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From MOSFET to spin qubit
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From MOSFET to spin qubit
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Loss-DiVincenzo qubit (1998)

Loss and DiVincenzo, Phys. Rev. A 57 (1998)
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Loss-DiVincenzo qubit (1998)

J
J

Loss and DiVincenzo, Phys. Rev. A 57 (1998)
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Large scale architecture

Vandersypen et al., npj Quantum Inf 3 (2017)

Coupled qubit arrays

Long range coupler

Classical electronics

Universal quantum computer
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Large scale architecture

Bartee et al., Nature (2025)

Coupled qubit arrays

Long range coupler

Classical electronics

Universal quantum computer
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Large scale architecture

Coupled qubit arrays

Long range coupler

Classical electronics

Universal quantum computer

Conveyor belt shuttling

Superconducting links

Xue et al., Nat. Commun 15, 2296 (2024)

Dijkema et al., Nat. Phys. 21, 168–174 (2025)
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Large scale architecture

Philips et al., Nature (2022)

Hendrickx et al., Nature (2021)

A six qubit processor

2D array

Coupled qubit arrays

Long range coupler

Classical electronics

Universal quantum computer
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Si-based quantum computing roadmap

Coupled qubit arrays

Long range coupler

Classical electronics

Academic prototypes Large scale integration QPU

Universities
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Intel, AMD and co.
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Si-based quantum computing roadmap

Coupled qubit arrays

Long range coupler

Classical electronics

Academic prototypes Large scale integration QPU

imec + collaboration partners Intel, AMD and co.Universities

Future
Today2000



Viktor Adam, AG Wernsdorfer30 July 202512

Interuniversity Microelectronics Centre

10 cm

1 µm

Development of next-generation technologies

First to produce spin qubit devices fully industrially

40 m



Viktor Adam, AG Wernsdorfer

Two-qubit Si/SiGe device from imec
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Two-qubit Si/SiGe device from imec
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Double dot potential
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Charge sensing 
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Single electron transistor

ST
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Charge stability diagram
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Spin to charge conversion
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~ meV
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Spin to charge conversion
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~ meV

80 µeV

@ B = 0.7 T
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Spin to charge conversion
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~ meV

80 µeV

@ B = 0.7 T
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Electric dipole spin resonance (EDSR) qubit manipulation
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Electric dipole spin resonance (EDSR) qubit manipulation
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Electric dipole spin resonance (EDSR) qubit manipulation
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Two individually addressable spin qubits
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Single qubit operations
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Rabi Ramsey Spin-Echo
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Single qubit operations
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Rabi
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Single qubit operations
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Isotopically purified Si:

!!
∗ = 120 µ'

Veldhorst et al., Nature Nanotech 9 (2014)

Rabi Ramsey



Viktor Adam, AG Wernsdorfer

Single qubit operations
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Rabi Ramsey Spin-Echo
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Exchange coupling of two spins
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With Eigenstates: | ⟩↓ !, | ⟩↑ !, | ⟩↓ ", | ⟩↑ "
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Exchange coupling of two spins
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Exchange coupling of two spins

30 July 202531

With Eigenstates: | ⟩↓↓ , | ⟩↓↑ ,  | ⟩↑↓ , | ⟩↑↑

( = *+#,$ ⋅ .$ + *+#,% ⋅ .%+ ℎ 1 .$ ⋅ .% −
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Loss and DiVincenzo, Phys. Rev. A 57 (1998) Veldhorst et al., Nature 526 (2015)
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Exchange coupling of two spins

30 July 202532
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Exchange coupling of two spins
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Exchange coupling of two spins
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Exchange coupling of two spins
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Exchange coupling of two spins
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With Eigenstates: | ⟩↓↓ , | ⟩↓↑ ,  | ⟩↑↓ , | ⟩↑↑
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Exchange spectroscopy

J
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Right qubit = Target qubit

Left qubit = Target qubit
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Exchange spectroscopy
Control qubit in |↓⟩
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Exchange spectroscopy
Control qubit in |↑⟩
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Controllable exchange coupling
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Controllable exchange coupling
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Conditional resonances
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Conditional rotations (CROT)

f2f1

f2f1
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Conditional rotations (CROT)

Resonant CNOT gate!

f2f1

f2f1
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CROT with dynamical control qubit evolution

f1

Control qubit preparation
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CROT with dynamical control qubit evolution

f1

Control qubit preparation

f2

f4

Target qubit spectroscopy
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Coherent Two-Qubit Control in Industrial Si/SiGe Spin Qubits

Industrial semiconductor processing is capable of multi-qubit quantum device fabrication

Conditional two-qubit rotationsTunable exchange interaction
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50



Viktor Adam, AG Wernsdorfer

Si/SiGe heterostructure
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DrainSource

Simplified schematic
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Cryogenic setup

52

Qinu-type cryostat L

“Idefix” 2023

Cooldown to < 100 mK

in 3.5 h

Base temperature < 40 mK

54 filtered DC lines

13 RF lines

Qinu-type cryostat XL

“Obelix” 2021

Cooldown to < 100 mK

in 5.5 h

Base temperature < 30 mK

48 filtered DC lines

6 RF lines
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Our setup at KIT
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Cooling Power of a Sionludi L
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Two-qubit Si/SiGe device from imec
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Gate layer 1 Gate layer 2 Gate layer 3 SiO2 Si SiGe MW signal
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Charge noise

FFT from 5 min timetrace

Mean 1Hz noise: +. -. ± 0. 01 234/ 67

4 points to extract charge noise

Also see: Elsayed, A. et al. (2024) Low charge noise quantum dots with industrial CMOS manufacturing.
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Silicon based heterostructures for quantum computing
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Spin to charge conversion

Load Read

EF

E↓

E↑

[Elzerman et al. 2004, Nature]
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Spin to charge conversion

[Elzerman et al. 2004, Nature] 100 single shot measurements

Load Read

EF

E↓
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Two individually addressable spin qubits
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Single qubit operations
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Semiconductor based qubits
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Two qubit gate fidelity > 99% 

Two qubit logic at 1.1 K

High Qubit density in 2D grids

CMOS compatible

[Hendrickx, et al., Nature 591, 580–585 (2021)]

[Noiri, A. et al., Nature 601, 338–342 (2022)]

[Maurand, R. et al., Nat Commun 7, 13575 (2016)]

[Hendrickx, et al., Nature 591, 580–585 (2021)]

[Philips, et al., Nature 609, 919–924 (2022)]
[Petit, L et al., Nature 580, 355–359 (2020)]

Shuttling

Cryo-CMOS
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Cobalt micromagnet

Stuyck et al., Appl. Phys. Lett. 119 (2021)
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Sequential two-qubit control and readout

Measurement sequence: 

Readout 

left 

Readout

right
!! !! !"!"
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Exchange coupling of two spins
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Exchange coupling of two spins
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Two Qubit gates
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With Eigenstates: | ⟩↓ ;, | ⟩↑ ;, | ⟩↓ !, | ⟩↑ !
B-field gradients
from µ-magnet 

J
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Exchange splitting

Single fit function for all curves:

Sum of left qubit resonances Sum of right qubit resonances
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Exchange coupling J

Log scale

Lin scale
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Two Qubit gates

30 July 202573 Xue, X. et al. (2022). Quantum logic with spin qubits crossing the surface code threshold.
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Conditional rotations (CROT)

f1 f2

f3 f4

f1 f2

f3

f1

f2

f4

Usable as non–demolishing readout!
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CROT with dynamical condition

f3

f1

f2

f4

Zero detuning:

9( = 0

Finite detuning:

9( = 0.5

Rabi drive of first f3 and then f1 with different pulse durations before readout

Readout 

Left 

Readout

Right
Measurement

Sequence: 

f1f2 f1f2

=) =) =*=*
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f3

f1

f2

f4

Rabi drive of first f1 and then pi-pulse target before readout

Readout 

Left 

Readout

Right
Measurement

Sequence: 

f1 f1

!! !! !",$!",$

f2

f4

Another CROT with dynamical condition


