experimentally validated control techniques may
be embedded within a more complex modular architecture.
Single-qubit operations for electron spins require additional
antennas to perform electron spin resonance (ESR) [32,92]
or additional micromagnets to perform electron-spin dipole
resonance (EDSR) [27]. Hole-spin qubits are controlled by
voltage signals using EDSR [62,93-95].

Crosstalk associated with single-qubit driving fields is a
known and largely platform-dependent challenge for dense
spin-qubit arrays. In this work, such effects are not mod-
eled explicitly and are instead assumed to be captured

implicitly through the effective single-qubit error rates used
in the circuit-level noise model.

Between the two spins of a double-quantum dot, one
can implement exchange driven two-qubit operations, e.g., a
controlled-Z (cz) rotation [26,28,29]. These rotations are im-
plemented by controlling the exchange between the two spins
of a double-quantum dot via the voltage on the barrier between
the two spins. This technique can be applied both to electron-
[26,28,29] or hole-spin [99] qubits. Controlled X-rotations
(cx) can be achieved by adjusting both the voltage barrier
and the ESR/EDSR control signal, as, e.g., implemented for
electrons in Refs. [29,96] and holes in Ref. [98]. Alternatively,
one can conjugate a cz gate with a single-qubit Hadamard
(H) operation. A two-qubit operation between compute qubits
of disjoint qubit units requires swapping both qubits into the
same double dot. Such SWAP operations involve both swap-
ping across the coupler as well as swapping spins within
the compute unit. SWAP operations within a qubit unit can
be composed from primitive single-qubit and cz (cx) oper-
ations. Alternatively, they can be induced using Heisenberg
exchange.

It is worth noting that two-qubit controlled-Z or controlled-
X operations are often synthesized by interleaving at least
two partial SWAP (+/SWAP) gates with single-qubit rotations.
Considering such compilation, one could model the SWAP
operations with an error rate of approximately 0.5p relative
to the cz error rate p.

Readout. Spin readout [62,98,100,101] is performed using,
e.g., Pauli spin blockade spin-to-charge conversion methods
with current or rf-sensing via the single-electron transistor.

D. XZZX surface code on SpinHex

A SpinHex device consisting of a (d + 1) x (d + 1) square
lattice of unit cells can always host a rotated surface code of
distance d. See Fig. 1(a) for an example where the surface
code has distance d = 5. Note that such a surface code has
d? data qubits and d> — 1 measurement qubits. We focus on
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FIG. 4. XZZX surface code on SpinHex. (a) Section of a SpinHex device (cf. Fig. 2) with a measurement and four data qubit units (white
and red disks), respectively. Each qubit unit has its compute qubit at its left and its reference qubit at its right. Labels (Q1-Q12) mark qubits
along the path connecting the measurement qubit unit to the data qubit units 3 and 4, respectively. (b) XZZX stabilizer circuit. (c), (d) Examples
illustrating the implementation of two-qubit stabilizer operations (cz, cx) on SpinHex by means of SWAP operations. (c) cz between the compute
qubit of the measurement qubit unit and the compute qubit of data qubit unit 3. (d) cx between the compute qubit of the measurement qubit

unit and the compute qubit of the data qubit unit 4.

the XZZX code [14], due to its consistent performance in the
presence of biased noise that often appears in spin qubits.

The implementation of the XZZX code on SpinHex is illus-
trated in Fig. 4 for a device with an (N, N,) = (2, 3) unit cell.
To implement the XZZX code, one performs the stabilizer
circuit of Fig. 4(b). This stabilizer circuit must be applied to
each of the d> — 1 measurement qubits. For each measure-
ment qubit, implementing its stabilizer circuit requires acting
on its four adjacent data qubits. Figure 4(a) illustrates the
typical allocation of a measurement qubit and its four adjacent
data qubits on a SpinHex device.

To avoid hook errors, the entangling-gate schedule must
be chosen carefully. In our implementation, we use an alter-
nating schedule, similar to the one employed in Ref. [17].
Specifically, for every other measurement qubit, the sequence
of entangling gates is applied in a Z pattern rather than the
standard N pattern.

Note that we implicitly assume that each qubit unit has its
compute qubit on its left and its reference qubit on its right.
We implement the initialization, the Hadamard operation, and
the readout of the stabilizer circuit on SpinHex as discussed
in the previous section. The two-qubit operations (cz and cx)
of the stabilizer circuit require additional SWAP operations, as
illustrated in Figs. 4(c) and 4(d). Note that for a (Nx, N,) unit
cell, the implementation of a cz (or cx) operation requires
[4(N¢ + N,) — 10] additional SWAP operations. (To bring the
data and the measurement qubit into the same qubit unit, we

require Ny + N, — 2 coupler SWAPs and N, + N, — 3 SWAP
operations within qubit units. The same amount of SWAPs is
required to return the data and the measurement qubit to their
original locations.)

E. Noise model

Next, we simulate the performance of the XZZX surface
code using a circuit-level noise model tailored to the device
characteristics of SpinHex. Errors are modeled using Pauli
channels of one and two qubits depending on the operation
performed; that is, Pauli errors are applied stochastically with
an error rate p. The overall error rate of a gate is the sum
of the probability of each individual Pauli error. When all
Pauli errors occur with equal probability, the noise is called
depolarizing noise. For a single spin qubit, the probability
of experiencing a bit flip (X error) or a bit-phase flip (Y
error) is usually equal p, ~ p,. Meanwhile, the probability
of experiencing a phase flip (Z error) p, is higher, as given by
the bias value,

p. T
px+py T2’

n= ey

where 77 and 75 refer to the relaxation and dephasing times
[102]. In our circuit-level noise model, we model idling
operations of the stabilizer circuit with biased noise. For
all other operations (H, cx, cz, and SWAPs), we assume an
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FIG. 5. Logical error rate vs physical error rate p (of two-qubit gates) for an (N, N,) = (2, 3) SpinHex device at noise bias n = 100. (a),
(b) Lines (top to bottom) show vertical (V) and horizontal (H) memory (see Sec. IV for details) at surface code distance d = 5,9, 13,17. A

vertical black line marks the threshold at 0.18%.

implementation that is not bias preserving. Hence, we model
those operations using depolarizing noise.

To account for typical spin-qubit fidelities, we assume the
identical error rate p for all two-qubit operations. The entan-
gling gate error rate will serve as the baseline error rate, and
we quantify the rest of the error rates as a function of such
value. Therefore, whenever we comment on device thresholds
and error rates, those refer to the error rates of two-qubit oper-
ations and the rest are scaled as a function of those. Recall that
every cz (or cx) operation of the stabilizer circuit requires im-
plementing [4(Ny + Ny) — 10] additional SWAP gates. Noise
in single-qubit gates is modeled using a smaller gate error
rate p/10. Noise in state preparation and readout is modeled
using higher error rates of 2p and 2p, respectively. Finally,
to simulate the performance of the architecture we use the
pymatching implementation of the minimum-weight perfect
matching decoder MWPM) [103,104].

For further details of the noise model and simulation, see
Sec. IV.

We emphasize that the noise model introduced above is
intentionally formulated at an effective circuit level and does
not attempt to capture specific microscopic noise processes
in a given material platform. In practice, fast and reliable
qubit reset and gate operations in spin qubits are governed by
platform-dependent noise mechanisms, including hyperfine
coupling, charge noise, valley physics, and spin-orbit inter-
action. While early GaAs devices benefited from excellent
material quality and low disorder, hyperfine-induced deco-
herence motivated the transition toward group-IV platforms.
In Si/SiGe and SiMOS devices, valley physics and interface-
related charge disorder play a dominant role, whereas in
Ge/SiGe hole-spin platforms, strong spin-orbit coupling
enables fast electrical control but introduces additional relax-
ation channels. Despite these differences, all platforms have
demonstrated high-fidelity exchange-based operations.

Within our framework, such platform-dependent effects
enter only through the resulting effective gate error rates
and their bias. Accordingly, our threshold analysis, based on

effective depolarizing and dephasing noise models calibrated
to realistic gate fidelities, should be interpreted as defining a
requirement on the effective physical error rates rather than
as a prediction for any specific material system. The reported
threshold of 0.18% therefore represents a platform-agnostic
error-budget target.

F. Threshold and noise performance

Figure 5 presents the simulated performance of the XZZX
code for an (N, N,) = (2, 3) SpinHex device. The dots rep-
resent the numerically simulated logical error rates for each
distance and physical error rate. The connecting lines are
added for visual guidance. The logical error rate is presented
as a function of the physical error rate p (of the two-qubit
gate) for code distances d = 5,9, 13, 17 (top to bottom), re-
spectively. A black line marks the threshold at a physical error
rate of 0.18%.

Although data are reported for a noise bias n = 100, it is
worth noting that the threshold of the XZZX code remains
constant for all bias values. The threshold values for the
rotated CSS surface code are similar. (See the Supplemental
Material for details [105].) The consistent performance of the
XZ7ZX code with respect to the noise bias n of the idling
operations was the reason for choosing it.

In addition, note that the reported threshold of 0.18% is
lower than the 0.565% threshold of the CSS and XZZX codes
in the presence of standard depolarizing circuit-level noise as
aresult of the extra errors introduced by the SWAP gates [106].
The threshold value of 0.18% implies that implementing the
XZ7X code on a (2, 3) SpinHex device requires fidelity better
than 99.82% for two-qubit gates, 99.982% for single-qubit
gates, and 98.64% for state preparation and measurement.
Such high fidelity values have yet to be achieved for spin
qubits (cf. Table II). As such, they should be understood as
target values for future implementations.

The decoding of surface code syndrome data is performed
using the minimum-weight perfect matching algorithm
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TABLE I. Code distance required to reach Mega-, Giga-, and
TeraQuop regimes.

Error rate p MegaQuop GigaQuop TeraQuop
0.0001 d=17 d=11 d=15
0.0005 d=15 d=25 d=235
0.001 d=35 d =61 d=285

implemented in pymatching [103,104], which offers sub-
microsecond decoding performance on CPUs for distances
up to d = 17 [104]. This choice is motivated by the strin-
gent latency requirements of fault-tolerant operation in fast
spin-qubit platforms, where syndrome extraction occurs on
microsecond timescales.

While tensor network (TN) decoders can achieve slightly
higher thresholds in some biased noise regimes, they are
not currently compatible with real-time decoding due to
their higher computational complexity and need for bond-
dimension truncation. Moreover, our simulations are based
on a circuit-level noise model, which further increases the
complexity of TN decoding [107]. As such, matching-based
decoders remain the most viable option for practical, real-time
fault-tolerant operation in architectures like SpinHex.

G. Qubit count and footprint

We next estimate the qubit count and footprint required
for a large-scale SpinHex device. To begin, we compute the
number of couplers and qubits as a function of the unit cell
size (Ny, Ny) and surface code distance d. Each logical qubit
occupies (d*> — 1) measurement squares.

Assuming qubit quantum dots with a diameter (pitch) of
100 nm and couplers with a diameter of 500 nm, we estimate
the physical footprint using the device geometry [see details
in the Supplemental Material [105]].

Based on our circuit-level noise simulations, we compute
the code distance d necessary to reach the MegaQuop, Gi-
gaQuop, and TeraQuop regimes as a function of physical gate
error rate p. The results are summarized in Table I.

(a) pL vs distance
-2 e p=0.0001
10 :\‘,\. --- Fit p=0.0001
1073 fi ey p=0.0005
~ 104/ Y ha N Fit p=0.0005

T 5] et e p=0.001
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Code Distance

Figure 6(a) shows the logical error rate versus code dis-
tance for three values of p. The linear fits in logarithmic scale
reflect the expected exponential suppression of logical errors
with increasing d in the subthreshold regime [106].

For p = 0.001, the qubit counts become prohibitively large
(e.g., over 24 000 qubits for the MegaQuop regime). At p =
0.0005, the MegaQuop regime requires about 4480 physical
qubits per logical qubit. For p = 0.0001, approximately 4480
qubits suffice to achieve TeraQuop performance.

To estimate the overall chip area, we consider a fault-
tolerant processor hosting 10 000 logical qubits at p =
0.0001, which would result in an estimated area of approxi-
mately 0.26 cm? for the data blocks alone. Here, the choice of
p = 0.0001 (corresponding to ~99.99% two-qubit fidelity in
our effective noise model) should be interpreted as a forward-
looking benchmark used to estimate best-case architectural
overhead, whereas the higher-p cases represent more near-
term operating regimes. In this case, adding space for routing,
control electronics, magic state distillation, and ancilla facto-
ries, we estimate a total chip area around 2.6 cm?. This factor
is based on architectural estimates from Ref. [108], where
additional space up to 10x the data block can be required
to implement universal quantum computation. We further an-
alyze how increasing the size of the connection islands (to
accommodate local control electronics) affects the threshold.
This trade-off between integration space and logical error
rates is illustrated in Fig. 7. Increasing (Ny, N,) enlarges the
available area for classical electronics but requires more SWAP
operations during stabilizer measurements, reducing the effec-
tive threshold. Detailed calculations for qubit counts, physical
layout, and SWAP overhead are provided in the Supplemental
Material [105].

H. Threshold versus area of the connection island

One merit of the SpinHex device is the ability to integrate
control electronics within connection islands. These islands
grow in size with the number of couplers per unit cell, con-
trolled by parameters N, and N,. Larger islands allow space
for classical electronics but require additional SWAP operations
to perform stabilizer measurements. This increase in SWAPs

(b) Footprints

-@- p=0.0001
p = 0.0005
105 —#— p =0.001

104

Qubit count

103

Giga Tera
Error free operation regime

Mega

FIG. 6. Code distances and number of physical qubits required to reach the Mega-, Giga-, and TeraQuop regimes in a (2, 3) SpinHex device.
(a) Logical error probability p; vs code distance d for error rates p = 0.0001, 0.0005, and 0.001 (bottom to top). Dots represent numerically
obtained values. Lines extrapolate the data to larger code distances. (b) Number of physical qubits required to reach logical error rates in the
Mega-, Giga-, and TeraQuop regimes, using code distances from panel (a) for error rates p = 0.0001, 0.0005, 0.001 (bottom to top).
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FIG. 7. Thresholds (left axis) and area of the connection island
(right axis) vs the number of SWAPs per stabilizer measurement
(cf. Fig. 4) of a SpinHex device (orange, blue, and green curves),
respectively.

affects the surface code threshold due to the accumulation of
additional gate errors. Estimates for the SWAP count and con-
nection island area are provided in the Supplemental Material
[105]. Based on these estimates, the total number of SWAP
gates required per stabilizer measurement is

Ngwap = 4 x 2 X [2N, — 1 4 2(N, — 2)]. 2)

This trade-off is illustrated in Fig. 7. The plot shows both the
surface code threshold (left axis) and the connection island
area (right axis) as a function of the number of SWAP oper-
ations for several SpinHex layouts with increasing (Ny, N,).
As the number of SWAPs increases from 72 to almost 600,
the threshold decreases from 0.18% to 0.027%, while the
connection island area grows up to approximately 150 um?.
We note that realizing a device with such large connection
islands would require significant advances in gate fidelity
beyond current experimental capabilities (cf. Table II).

III. DISCUSSION

Summary. In this work, we introduce SpinHex, a con-
ceptual spin-qubit architecture for operating surface codes.
SpinHex provides a 2D arrangement of spin qubits in a hexag-

TABLE II. Experimentally reported fidelity values (see Ref. [25]).

Operation SiMOS(n)  Si/SiGe(n) Ge/SiGe(p)  SiMOS(p)
Init >99% [32]

H 99.9% [92] 99.7% [109] 99.97% [97] 99.5% [95]
cz/cx >98.4% [26] >99% [28] 99.3% [97] [98]
SWAP

Coupler

Read 99.2% [100] 99% [101] 90% [60] low [95]
Idle

T, 1-10° ms 1-10°ms  >1ms[62] >10us[93]
T 10-10>pus  10-10>us  <400ns [62] <200ns [93]
Bias >10 >10 >2500 >50

onal lattice. Its core unit is a spinless quantum dot occupied
by multiple electrons or holes. Such quantum dots act as
couplers, which mediate voltage-controlled Heisenberg ex-
change [67-69] between spin qubits in 2D at low capacitive
crosstalk. To evaluate the feasibility of SpinHex, we provide
extensive numerical simulations. These simulations probe the
performance of the rotated XZZX surface code under device-
specific circuit-level noise. For a minimal (2, 3) SpinHex
device, we report a threshold of 0.18%. Further assuming
an error rate of 0.01%, we show that approximately 4480
physical qubits can realize a logical qubit in the TeraQuop
regime. (In this regime, a logical qubit can execute a trillion
error-free operations.) We further show that a SpinHex device
operating 10 000 logical qubits in the TeraQuop regime can be
hosted on a chip area of 2.6 cm?. A chip of this size can fit in
a dilution refrigerator and, from that point of view, represents
a plausible architectural route toward implementing surface
codes with spin qubits.

Benefits. We now list potential benefits of SpinHex: (1)
Low capacitive crosstalk between spin qubits, in particular,
across junction elements. (2) Large distance between data
and measurement qubits, potentially exceeding the correlation
length of the noise environment. (3) Potential space for the
collocation of control electronics side by side with the qubit
arrays.

Assumptions. We now list a couple of assumptions, omis-
sions, and open questions, which need to be addressed in
future work: (1) SpinHex focuses on depletion gates. To make
it work for SiMOS or Si/SiGe platforms, further modifications
are needed. (2) For SiMOS or Si/SiGe platforms, SpinHex
requires the addition of micromagnets or microwave antennas
for spin control. (3) Multielectron couplers have been verified
in 1D [67-69]. An experimental verification of 2D operation
remains future work. Verifying the operation with holes in-
stead of electrons is also future work. (4) So far, we focus on
surface code operation. Meanwhile, universal quantum com-
puting will require additional functionality to entangle logical
qubits and perform magic state injection. (5) SpinHex requires
very high fidelity to operate efficiently (99.99% for SWAP,
cx, and cz; 99.999% for Hadamard; and 99.98% for state
preparation and measurement). For §J/Jiheo. Of approximately
0.01, the SWAP gate fidelity is theoretically estimated to reach
around 99.98% (see the Supplemental Material [105] for full
analytical and numerical calculations). This assumption is
consistent with experimental measurements at symmetric op-
erating points [77].

Achieving these fidelity values is future work.

IV. METHODS

A. Circuit-level noise model

To customize our circuit-level noise model, we assume that
errors for all operations of the stabilizer circuit (cz, cx, SWAPs,
H, initialization, idling, and readout) occur independently.
To customize their relative strengths, we consider the
experimentally reported fidelity values in Table II. Based
on these values, we set the relative error probabilities as
summarized in Table III.

The gate error of two-qubit gates (cz, cx) is modeled us-
ing two-qubit depolarizing noise with an error rate p. Since
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TABLE III. Tailored circuit-level noise model for the proposed architecture based on silicon spin qubits.

Operation Error Rate
CNOT/cz Depolarizing: {X, Y, Z}®2 \ {I®?} P
Hadamard Depolarizing: {X, Y, Z} p/10
Reset |0}, |+) Instead resets to |1) (]—)) 2p
Measurement Flip the obtained result 2p
SWAP Depolarizing error: {X, Y, Z} on the data/measurement qubit 0.8p
Idling Biased Pauli: {X, Y, Z}, with p, = p, = 2(p1iiln) and p, = (']i“;‘) &(p/10)

single-qubit gates have an order of magnitude lower infidelity,
we set the error rate of the Hadamard operation to p/10.
Here, we model the noise using a single-qubit depolarizing
channel. Although state preparation and readout can have
fidelity in excess of 99%, both can be challenging in exper-
iments. Hence, we model both processes with an error rate
of 2p.

Similar to two-qubit gates, we model the errors of SWAP
operations using two-qubit depolarizing noise with an er-
ror rate p. (We acknowledge that the fidelity of a coupler
SWAP will likely be lower in initial experiments.) We further
note that a SWAP operation will generally exchange a data
(or measurement) qubit with an ancillary qubit. This implies
that only 12 of the possible 15 Pauli-errors in the two-qubit
depolarizing channel will affect the data (or measurement)
qubit. Thus, we model the error during a SWAP operation
as a single-qubit depolarizing channel with reduced error
rate 12/15p = 0.8p.

Since no experimental values are currently available, this
estimate is based on analytical and numerical considerations,
as detailed in the Supplemental Material [105].

To complete the noise model, we need to discuss noise
experienced by idling qubits. Silicon spin qubits present very
high coherence times [46,79,110]. Since the operation times
in silicon spin-qubit systems are very fast, idling may be
seen as a negligible source of error or at least few orders of
magnitude less probable. However, in other qubit technologies
[111,112], it has been observed that idling noise is higher
when operating adjacent qubits. Here, we model the idling
noise using an error rate p/10. Furthermore, we adjust the er-
ror rate according to the time it takes to execute an operation,
using a scaling factor . For example, idle qubits in the readout
stage will experience errors at a rate 7(p/10), while idling
qubits at a single-qubit gate step will experience an error rate
of 1/10(p/10). The baseline £ = 1 is set when executing a
cX, ¢z, or SWAP gate on other qubits. Finally, silicon spin
qubits present a strong bias toward dephasing errors, and,
thus, the idling steps will be modeled by means of a Pauli
channel with a bias 1. A summary of our model is given in
Table II1.

Note that, in our architecture, each SWAP gate transfers the
state of a data or measurement qubit to an ancillary transport
qubit whose state is subsequently discarded. Therefore, the
two-qubit depolarizing channel used to model the SWAP gate
effectively reduces to a single-qubit depolarizing channel with
error rate 0.8p, as only errors affecting the transported qubit
impact the logical computation (see the Supplemental Mate-
rial, Section “Effective noise model for SWAP gates” for details
[105]).

B. Numerical simulations

Extensive Monte Carlo simulations of the CSS and XZZX
codes have been performed in order to estimate the perfor-
mances of the codes considering the circuit-level noise model
described before. We implement the noisy extraction circuits
in order to perform the sampling of the errors by using Stim
[113]. Stim considers the check measurements upon a set of
syndrome extractions altogether with a final measurement of
the data qubits.

In order to conduct the memory experiments of the CSS
(See Supplemental Material [105]) and XZZX rotated surface
codes, two different memory experiments are conducted de-
pending on which initial state is aimed to be preserved:

(1) CSS surface code: Z memory experiment in which all
data qubits are initialized to the |0) state and finally measured
in the Z basis; and the X memory experiment in which all
data qubits are initialized to the |+) state and measured in the
X basis.

(2) XZZX surface code: the horizontal (H) memory exper-
iment in which data qubits are initialized in an interchanging
pattern of |+) and |0) states starting from |+) for the top
left data qubit and finally measured in their corresponding
bases, and the vertical (V) memory experiment in which data
qubits are initialized in an interchanging pattern of |0) and
|+) states starting from |0) for the top left data qubit and
finally measured in the corresponding basis. The horizontal
and vertical memory names come from the direction of the
strings forming logical operators in each of the cases.

The operational figure of merit we use to evaluate the per-
formance of the codes is the logical error probability, p;, per
extraction round. We ran 3d rounds of syndrome extraction
to reduce time-boundary edge effects coming from the fact
that the first and last extraction rounds are less noisy than the
ones in the bulk [106]. Once the circuits are run to collect the
samples, we use the pymatching implementation the MWPM
decoder in order to aim for recovery and determine, if a logical
error has occurred or not [15,103,104,114]. To decode at the
circuit level, one must get the detector error model, which we
do using Stim [113,114].

In order to have good enough statistical accuracy from
the Monte Carlo simulation estimations, we began collect-
ing samples with a ceiling of 20 million circuit shots and
a hundred thousand logical errors. For the lowest logical
error probability points, i.e., d = 13,15 at p = 0.0001, we
increased the shot ceiling up to ten billion shots. We high-
light regions showing p; values for which the conditional
probabilities P(p,|k) are within a factor of 1000 of the max-
imum likelihood estimation, p; = k/n, assuming a binomial
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distribution, only for the numerically estimated points, but are
too small to be observed [115].
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