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FY2030 and after

We develop core technologies for scale-up and system integration of spin qubit 

devices in Si/SiGe, aiming to realize large-scale quantum computers with error 

correction through industry collaboration.

FY2025

We develop fabrication technologies for high-fidelity multi-spin qubit devices in 

Si/SiGe and build a medium-scale quantum computer prototype. We also 

demonstrate high-fidelity quantum operations using wave packet qubits.
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Multiple qubit 

devices

R&D Item 1：Development of scalable 

technologies for fault-tolerant Si spin qubits

R&D Item 3：Development of 

isotopically controlled Si/SiGe

substrate technology

R&D Item 4: Development of 

electron wave-packet qubits circuit 

M. Yamamoto, RIKEN/Tokyo-U

R&D Items in the Project

Qubit shuttle

R&D Item 2：Development of 

middle-distance quantum link

T. Fujita, Osaka-U

Wiring 

technology

T. Miki, Kobe-U

T. Nakajima, RIKEN

S. Miyamoto, AIST

S. Takada, Osaka-U



Summary of Outcomes in the Respective R&D Items
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R&D Item1: We achieved SPAM fidelity >99%, active reset initialization > 99 % 

and two-qubit gate fidelity of 99.4% in a 3 qubit device, and the record-fidelity 

(>99.99%) in a 5-qubit device, exceeding expectations, and are preparing 10 or 

more qubit devices. We also implemented advanced technology of signal wiring 

and are proposing a method of implementing error correction in a sparse qubit 

structure.  Overall more than the targets are likely achieved.

R&D Item 2: We are developing qubit shuttling to connect distant qubits, and extracted  

conditions of spin transmission through one-dimensional quantum dot arrays via 

simulations and prototyping devices. The target is likely achieved.

R&D Item 3: We are building a new growth system to improve 28Si quality and advancing 
28 Si/SiGe interface control to enlarge valley splitting. We used an old system to grow 

medium quality 28Si and observed large valley splitting in qubit devices. The target 

is achieved or likely achieved.

R&D Item 4: We initially proposed a wave packet qubit circuit and prepared the 

verification experiment. We succeeded in generating an electron wave packet with 

high coherence as a key element and proposed a new experiment scheme using the 

quantum Hall effect. The target is possibly achieved.



5

-wave

burst

Semiconductor Spin Qubit 

 and  in the spin qubit is controlled by applying a -wave burst.

|𝜑 >= cos
𝜃

2
|0 > +𝑒𝑖∅sin

𝜃

2
|1 > 

(t) 

(t)

MW in a time 

window to control 

spin rotation

EZeeman

Spin resonance occurs to flip the spin 

when MW frequency  = EZeeman.



(t) 

(t)

Qubit control fidelity > FTQC threshold

Exchange coupling

Two qubit gate fidelity > 99%
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Multi-qubit Devices

High-fidelity qubit gates

Multiple qubits

Challenges in this project  



High-fidelity Qubits

High-fidelity qubit operation in Si-

MOS and Si/SiGe

[Fowler et. al., Phys. Rev. A (2012)]
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Outline of R&D Item 1

Si/SiGe 5Q experiments ongoing

QD1 QD2 QD3 QD4 QD5

2Q demonstration 
in 2022

12Q experiment is 
ready to start

MUX/DMUX

I/O

Qubit

(1) Development of fault-tolerant Si qubit 
device technology: T. Nakajima, RIKEN

(2) Development of implementation 
technology for control signal routing in 
integrated Si qubits: T. Miki, Kobe Univ.

Qubit fab and control demonstration Signal integrity and implementation

Development of scalable fault-tolerant Si qubit devices
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28Si/SiGe

(G.Scappucci)

Y-H. Wu et al., npj Quantum Information (2024)

Achievements：
99.4% 2Q gate fidelity with systematic error calibrations

Purpose：
Error analysis with GST for high-

fidelity 2Q gates

R&D Item 1:  High-fidelity 2Q Gates (before FY2024)

Error compensation to maximize fidelity
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Purpose：
Fast and high-fidelity qubit readout is necessary for quantum error correction

Achievements:

SPAM fidelity 99.6% with 3 µs readout time (< T2*), applicable to QEC

R&D Item 1:  High-fidelity SPAM (before FY2024)

K. Takeda et al., npj Quantum Information (2024)



R&D Item 1: > 99.99% Control Fidelity in 5Q Device

Purpose： Demonstrate high-fidelity gate operations on multiple qubits

Achievements：

• 𝐹1Q > 99.99% primitive gate fidelities 

for all five qubits in a device

Y-H. Wu et al., arXiv:2507.11918

99.993% 99.998% 99.998%

99.996% 99.990%

Q1 Q2 Q3

Q4 Q5

Pulse spectrum

Time window of MW

Kaiser

Rectangular

Kaiser

Rectangular



R&D Item 1: 5Q (F>99.9%) Simultaneous Drive
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𝐹𝑄1 = 99.96 1 % 𝐹𝑄2 = 99.92 2 % 𝐹𝑄3 = 99.97 1 % 𝐹𝑄4 = 99.93 1 % 𝐹𝑄5 = 99.8 1 %

Q
1

Q
2

Q
3

Q
4

Q
5

MW 
Gate

Rectangular pulse spectrum

Kaiser pulse spectrum

Achievements：

• 𝐹1Q > 99.99% maintained in three-qubit 

simultaneous control and 𝐹1Q ~ 99.9% in five-

qubit simultaneous control, by reducing crosstalk  

and calibrating AC Stark shfit

Purpose： Demonstrate simultaneous operation of multiple qubits with high fidelity

Composite MW for 5Q resonance
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R&D Item 1:  Clarification of Qubit Noise

Purpose： Understand qubit noise correlation and its origin and consequences

Achievements：

• We found that the correlation length of charge noise is ℓc ~ 90nm, 

backing up the feasibility of quantum error correction in shuttling-

based architecutres

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

L. C. Camenzind et al., in preparation

Left spinRight spin

Rojas-Arias et al., Phys. Rev. Appl. (2023)
Jun Yoneda et al., Nat. Phys. (2023)
Rojas-Arias et al., arXiv:2505.05875

∝ 𝑓−1

2Q device subject to TLS noise
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R&D Item 1: Signal Routing Implementation for Qubit Devices
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48-channel 
Pulse Combiner

Qubit

PCB
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SEM image

Purpose : Development of signal routing implementation for scalable Si qubits

Challenge 1 : Programable pulse combiner for precision control of Si qubits

Achievements : 

• 48-channel 18-bit-resolution pulse shaping

(Patent app. no. 2025-025813)

• Installed in RIKEN’s 12-qubit characterization setup

Challenge 2 : Wire-bonding-free implementation of qubit chips

Achievements : 

• Establishment of cryogenic through-silicon via (TSV) process

• Evaluation of signal integrity from DC to 10GHz



DC electronicsAWGs with 

custom IPs

Parameterized control infrastructure
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R&D Item 1：Qubit Control System for Multi-qubit Devices

Purpose：
Establish quantum computing 

systems with >10 spin qubits

Achievements：

Fully functional spin-qubit 

systems with circuit-level and 

pulse-level programming

Open-source 

qiskit ecosystem

Data 

management, 

flow control and 

hardware drivers

Virtual-gate 

assembler

OpenQASM

/ OpenPulse

Pulse 

instructions

Control 

commands

Optimized pulse 

compiler

Qubit 

hardware

(Qiskit) Circuit/pulse programs

Experimental data



16

Outline of R&D Item 2

T. Fujita, Osaka-U

Quantum link using 1D quantum-dot arrays

Coherently shuttling electron spins

Nat. Commun. 2022 (A. Noiri, Riken)

npj Quantum Info. 2017 (T. Fujita, Delft)

Scale-up

Linking qubit arrays

Two-qubit gate operation

Nat. Commun. 2024 (T. Struck, Aachen)

High fidelity
Nat. Nanotechnol. 2024 (M. De Smet, Delft)

Development of middle-distance quantum links

➢ Comparing exchange-based and shuttling-based spin 

transfer models

➢ Developing devices with reduced wiring overhead

➢ Demonstrating quantum coupling via quantum links
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R&D Item 2: Spin Transfer via Spin Chain

Purpose：
1. Spin state transfer via spin 

chains

Achievement：
1. Fidelity calculations for exchange-

based spin transfer including roughness

2. Demonstrating short-cut to adiabaticity

2. Increased fidelity and speed for two-

level adiabatic passage

(applicable to adiabatic spin-chain transfer or 

charge shuttling)

DC preparation + two-step pulsing

Rapid-transfer at 99.9% fidelity expected 

under +20% spin exchange variation 

𝑡𝑖𝑛 incr. 𝑡𝑜𝑢𝑡 decr.

X-F Liu et al., Phys. Rev. Lett.132, 027002(2024).

Counter-
diabatic pulse

Higher fidelity

Faster 
transfer

H. Yuta et al., JSAP (2023).

In
fi
d
e
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y

𝐽 = 200 MHz
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Purpose：
3. Shuttling in conveyor-mode

Achievement：
3. Simulated working principle with 

four individual voltages. Developed 

μm-scale dot-arrays

4. Towards demonstrating middle-

distance spin qubit coupling

Outlook:

➢ Minimal demonstration of shuttling

➢ Simulation and development in 

scalable Si/SiGe devices
(fabricated on GaAs, planned supply of 

SiMOS or Si/SiGe devices)

simulation

Developing stacking-gate device

Single layer gate-array
Preliminary measurements:

7-dot array formation

Spin resonance operation under magnetic noise 

(low B-field)

Larger-number high-frequency connection (PCB by 

RIKEN)

Progress：
4. Installed setup for dot-array spin 

coherence measurements

Wavefunction in GaAs, 
L=400nm, 1/f=30ps

R&D Item 2: Spin Shuttling for Implementing  Qubit Coupling



Outline of R&D Item 3

Development of isotopically controlled 

Si/SiGe substrate technology

Interfacial control technology

to enhance qubit controllability and shuttling 

performance

Challenges:

28Si/SiGe wafers enabling

scalable integration of qubit arrays

1. Development of 28Si/SiGe wafers

with high quality and high mobility

2. Structural evaluation scheme for interface

3. Improvement of valley splitting through 

the index of interfacial tilting

S. Miyamoto, AIST
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R&D Item 3:  Characterization of 28Si/SiGe Substrate
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H introduction time (hr)

I
n

te
g

ra
te

d
 i
n

te
n

s
it

y
 r

a
ti

o

Before H 

introduction

SiGe removal

Achievement and Progress:

Developing H-assisted interfacial 

control technology for efficient 

incorporation against SiGe removal

TEM

+ −

Purpose 1: Development of interfacial control technology towards high-quality 28Si/SiGe

Achievement:

Mapping evaluation of interfacial tilting 

effects around defects incorporated 

during the 28Si/SiGe growth

Raman
H incorporation

1 0 0  n m

100 nm

Exp.

100 nm

Cal.

Electron 

interference 

pattern of 

localized 

defect
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R&D Item 3: Noise Properties and Valley Splitting of 28Si/SiGe

Y. Song et al., npj Quantum Information (2024).

International collaboration with SNU

Achievement:

Achieving large valley splitting (~200 eV)

in Si/SiGe qubits

(suggesting an issue of inhomogeneity)

Purpose 3: Development of 28Si/SiGe

wafers with well-defined interface

K. Sato et al., in preparation.

Achievement:
・Identifying charge noise originating from 

    band-edge defects at Si-MOS interface
・Estimating interfacial defect density 

 (~1010 cm-2)

Purpose 2: Establishment of MW 

reflectometry for optically-induced 

non-equilibrium current

Noise PSD
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R&D Item 4  Development of electron-wave-packet qubits with a new principle

Purpose

- Yamamoto, Takada, Bäuerle, PCT/JP2023/025244

- Pomaranski, Yamamoto, JP2025-015274

Development of a new-concept quantum computer

Pure electron excitation (Leviton) or plasmonic excitation

Which path (calculation) → Time-bin (transmission)

Long coherence

Loop type circuit + A few shared control units

Hardware size ∝ 𝑁𝛼 𝛼 ≤ 0.5 𝑁: No. of qubits

A large number of logical qubits in a single 

refrigerator with a few thousands wires
Technology to be developed

1. Generator of short electron wave packets

2. Circuit for high fidelity quantum operations

3. Conversion between Time-bin qubit (transfer 

state) & Which-path qubit (operation state)

4. Single shot readout of an electron wave packet

Yamamoto（RIKEN・UTokyo）

Takada (OsakaU)
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1. Generator of short electron wave packets

Generation of short Lorentzian voltage pulse

ff0 3f0 5f0 7f0

- Superpose properly controlled harmonics

Nh/Ne = 0.43 % for the 27 ps wave packets 

in quantum conductor

- M. Allufi et al., Phys. Rev. Applied 20, 034005 (2023). 

• Developed also in Yamamoto group

30 ps (~ 10 µm)

300 ps (~ 100 µm)

N > 1000 qubit in 1 m quantum circuit

(with ~ 10 RF lines for control)

Towards Leviton with FWHM ~ a few ps (~ 1 µm)GaAs based photo switch
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2. Circuit for high fidelity quantum operations

~𝑒2/ℎ

V = 4.7 μVSingle channel quantum interference !!

Realization of single channel quantum interference

D. Pomaranski, S.T., M.Y. et al., arXiv:2410.16244 

which-path qubit → time-bin qubit → which-path qubit

Time-bin
Which-path

> 20 µm

> mm~10 µm



25

2. Circuit for high fidelity quantum operations

M. S. Ouacel, S.T.,  M.Y. et al., Nat. Commun. 16, 4632 (2025)

Suppression of decoherence by electron wave packets

Single channel quantum interferometer + Electron wave packet

Interference seen owing to the non-linearity of the bands for large excitation

→ linear regime (wave packets are not distorted)



2. Circuit for high fidelity quantum operations

D. Pomaranski, K. Hirohashi, S.T., M.Y. et al., in preparation 26



Single shot readout

2. Circuit for high fidelity quantum operations

New scheme using quantum Hall edge channels 

: well-defined channel without backscattering 

Time-bin single qubit gate

Time-bin two-qubit gate

D. Pomaranski and M.Y., arXiv:2507.20192

27

27
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3. Robust eigenstate control

• Eigenstate: Controlled by the channel width

vp_narrow < vp_wide

- G. Roussely et al., Nat. Commun. 9, 2811 (2018).
Long (> 10 μm) uniform (narrow) wire → Challenging!!

Our new method

Series of Fabry-Perot(FP) cavity formed by QPCs

• 𝐿FP <
𝐿p

2
: Control eigenstates with local barriers (QPCs)

𝐿FP ≫
𝐿p

2

𝐿FP <
𝐿p

2

S. T., M.Y. et al., arXiv: 2503.06834

Keep most part of the wire wide, narrow only at QPCs

Robust eigenstate control to realize a long quantum circuit with electron wave packets
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4. Single shot readout of electron wave packets

|𝑆⟩

|𝑇0⟩

|𝑆⟩

|𝑇0⟩

Electron spin qubit

Electron wave packet does not pass→ |𝑇0⟩ Electron wave packet passes → |𝑆⟩

ref: V. Thiney et al., Phys. Rev. Res (2022).
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• Control of electron wave packets 

• Tuning of spin qubits → On going

SEM of the relevant device

Single shot detection of a wave packet

Spin blockade



Summary and Outlook

30

FY2030 and after

Scale-up and system integration of spin qubit devices, aiming to realize large-scale 

quantum computers with error correction through industry collaboration.

30

2023 2025 2030

Large-scale 

FTQC

System integration: scalable 

qubits with signal wiring and 

elemental technologies 

(qubit drive, readout, 

transfer) 

QEC implementation

Equipment 

start-up 

Multiple 

qubits

Shuttling 
28Si/SiGe growth

Signal wiring

Proof of concept

: wave packet 

circuit

Speed-up by industry 

collaboration

After 2030

High fidelity

Qubit

PCB

Flip Chip
Bump

PCB

Passive

Si Si
TSV

Active

MUX/DMUX

I/O

QubitQubit
CPW

Qubit

Interposer

Most of the targets appear to have been achieved, with several exceeding initial 

expectations:

• 1Q gates > 99.99% in a 5Q device and 2Q gates = 99.4% and SPAM > 99% in a 

3Q device

• Finding noise correlation between qubits and proposing the noise model

• Simulation and characterization of 1D QD channel for spin-chain and spin shuttling 

• Growth of medium quality 28Si/SiGe and observation of large valley-splitting

• Generation and control of electron wave packet with long coherence 
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