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QC is HOT, HEAVY and very COOL!
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Quantum computing basics
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Information encoded in particle spin or charge location

Basis states

      |↑> = |0>; |↓> = |1>

Superposition states

        |Ψ> = a|↑> + b|↓>

a and b are complex numbers

● a = cos(θ/2)

● b = eiφsin(θ/2)

● |a|2 + |b|2 =1

● Only two deterministic real variables: φ, θ

Bloch sphere
|↑>

|↓>

θ

φ



Universal single and double-spin (entangled) gates
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Bloch sphere

|↑>

|↓>

θ

φ

Rotation around X, Y, Z axes

σX=[0 1
1 0]

σY=[0 −i
i 0 ]

σZ=[1 0
0 −1]

CNOT=[1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

]



Running quantum computing algorithms
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Source: Keysight



QC processor: qubits+sync-ed AWGs, VSGs, PSAs, RTOs
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Source: Keysight



Types of qubits (gates)
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8/2014
[M.B. Ritter, IEDM 2018 short course]  



Superconducting qubits: most common today 
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[M.B. Ritter, IEDM 2018 short course]



Superconducting qubits: coupling 
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[M.B. Ritter, IEDM 2018 short course]  



Superconducting qubits: spin control and readout 

Sorin P. Voinigescu 11Monolithic Quantum Computing ICs in FDSOI

[M.B. Ritter, IEDM 2018 short course]  

“Dispersive” = direct detection of change 
in resonance frequency of detuned readout 
resonator

I/Q upconversion and Gaussian 
pulse modulation



SC qubits: noise, energy, frequency, temperature 
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[W. Oliver, EuMW 2018 short course]



Electron-spin coupled quantum dot (QD) concept
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[Burkard, Loss and DiVincenzo Phys Rev B, 1999]

ωL=γe BLarmor frequency

γ
e
 is the electron gyromagnetic factor 

~28 GHz/T 



E-level splitting due to Zeeman effect with dc  B
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[L Hutin, Hole-spin qubit. VLSI 2016]

Em=mgμB B=115.74μ eV⋅m⋅B [Tesla]

f Larmor=
Δ E
2π ℏ

=27.92GHz⋅B [Tesla ]



E-level splitting due to coupling between QDs
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Coupling frequency

ΔE (or t or J) = coupling energy

ΔE  must be > kT

Want electric control of ΔE (barrier)  for 
Swap or C-NOT gate

[S. Voinigescu, IJE Feb. 1989]

f C=
2Δ E
2π ℏ

; 2Δ E=1meV →241.47GHz

AlGaAs/GaAs/AlGaAs double well

E0 +=E0+ Δ E

E0-=E0−Δ E



Electron-spin coupled quantum dot gates
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[M.B. Ritter, IEDM 2018 short course]



Quantum computing with coupled QD
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Spin Rotations 
● Apply a mm-wave signal of amplitude V

mmw
 at f

Larmour
 for 

pulse duration τ
 
on QD gate

   where fR ~ Vmmw is the Rabi frequency, fR<<fLarmour

Spin Swap or C-NOT gate
● Apply a pulsed inter-dot voltage and/or on barrier gate

f
R
 determines speed of quantum gate and processor

H s(t )=J (t ) S⃗ L⋅S⃗ R

θ=2π f R τ



From FDSOI MOSFET to quantum dot 
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[L. Hutin,  ESSDERC 2018]



From quantum dot to spin qubit
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[L. Hutin,  ESSDERC 2018]



Hamiltonian of single-spin gates with excitation
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Bloch sphere

|↑>

|↓>

θ

φ

z

y
x

B
dc

B(t)H=(ωmmw−ωL)
σ z

2
+ ωR [cos(ϕ)

σ x

2
−sin (ϕ)

σ y

2 ]

H lab=−ωL+ γe B (t )
σ x

2

B(t )= 2
γe

ωR cos(ωmmw t+ ϕ)

U=e−iH t

[J.P.G van Dijk, NPJ 2018]

ωL ~ Bdc sets the qubit frequency, operation temperature

When ωmmw = ωL we have electric spin resonance (ESR)

ωL

ωR



Mm-wave spin manipulation circuit specification
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[J.P.G van Dijk, NPJ 2018]

ω0=ωL

[M. Mabaie, EuMW-2018 Short Course]



ESR spin manipulation 
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[L. Hutin,  ESSDERC 2018]

ωR∝Bac=α I ac

α determined from 
measurements



Electrical-only spin manipulation 
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[L. Hutin,  ESSDERC 2018]

ωR=βV ac

β determined from 
measurements



Electrical-only spin manipulation: Rabi frequency 
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[L. Hutin,  ESSDERC 2018]



Pauli spin blockade readout
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[L. Hutin,  ESSDERC 2018]



Quantum computing: current vision is hybrid
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Pdc & qubit technology

prevent integration



Quantum computing for electronics engineers
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● Fully coupled N-qubit register => 2N complex amplitudes available simultaneously

● qubits act as gates and as temporary memory cells for intermediate results

● “Logic gate operations” are sequentially executed in time by...

● applying mm-wave analog-mixed signals (I/Q pulse modulation) to qubit gates

● ...we perform deterministic phase modulation in 2D 

● System time-evolution described by Schrodinger's time-dependent equation

● Readout is probabilistic, based on spin selective tunneling or dispersive

● Ultra low phase noise, cryogenic mm-wave radar-like circuits needed 



Quantum computing challenges today
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● Thermal noise ~kT

● ΔE <0.1 meV => T< 1 K

● Spin relaxation and coherence times ~ µs 

      => gate operations must be ~ 10 ps in duration

● Cannot dissipate >10mW power at 0.1 K

● Interface with outside world too big a load for qubit

● Atomic-scale fabrication precision needed with high yield



The original vision
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[Loss and DiVincenzo,
Phys Rev A, 1998]

[S. Oda IEDM 2016]



Our approach and goals
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● Foundry FDSOI CMOS-based QD qubits

–  Si n-MOSFET for electron spin qubit

– SiGe p-MOSFET for hole spin qubit

● mm-wave AMS circuits for spin manipulation and readout on the same die 

with the qubits

● > 4 K operation now, (maybe) 77 K in 15 years
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Electron- and hole-spin QD concept in FDSOI
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● Double-dot qubit (C-NOT) = 2-gate MOSFET cascode

● Quantum dot (QD) under each top gate

● Individual gate control of each QD

● Potential barrier between dots

● Back gate for entanglement control

● mm-wave E-field applied on gate and z-axis dc magnetic field



Low power monolithic quantum processor
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● External low phase noise mm-wave signal

● Broadband mm-wave clock distribution 

● dc-100 GHz for 4-6 K operation

● 140-220 GHz for 8-12 K operation

● n-MOS switch pulse modulators

● Broadband low-noise TIA readout < 3.5 mW per qubit

● SRAM to store the pulse sequences

Example:

● 200 qubits with individual readout: 700 mW

● Mm-wave clock distribution with minimum size 

inverters + clock amplifier: 200 mW

● Switches do not consume power θ=2π f R τ∝V mmw τ[S.Bonen et al. EDL 2018]



3 and 5 coupled QD hole-spin qubits
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Si
0.5

Ge
0.5

/Si
0.75

Ge
0.25

3 series
QDs 

5 gates = 5 serially coupled qubits
Analogy with charge coupled 
devices and series stacked cascodes



Measurement set-up at 2 K
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Minimum-size MOSFET characteristics over temp.
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V
DS

=-50 mV V
DS

=50 mV

Difficult to spot quantum effects unless you look in subthreshold at low V
DS

 (< 50 mV)

November 2017 March 2018



Quantum effects in 22-nm FDSOI n-MOSFET at 2 K
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Source Drain

1x20nmx80nm n-MOSFET

ΔV
GS

 affects ω
R
 and operation 

temperature

NEGF modelling code by Prof. Peter Asbeck [S.Bonen et al. EDL 2018]

Δ E=E 1−E0=
πℏ2Cgate(V GS )ΔV GS

2qm*



Quantum effects stronger in p-MOSFET
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Si
0.5

Ge
0.5

/Si
0.75

Ge
0.25

 S/D-channel heterojunction provides better confinement barrier
ΔV

GS
, (hence ω

R
) doubles in p-MOSFET compared to n-MOSFET

[S.Bonen et al. EDL 2018]

m*=0.05m
0

m*=0.2m
0

1x20nmx80nm p-MOSFET 1x20nmx80nm n-MOSFET



Energy level spacing tuneable from backgate
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ΔV
GS

 increases (doubles) at +/-2V back gate voltage as C
gs

 decreases 

[S.Bonen et al. EDL 2018]



Resonant tunnelling through 2-dot qubit (cascode)
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ΔV
DS

 =+/-5 mV , V
G1

=V
G2

 swept in sync => proves matching between adjacent qubits

[S.Bonen et al. EDL 2018]



“Classical” MOSFET behaviour in saturation
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40x20nmx590nm SG,1x



Peak fT, fMAX current densities invariant with temp.
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40x20nmx590nm SG, 1x nslvt

40x20nmx590nm SG, 1x pslvt



MOM capacitor and poly resistor vs. temperature
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Monolithic integration of qubits and readout TIA
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Challenges:
● Large gain > 140 dBΩ
● Bandwidth, noise
● Drive 50 Ohm off chip with minimum size 1x20nmx80nm MOSFET



TIA and n-qubit+readout circuit vs. temperature
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300 K n-qbit withTIA

TIA

[S.Bonen et al. EDL 2018]



10 coupled double QD qubits in parallel
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Improves matching

Qubits spins manipulated in parallel => 10 electron/hole spins majority gate

Equivalent to redundant qubits for error correction?



10xnqubit+5-stage TIA
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300 K n-qbit with 
3-stageTIA

Improved gain (~20 dB) and bandwidth
300 K



Broadband amplifiers/switches in 22nm FDSOI
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[A. Zandieh et al. BCICTS 2018]



Sampling switch insertion loss & isolation
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[A. Zandieh et al. BCICTS 2018]

▪ S
21

  input to master switch output

▪ ~30dB isolation at low frequency

▪ ~27dB isolation at 56 GHz

▪ 2x relaxed pitch CMOS switch

300 K



Single-ended-to-diff ESR signal amplifier
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[A. Zandieh et al. BCICTS 2018]

Common-Mode Rejection up to 100 GHz

100 GHz 4 GHz

300 K



Impact of process variation

● ΔW, ΔL, ΔtSi(Ge)=> E1-E0, fR

● Gate oxide spacer and source/drain-to-channel 
potential barrier  => E1-E0

● Surface roughness => E1-E0

● DC external magnetic field value (feedback loop) 
=>Em, fLarmor

● Δt
OX

, ΔW, ΔL, ΔtSi(Ge) => VT, fR variation

● g?, fLarmor, fR

Some of them may be adjustable/corrected from 
back gate

51 Monolithic Quantum Computing ICs in FDSOISorin P. Voinigescu

[M. Vinet et al., IEDM 2018]

FDSOI 
hole-spin 
qubit]



Impact of process variation: 22nm FDSOI
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p-MOSFET V
ds

=  -1 mV   zoom



Impact of process variation: die to die
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V
DS

=50μV, 1mV, 5mV, 50mV, 0.8V
n-mosfet: 40×20nm×80nm

V
BG

=-0.5V

2 K



Impact of process variation: LG=20nm vs. 28nm
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V
DS

=50μV, 1mV, 5mV, 50mV, 0.8V
n-mosfet: 40×L

G
×80nm

28 nm

20 nm

V
BG

=-0.5V

2 K



Mm-wave spin manipulation circuit specification
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[J.P.G van Dijk, NPJ 2018]

[M. Mabaie, EuMW-2018 Short Course]



Carrier and circuit design specification 

56 Monolithic Quantum Computing ICs in FDSOISorin P. Voinigescu

[J.P.G van Dijk, NPJ 2018]

● Carrier frequency accuracy, phase noise, 
amplitude accuracy

● Switch isolation

● DAC precision

● Frequency spacing in case of FDM

● TIA gain, noise, bandwidth



Specification for qubit fidelity due to inaccuracy
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[M. Mabaie, EuMW-2018 Short Course]

[J.P.G van Dijk, NPJ 2018]

F X ,Y=1−1
4 ( Δ f R

f R
)

2

θ2

F X ,Y=1− 1
4

( Δ τ
τ )

2

θ2



Impact mm-wave signal inaccuracy on qubit fidelity
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[J.P.G van Dijk, NPJ 2018]

[M. Mabaie, EuMW-2018 Short Course]

100 GHz

10 mV

1.25 ns

f
R
=400 MHz

1.06 ps
rms

8.4 μV
rms

8.4 μV

1.06 ps

0.52 MHz
rms

0.52 MHz
<< 10-8

π
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QD coupling energy splitting, T with scaling
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fT, fMAX smaller in 7nm FinFET node 
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[H.-J. Lee  et al., IEDM 2018]



Only SiGe cascodes have gain above 200 GHz
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S.P. Voinigescu et al., IEEE Proc. June 2017



fT scaling: SiGe HBT vs. FinFET
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f
T
/f

MAX
= 500/700 GHz 

[IHP IEDM 2016]

[M. Schroter et al, IEEE Proc. 2017]

[S. Voinigescu et al, IEEE Proc. 2017]

7nm
FinFET22nm

FDSOI



Qubit operation temperature scaling

● fL, T increase ~ L-2, W-2 (very favourable scaling law!)

● fL, T increase linearly with dc magnetic field Bdc

– Bdc=2.9T => ΔEm=0.33meV,  fL=80.4 GHz, T=4 K, 22-nm FDSOI

– Bdc=8.6T => ΔEm=1meV,  fL=241.2 GHz, T=12 K, 12-nm FDSOI

– Bdc=17.3T => ΔEm=2meV,  fL=582.4 GHz, T=24 K, 7-nm FDSOI 
SiGe BiCMOS?

● Magnetic field and double-dot coupling energy limit T, fL

64 Monolithic Quantum Computing ICs in FDSOISorin P. Voinigescu



Challenges
● Qubit fidelity << transistor fidelity => error correction

– We are currently in vacuum tube era (1905)

– We are still waiting for the transistor to be discovered (1947)

● Spin readout

● Entanglement across multiple (all N) qubits

● (Minor) process/mask changes still needed 

● Power removal level of integration: e.g. 1000-qubit processor at 4 K
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Conclusions
● MOSFETs theoretically scalable to 2-3 nm gate length

• f
MAX

 saturated but g
m
, f

T
, MAG <170 GHz all improve

• Monolithic integration of CMOS spin control/readout circuits and qubits 

• > 60GHz  spin-manipulation/readout low-noise, AMS circuits needed

● At 2-4 K, minimum-size 22nm FDSOI MOSFET can be used as qubit in the 

subthreshold and as “classical” transistor in saturation 

● 100-qubit processor < 2 W, probable now at 4 K in 22-nm FDSOI

● Future scaling to 5-nm source-drain spacing => >77 K operation 
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Superconducting qubits: most common today 
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[W. Oliver, EuMW 2018 short course]



Coupled QD spin manipulation and readout
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[M.B. Ritter, IEDM 2018 short course]



Entanglement in coupled QD CNOT gate
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[Velshorst, et al.  Nature 2015]



SC qubits: FDM spin manipulation
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[M.Jerger et al., Appl. Phys. Lett. 101, 2012]



SC qubits: FDM spin manipulation
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[M.Jerger et al., 

Appl. Phys. Lett. 

101, 2012]



2-dot qubit (cascode)simulated EC profiles
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22-nm FDSOI mm-wave qubit test structures  
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5 coupled QD electron-spin qubits
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1nm MoS2 SWCNT FET
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[Desai et al., Science Oct. 2016]



Design specification: mm-wave carrier
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[J.P.G van Dijk, NPJ 2018]

● 1-F = single-spin qubit gate fidelity

● Rotation by θ 

● For 1-F = 10-4, the rotating wave approx. 
(RWA) requires fR< fL/25

● fL= 240(60) GHz => fR<= 9.6(2.4) GHz

H=(ωmmw−ωL)
σ z

2
+ωR [cos(ϕ)

σx

2
−sin (ϕ)

σ y

2 ]
F X ,Y=1−1

2 (Δ f mmw

f R
)

2

[1−cos(θ)]

F X ,Y=1−1
2

Δ ϕ2 [1−cos(θ)]
Exact vs. RWA



Design specification: mm-wave envelope, PN
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[J.P.G van Dijk, NPJ 2018]

● Mm-wave amplitude (~ fR) and 
duration, τ, determine rotation 
angle  θ = ωRτ

● For 1-F = 10-4 requires relative 
errors <0.63%

F X ,Y=1−1
4 ( Δ f R

f R
)

2

θ2

F X ,Y=1− 1
4

( Δ τ
τ )

2

θ2

∣H R(0)2∣=1
4
θ2 ENBW R=ωR

π
∣θ∣

F X ,Y=1− 1
π ∫

ωmin

∞ S r (ω)
ωR

2 ∣H R(ω)∣2d ω

σ τ= τ
π √∫

f min

∞

S ϕ( f )sin2(2π f τ)df



Design specification example: FDM spacing
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[J.P.G van Dijk, NPJ 2018]



Design specification example: single-spin π-rotation
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[J.P.G van Dijk, NPJ 2018]
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