Towards modular quantum computation with spin qubits in diamond
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A blueprint for a scalable
quantum computer

Quantum algorithms
and error correction

A full-stack approach

Fujitsu and QuTech are working
together to realize a complete
blueprint for a scalable quantum
computer based on optically
linked spin qubits in diamond.
This includes proof of principle
demonstrations of the key
building blocks.

Micro architecture

Cryo-CMOS electronic interface

Spin qubits in diamond

Communication qubit

Data qubit
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Team at QuTech, TU Delft

Fabio Sebastiano
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Ronald Hanson Slava Dobrovitski Tim Taminiau David Elkouss Erwin van Zwet Karindra Perrier

+ approximately 35 students, postdocs and engineers
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Towards modular qguantum computation
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Scalability through modularity

Optimisation on the level of
modules. Control over crosstalk
and crowding.

High-connectivity enables many
guantum error correction codes
(e.g. qLDPC codes)



Fault-tolerant thresholds

Local operations
F=~99.7%
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entanglement rate / decoherence rate =~1000

QuTech TUDelft FU]ITSU

-----

Thresholds for the distributed surface code in the presence of memory

decoherence
Sébastian de Bone, 2 Paul Méller,® Conor E. Bradley,®* Tim H. Taminiau,! and David Elkouss'*
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Beyond the surface code
Quantum Low-Density Parity-Check (g-LDPC) codes and other
high-connectivity codes

AVS Quantum Sci. 6, 033801 (2024)
Singh arXiv 2408.02837 (2025)



Three challenges for scalability

2. Efficient optical interconnects
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Challenge: current

entanglement rate/decoherence rate < 1

1. High-fidelity
qubits

3. Integration and scalability:
Fabrication,

Optics,

Electronics,
Microarchitecture.

Some example demonstrations @ QuTech:
Delle Donne et al., Nature 2025

Hermans et al., Nature 2022

Pompili et al., Science, 2021
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The qubits: spins in diamond

NV center SnV center

e _o °t o

_ Sn nuclear spin
Electron spin

T2 (DD) >5
Electron seconds

Coherences (NV, 4 Kelvin):

E Electron spin

o/\°§

4N nuclear spin

S

T2(DD) | >2
Nuclear | minutes h 13C Nuclear spin h 13C Nuclear spin

Abobeih Nat. Commun. 2018
Bradley PRX 2019

Established and well understood testbed Next generation for optical integration
and high entanglement rates
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Up to 50 nuclear

spin qubits

Abobeih Nat. Commun. 2018
Bradley PRX 2019

Abobeih Nature 2019

van de Stolpe Nature Comm. 2024
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Up to 50 nuclear 50 nuclear spins Yo
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Early “applications” : many-body physics and error correction

Realization of a discrete time crystal

1 .
1 ER R RN NN ! ERREE n See also superconducting
c faneE ARy . '
R ey 0 g Processors.
Y B ~  Google — Mi et., Nature 2022
AR RN RN
olNnNNNNNN l n RN EREENREN

-1 IBM — Frey et., Science Adv 2022
0 20 40 60 80 100

Floquet cycle, N
J. Randall et al., Science 2021

Fault-tolerant operation of a logical qubit (5-qubit code with a flag qubit)

Real-time controller
Ancilla
Flag Previous demonstrations with ion traps:
Monroe/lonQ — Egan et al., Nature 2021
Data Quantinuum — Ryan-Anderson et al., PRX 2021
qubits
Encoding Gates Stabilizer measurement paiil..
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High-fidelity gates

Two-qubit subspace Single-qubit gates
Input
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Phys. Rev. Applied 23, 034052 (2025)



High-fidelity gates

Bl nitrogen
7-qubit device: 00204 <O
Pairwise gate set tomography .l
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The SnV center: next generation qubit

Cavity resonance statistics
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The SnV center: next generation qubit

Stable optical transitions
Counts [kHz]
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Control of nuclear spins: Beukers, et al. arXiv:2409.08977



Towards modular qguantum computation

2900
Next big step
% Fast optical interconnects with SnV
(expected soon!)
XX
Outlook
% Create first functional small/medium-sized
error-corrected systems.
For examples:
02000

9 modules (surface code)
72 modules (qLDPC code with 12 logical qubits)
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Large-scale integration

Quantum algorithms
and error correction

Micro architecture

Cryo-CMOS electronic interface

Spin qubits in diamond

Communication qubit

Data qubit
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https://qutech.nl/fujitsu-collaboration/




Photonic integrated circuit

Diamond chiplet

Beam Splitter

Single
photon
detectors

Entanglement

R. Ishihara et al., IEDM 2021, pp. 14.5.1-14.5.4

Challenges
® Visible wavelength (532 nm to 638 nm)
® Heterogeneous integration
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Diamond-on-insulator and chiplet

DOI substrate Etching Implantation Photonic cavity

Diamond
SiO2

T. Chen, et al., arxiv:2501.12831

SiN waveguide
4 <4
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Diamond/SIN waveguide coupling

FDTD simulation by T. Miyatake and S. Miyahara, Fujitsu

Ex @ Freg=1.6129um"' [Mon#1 (0,0,10)]

10

Z (um)
o

-10 =
0.0

2 -1 0 1 2
Y' (um)

SiN Index: 2.024@A=620n
SiO, Index: 1.457@A=620nm

SiN waveguide
Low transmission loss for visible light

S| photonlcs foundry compatlble
‘autech TUDelft FUJITSU
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Coupling efficiency >99%
60nm misalignment: 3dB loss



Pick-and-place assembly

—cplets—

10.0kV 7.5mm x2.50k SE(U) 7/24/2023 13:42

Surface energy optimization
Highly accurate (misalignment ~50nm)

L. Rami, et al., in preparation




Beam splitter with SiN waveguide

FDTD Simulation Experiment with SIN waveguide
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« 10nm NDTIN in SIN waveguide
« Magnetic field = 130mT
* Intrinsic quantum efficiency = 100%
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Normalized Count Rate (PCR)

7.5 100 125 150 175 200 225 250 275
Bias current Ib [pA] M. van der Maas, et. al,

QuTech TUDelft FUﬁTSU %PS

March 16—21, 2025, Anaheim, CA and virtual

JOINT MARCH MEETING AND APRIL MEETING

Global Physics Summit




Cryo-CMOS for diamond qubits

* Chip fabricated in commercial 40-nm CMOS
* Operating at 4 K next to qubits

 Designed not to limit qubit performance AC
Cryo-CMOS + Diamond ‘
Diamond with NV-centers f°\¢35"'m“t AC Controller Rabi Oscillation

|
1004 RT setup
—— Cryo-CMOS
0.95 1 ,‘ \
A 0.90
o
0.85
0.80
fo = 2.6585 GHz

[Enthoven ISSCC 2024]
[Fakkel JSSC 2024]
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Microarchitecture for diamond qubits

* Digital control (micro-ISA) of MW and RF generators (controlling qubits) and
photonics (@cryo temperature)

« Digital (parallel) control of color centers (ISA) (@room temperature)

« Simulation framework (both ISA and micro-1SA level) with noise models

« Compiler framework (using Qiskit)

Quantum algorithm ISA Micro-ISA (Cryogenic) interface electronics
7 DY : )
x ubits
X q0 e o ‘ Photon
H ql e e @ readout &
CNOT ql, g2 2322223 ql ©r o /% Q
CNOT qo 14 ql switchOn ql \?
H ql LDi'zl Svl;o:onl;:go 200, 0, ql DC & HW '
measure g0, b0 mov photonReg0, KO magnetic-field —
o8 Ro>R33, B0 generation 2 ' )
j Simulator | Driver of photonic circuits |
\
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3D Integrated system

Cryostat 1-4K

Cryo-CMOQOS

Flip-chip

Micro-bump

Mono
Em

Diamond

Magnetic-field generator

R. Ishihara et al., IEDM 2021, pp. 14.5.1-14.5.4

Photonic circuits
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A blueprint for a scalable
quantum computer

Quantum algorithms
and error correction

A full-stack approach

Fujitsu and QuTech are working
together to realize a complete
blueprint for a scalable quantum
computer based on optically
linked spin qubits in diamond.
This includes proof of principle
demonstrations of the key
building blocks.

Micro architecture

Cryo-CMOS electronic interface

Spin qubits in diamond

Communication qubit

Data qubit
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