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+ E. Prati (UniMI)

POLIFAB – Clean room facility

I3N lab is part of polifab, the micro and nano 

technology center of the Politecnico di Milano 

(750 m2 of clean room) 

Cleanroom surrounded by a cluster of labs of micro- 

and nanoelectronics, photonics, photovoltaics, 

biotechnologies, spintronics, organic semiconductors

Biosensors and bio-inspired electronics

Electronic sensors for virus, antibodies, DNA

CMOS neuromorphic circuits for ultra-low 

power data acquisition and processing

Quantum computing

Cryogenic electronics for the 

readout and characterization of 

spin-based qubits

Photonic Integrated Circuits

Control electronics for large-scale 

programmable photonic circuits (telecom, 

sensing, optical computing…)
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Outline

• Spin detection using room temperature instrumentation

• Cryogenic electronics

• Challenges

• Design rules

• Examples & state of the art
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Single-Electron Transistor (SET)
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Single-Electron Transistor (SET)
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Single-Electron Transistor (SET)
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SET-based single-charge detector
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SET-based single-charge detector
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SET-based single-charge detector
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(donor)

Source

Drain

SET 

island

Top view:

QD
Source

Drain

𝐸𝑓,𝑠

𝐸𝑓,𝑑

Energy levels:

single 

electron

𝑰𝑺𝑬𝑻

Mazzeo, Prati, Ferrari et al APL 2012
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Spin state detection: spin-to-charge conversion

10

A. Morello,et al. Nature, no. 7316, pp. 687–91, 

2010, doi: 10.1038/nature09392.

electron → ISET≈0

void → ISET>0

Room temp. 

TIA

(alternative: a QPC)

QD
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Experimental set-up to study quantum devices
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Experimental set-up to study quantum devices

VOUT

RF

CP

B T=0.3K

T=1.5K

12T Cryomagnet

270mK

T=300K

Sample

≈
 2

 m
e

te
r

12

Bandwidth:

𝐵𝑊 ≅
𝐺𝐵𝑊𝑃

10 ⋅ 2𝜋𝑅𝐹𝐶𝑃

CF

CF for the compensation of the 

pole CpRF in the loop gain
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a large CP reduces performances

Experimental set-up to study quantum devices

VOUT

RF

CP≈1nF

B T=0.3K

T=1.5K

12T Cryomagnet

270mK

T=300K

Sample

𝐼𝑅𝑀𝑆 =
2𝜋𝑒𝑁𝐶𝑃𝐵𝑊

ൗ3 2

3

𝐵𝑊 =
𝐺𝐵𝑊𝑃

10 ⋅ 2𝜋𝑅𝐹𝐶𝑃

≈
 2

 m
e

te
r

RF=10MΩ: BW=40kHz, 150pArms13
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4
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Spin state detection: spin-to-charge conversion
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A. Morello,et al. Nature, no. 7316, pp. 687–91, 

2010, doi: 10.1038/nature09392. Room temp. 

TIA

The SET resistance 

changes!

electron → ISET≈0

void → ISET>0

QD
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How to avoid being penalized by a long cable?
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ZL
V

+

coaxial cable

length L

If V changes slowly compared to the transit time of the 

electromagnetic wave (tt= L/vlight): 

ZL
V

+
Ccable ≈ 100pF/m ⋅ L

Measuring an impedance using the properties of the cable: 



giorgio.ferrari@polimi.it

Transmission line
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ZL
V

+

coaxial cable

Z0 = characteristic impedance 

of the cable, usually 50Ω 

I=V/Z0

V

at t=0, no information 

about the value of load 

impedance!

I=V/ZL

if ZL Z0 → I are unmatched 
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Transmission line
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ZL
V

+

coaxial cable
I=V/Z0

V

at t=0, no information 

on the load impedance!

I=V/ZL

if ZL Z0 → I are unmatched 

a reflected wave is created!

Γ =
𝑍𝐿 − 𝑍0
𝑍𝐿 + 𝑍0

reflection coefficient

I=V/Z0

V

The reflected wave is related 

to the load impedance!

Z0 = characteristic impedance 

of the cable, usually 50Ω 
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Radio-frequency spin readout
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SET resistance  depends on 

the donor charge that, in 

turn, depends on the spin

(donor)

V

V

Γ =
𝑅𝑆𝐸𝑇 − 𝑍0
𝑅𝑆𝐸𝑇 + 𝑍0

However, RSET>25kΩ, Z0≈ 50Ω limited sensitivity

the long cable is not a limitation!

B
e
n
c
h
-t

o
p
 i
n
s
tr

u
m

e
n
t

T<5K T=300K
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Matching network
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SET resistance  depends 

by the donor charge

(donor)

V

V

Matching 

network

Passive network to match the 

high resistance of the SET to the 

Z0=50Ω of the line 



giorgio.ferrari@polimi.it

Matching network
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𝑍𝑒𝑞 = 𝑅𝑆𝐸𝑇

1 +
𝑠𝐿
𝑅𝑆𝐸𝑇

+ 𝑠2𝐿𝐶

1 + 𝑠𝐶𝑅𝑆𝐸𝑇

Zeq

L

C

𝜔𝑟𝑒𝑠 =
1

𝐿𝐶

𝑍𝑒𝑞 𝜔𝑟𝑒𝑠 =
𝐿

𝐶𝑅𝑆𝐸𝑇

RSET

𝜔𝑟𝑒𝑠

𝑅𝑆𝐸𝑇 = 50𝑘Ω L=1.2μH

C=0.5pF
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Matching network
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V

VL

C

𝑍𝑒𝑞 𝜔𝑟𝑒𝑠 =
𝐿

𝐶𝑅𝑆𝐸𝑇

F. Vigneau, et al. Appl. Phys. Rev. (2023), doi: 10.1063/5.0088229.

L,C selected to have 𝑍𝐿 𝜔𝑟𝑒𝑠 ≈ 𝑍0

L≈ 1μH

C≈ 0.5pF

Spin up

Spin down

Γ(𝜔𝑟𝑒𝑠) =
𝑍𝑒𝑞(𝜔𝑟𝑒𝑠) − 𝑍0
𝑍𝑒𝑞(𝜔𝑟𝑒𝑠) + 𝑍0
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Readout based on RF reflectometry 
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R. Schoelkopf, et al. “The radio-frequency single-electron transistor (RF-SET): A fast and 

ultrasensitive electrometer,” Science, vol. 280, no. 5367, pp. 1238–42, May 1998

Recent review paper: F. Vigneau, et al. Appl. Phys. Rev. (2023), doi: 10.1063/5.0088229.

Reflectometry allows high-sensitivity impedance meas. despite long cables
(similar technique could be applied to the gate of the SET)
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Directional coupler
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Basic idea using waveguides:

𝜆/4

The contributions are added at port C.

However, since the paths differ in length by λ/2, they cancel at port D.

Port A Port B

Port DPort C

Signal 

generator

SET
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Directional coupler
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Basic idea using waveguides:

𝜆/4

The only signal at port D is the reflected wave! (≪ voltage of the signal

generator)

Port A Port B

Port DPort C

reflected 

wave

SET
Signal 

generator

f=1GHz → λ ≈ 25cm
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RF reflectometry for superconducting qubits
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[J. Bardin et al, IEEE Microwave Magazine, 2020]

Standard linear resonator:

ℏ𝜔0 = 4𝜇𝑒𝑉 @1𝐺𝐻𝑧
→ 𝑇 < 50𝑚𝐾 

𝜔0 excites all the transitions

non-linear inductor 

(Josephson junction)

non-linear resonator

→ nonuniform energy level 

spacing 

→ impedance depends on the 

oscillation amplitude, i.e. the 

qubit state! 
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Readout of superconducting qubits
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[J. Bardin et al, IEEE 

Microwave Magazine, 2020]

network Y(ω) for maximizing 

the signal and minimizing the 

perturbation on the qubit

transmission line 

is not directly 

connected to the 

qubit

readout resonator 

freq.   qubit 

resonator freq.



giorgio.ferrari@polimi.it

Google quantum computer (sycamore) 

27

[J. Bardin, 

ISSSCC 2022]

54 qubits 

(transmons)
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Google quantum computer (sycamore) 

28

[J. Bardin, 

ISSSCC 2022]
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Quantum computer: wiring!
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Image: IBM Researchby Martin Giles, January 17, 2019

Cables connecting qubits (<4K) to room temperature 

electronics are a limiting factor! (at least 2 coaxial cables / qubit)

• No space!

• No thermal budget!    (≈1W at 4K, <1mW  at 10mK)

https://www.technologyreview.com/profile/martin-giles/


giorgio.ferrari@polimi.it

Quantum computer: cryogenic electronics!

30

Readout and control electronics

should be operated at cryogenic

temperature, ideally on the same

chip of the qubits, to minimize the 

number of cables!

[Park, JSSC, 2021]



giorgio.ferrari@polimi.it

Outline

• Spin detection using room temperature instrumentation

• Cryogenic electronics

• Challenges

• Design rules

• Examples

31
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Semiconductor freeze-out
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ionization energy for 

phosphorus: 45meV

kT|70K= 6meV  

lo
g
 n

32Room T Low T

T≈ 70K

n ≈ ND

Room T

Si BJT, Si JFET, 

commercial OpAmp 

do not work here!
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The impurity band model

For N ≈ 1019 cm-3 → interaction of impurity atoms

band of energies

in
c
re

a
s
in

g
d
o
p
in

g
 l
e
v
e
l

E. Prati, G. Ferrari et al., Nature Nanotechnology 7, 443–447 (2012)

Akturk et al., Silicon qubit 

workshop, 2009EC

Ev

≈1019

33

[cm-3]
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The impurity band model

For N ≈ 1019 cm-3 → interaction of impurity atoms

band of energies

in
c
re

a
s
in

g
d
o
p
in

g
 l
e
v
e
l

Overlapping in degenerate 

semiconductor will make it 

behave more like a metal 

than a semiconductor

Akturk et al., Silicon qubit 

workshop, 2009EC

Ev

≈1019

34

[cm-3]

E. Prati, G. Ferrari et al., Nature Nanotechnology 7, 443–447 (2012)
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Electronics below the freeze-out temp.

electric field creates a 

conductive channel! D

p-well

n+ n+

S

G

SiO2
no freeze-out: 

conductive

freeze-out: 

insulator

Silicon (standard) MOSFET operates below 40K!

Many GaAs devices operate at cryogenic temperature:

degenerate at 1016 cm-3

Limitation: small (and expensive) scale integration

VG>VT

35
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MOSFET operating at 4K

PMOS  50µm / 0.7µm

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

-10.0m

-8.0m

-6.0m

-4.0m

-2.0m

0.0

 

 

 

T = 4K

VDRAIN

Standard analog CMOS Technology 3.3V, 0.35µm 

very similar to the room temperature behavior!

I D
R

A
IN

36
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Effects of low temperature

• reduction in electron - phonon scattering

→ increase in carrier mobility 

• substrate Fermi level shifts near to EC (pMOS)

→ increase of the threshold voltage

Eng et al. Silicon Qubit Workshop ‘09

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

-10.0m

-8.0m

-6.0m

-4.0m

-2.0m

0.0

 

300K

 

 

4.2K

VGATE

IDRAIN

AMS 

0.35m

37
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8
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MOSFET operating at 4K: problems

D

p-well

n+ n+

S

G

SiO2

impact ionization → accumulation of 

holes in the frozen bulk → substrate 

potential increases → VT decreases 

→ current increases

38

Ghibaudo, Balestra, “Low Temperature 

characterization of Silicon CMOS Devices”, 1995

kink effect
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Problems are tech and size dependent

PMOS=50umx0.7um

…and no models from the CMOS 

foundry!

AMS 0.35m

R. M. Incandela, et al.,pp. 58–61, 

2017 ESSDERC.

39

Less problems using scaled technologies!
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W

L

10µm

0.5µm

W

L

140nm

100nm

110nm CMOS

Quantum effects in small size MOSFETs!

40
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W

L

140nm

100nm

110nm CMOS

Quantum effects in small size MOSFETs!

41

island

n+n+

SiO2

partially formed 
channel

DrainSource

Gate

Bulk (p type) • disorder at the Si/SiO2 
interface at VG ≈ VT 

• donor atoms can be 
randomly diffused  in the 
channel region
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Design rule 1: characterize the technology!

W/L W/L 2W/L

Experimental characterization of  YOUR technology

is MANDATORY

MOS parameters strongly depend on the size and tech

W/L

W/L

W/2L

For simple circuits 1 nMOS and 1 pMOS is enough

series or parallel combinations of these basic transistors

less conductive MOS more conductive MOS

42
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150nm CMOS technology – DC characterization

RT 4.2K ∆%

𝑉𝑇ℎ 0,4𝑉 0,56𝑉 +40%

𝜇0 300
𝑐𝑚2

𝑉𝑠
900

𝑐𝑚2

𝑉𝑠
+200%

𝑆𝑇𝑆 70
𝑚𝑉

𝑑𝑒𝑐
7
𝑚𝑉

𝑑𝑒𝑐
−90%

❑ n-MOS 𝑒𝑟𝑟𝑀𝐴𝑋 ≈ 15% (𝑝𝑒𝑎𝑘 23%) ❑ p-MOS 𝑒𝑟𝑟𝑀𝐴𝑋 ≈ 18% (𝑝𝑒𝑎𝑘 32%)

Standard BSIM models are 

accurate enough: 

43
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Design rule 2: pay attention to mismatch!

worsening of mismatch by a factor of 1.5-3 at low

temperature compared to room temperature (tech dependent). 

K
. 
D

a
s

e
t 
a

l.
 E

E
E

 S
y
m

p
o

s
iu

m
 o

n
 

C
ir
c
u

it
s
 a

n
d

 S
y
s
te

m
s
, 
2

0
1

0

44

Degradation of the offset voltage, linearity of ADC, DAC, 

bias setting
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Design rule 3: subthreshold is critical

VT mismatch of 5mV: 

𝐼𝑜𝑢𝑡,300𝐾 ≈ 𝐼𝑖𝑛 10
5𝑚𝑉
𝑆300𝐾 = 𝐼𝑖𝑛 ⋅ 1.17

𝐼𝑜𝑢𝑡,4𝐾 ≈ 𝐼𝑖𝑛 10
5𝑚𝑉
𝑆4𝐾 = 𝐼𝑖𝑛 ⋅ 2.28

IinIout

0.0 0.2 0.4 0.6 0.8 1.0 1.2
10p

100p

1n

10n

100n

1µ

10µ

100µ

1m

 294 K

 4.2 K

D
ra

in
 c

u
rr

e
n

t 
[A

]

Vgs [V]

S4K=14mV/dec

45

Higher gm and Ion/Ioff, good! 

but…

LFoundry 110nm

P. A. T’Hart, et al. IEEE J. Electron Devices 

Soc., pp. 263–273, 2020

4.2K

300K

nMOS 

1.2μm/400nm

Vth ≈ 0.5V
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Design rule 4: dynamic range

• VT,n from 0.45V to 0.7V

• VT,p from -0.7V to -1.4V

• Power supply: still 3.3V

• no subthreshold

stack up few transistors!

kink effect
and

limit the VDS!

46

AMS 0.35μm: parameters from 300K to 4K
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Noise

1k 10k

10p

100p

 

 pmos 50/0.7 Id=100uA

N
o

is
e

 (
A

/s
q

rt
(H

z
))

Frequency (Hz)

 T=4K

 T=7K

 T=15K

 T=20K

 T=30K

 T=110K

 T=135K

 T=150K

 T=300K

T

Thermal noise: 
m

n
g

kTe


42 = T  , gm  →   noise  

(0.1nV/ Hz))

Flicker noise: usually does not decrease

dominant noise up to 

tens of MHz

47

28nm FDSOI tech.

L. Le Guevel et al., “Low-power transimpedance amplifier for 

cryogenic integration with quantum devices,” Appl. Phys. Rev.,  2020

350nm AMS
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Noise

Thermal noise: 
m

n
g

kTe


42 = T  , gm  →   noise  

(0.1nV/ Hz))

Flicker noise: usually does not decrease

dominant noise up to 

tens of MHz

48

28nm FDSOI tech.

L. Le Guevel et al., “Low-power transimpedance amplifier for 

cryogenic integration with quantum devices,” Appl. Phys. Rev.,  2020

R. Asanovski, et al., “Understanding the Excess 1/f Noise in 

MOSFETs at Cryogenic Temperatures,” IEEE Trans. 

Electron Devices, 2023

28nm tech.
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Outline

• Spin detection using room temperature instrumentation

• Cryogenic electronics

• Challenges

• Design rules

• Examples
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Spin qubit readout: measurement technique 

E

ISET

Time

∆VSET

SET
Electron 

reservoir

Cwire

ISET

RF reflectometry

50

[Park et al, “A Fully Integrated Cryo-CMOS SoC for State Manipulation, Readout, and High-Speed Gate Pulsing of Spin Qubits”,JSSC, 2021]

CMOS chip, 22-nm FinFeT

[S. Subramanian, ISSCC 2023]
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Frequency Division Multiplexing

51

Interdigitated C Spiral L

J. M. Hornibrook et al. “Frequency multiplexing for 

readout of spin qubits,” Appl. Phys. Lett., 2014

multiplexing chip
superconducting niobium 
on a sapphire substrate
(ideally, it is the same 
chip of the qubits)

bias tees (Cbias, Lbias)

2 QDs and 2 QPCs

Frequency response of MUX circuit

left 

QPC

right 

QPC

gate

A single cable for many qubits
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Quantum capacitance

52

Metal

Metal

InsulatorVG

Δ𝑄 = −𝑞Δ𝑁𝑒 = 𝐶𝑔𝑒𝑜𝑚Δ𝑉𝐺

𝐶𝑔𝑒𝑜𝑚 = 𝜖
𝑆

𝑑

d

Metal

Semicond.

InsulatorVG

VG>VT 

2D electron gas at potential Vc

Δ𝑄 = −𝑞Δ𝑁𝑒 = 𝐶𝑔𝑒𝑜𝑚(Δ𝑉𝐺 − Δ𝑉𝑐)

Density of states g(E)

Energy

𝑔 𝐸 =
𝑚∗

𝜋ℏ2
Ec

EF 𝑁𝑒 ≅ න
𝐸𝑐

𝐸𝐹

𝑔(𝐸)𝑑𝐸 𝑇 ≈ 0𝐾

→ Δ𝑁𝑒 = −
𝑚∗

𝜋ℏ2
𝑞 Δ𝑉𝑐

q=+1.6 10-19 C

𝐶𝑄 =
𝑚∗

𝜋ℏ2
𝑞2

quantum capacitance
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Quantum capacitance

53

Metal

Metal

InsulatorVG

Δ𝑄 = −𝑞Δ𝑁𝑒 = 𝐶𝑔𝑒𝑜𝑚Δ𝑉𝐺

𝐶𝑔𝑒𝑜𝑚 = 𝜖
𝑆

𝑑

d

Metal

Semicond.

InsulatorVG

2D electron gas if  VG>VT at potential Vc

Δ𝑄 = −𝑞Δ𝑁𝑒 = 𝐶𝑔𝑒𝑜𝑚(Δ𝑉𝐺 − Δ𝑉𝑐)

q=+1.6 10-19 C

−𝑞Δ𝑁𝑒 = 𝐶𝑔𝑒𝑜𝑚 Δ𝑉𝐺 +
𝑞Δ𝑁𝑒
𝐶𝑄

𝐶𝑄 =
𝑚∗

𝜋ℏ2
𝑞2

quantum capacitance

−𝑞Δ𝑁𝑒 =
𝐶𝑔𝑒𝑜𝑚𝐶𝑄

𝐶𝑔𝑒𝑜𝑚 + 𝐶𝑄
Δ𝑉𝐺

≡ Cgeom

CQ

gate

CQ related to charge 

dynamics and not from 

geometrical parameters
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Gate-based spin readout

54

M. Urdampilleta, et al. “Gate-based high fidelity spin readout in a CMOS device,” Nat. Nanotechnol., 2019
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Gate-based spin readout
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M. Urdampilleta, et al. “Gate-based high fidelity spin 

readout in a CMOS device,” Nat. Nanotechnol., 2019

M. Urdampilleta, ESSDERC, 2020

ۧ| ↑

ۧ| ↓
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Spin qubit readout: measurement technique 

56

E

ISET

Time

∆VSET

SET
Electron 

reservoir

Cwire

ISET

E

ISET

Time

∆VSET

SET
Electron 

reservoir

RF

ISET

Cp

Vout

Bulky off-chip components,  fast analog-to-digital converter, µ-wave signals

𝐵𝑊 ∝
𝐺𝐵𝑊𝑃

𝐶𝑝

𝑆𝐼 𝑓 = 𝑒𝑛
2(2𝜋𝑓𝐶𝑝)

2

RF reflectometry

Direct current measurement

OTA

[S. Subramanian, ISSCC 2023]
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VOUT

RF

CP≈1nF

222
,

4
PN

F
eqi Ce

R

kT
S +=

B T=0.3K

T=1.5K

T=300K

Sample

Both drastically reduced

Cryo-electronics

to improve sensitivity

Cryogenic transimpedance amplifier

57

≈
 2

 m
e

te
r

12T Cryomagnet

270mK
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Spin qubit readout: measurement technique 
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E

ISET

Time

∆VSET

SET
Electron 

reservoir

Cwire

ISET

E

ISET

Time

∆VSET

SET
Electron 

reservoir

RF

ISET

Cwire

Vout=RF⋅ISET

RF reflectometry

Cryogenic TIA

OTA

Fully CMOS-compatible readout operated at T<5K:

Bulky off-chip components,  fast analog-to-digital converter, µ-wave signals

[S. Subramanian, ISSCC 2023]
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Spin qubit readout: measurement technique 
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E

ISET

Time

∆VSET

SET
Electron 

reservoir

Cwire

ISET

E

ISET

Time

∆VSET

SET
Electron 

reservoir

CF

ISET

Cwire

RF reflectometry

OTA

Fully CMOS-compatible readout operated at T<5K:

𝑽𝒐𝒖𝒕 =
𝑰𝑺𝑬𝑻𝑻𝒊𝒏𝒕

𝑪𝑭

A charge measurement increases the SNR

Bulky off-chip components,  fast analog-to-digital converter, µ-wave signals

[S. Subramanian, ISSCC 2023]
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Compact readout based on current measurement 

[ M. CASTRIOTTA et al., IEEE Solid-state Circuits Letters (2023) ]

• Fully-integrated 150-nm CMOS 

technology

• Direct charge-to-digital conversion

• Time division multiplexing architecture

• Low power consumption (1 mW/qubit)

60
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Programmable floating-gate comparator

Vin

Vin

Vout

Vout

‘’1’’

‘’0’’

Vth

Vth

➢Floating node charged at Vth

➢Compact and low power

➢How to change the charge?

➢How to compensate for the

process variations?

Floating node

61

• Vth few mV!  Process variations are critical

• Digital-to-Analog Converter (DAC): power consumption, TDMS 

Vin

Vout

CFG
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Floating gate in standard CMOS technology

62

[M. Castriotta, Solid State Electronics 189 (2022)]

➢ It requires high

voltages to enable

tunneling (≈7V in our

technology)
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Floating gate in standard CMOS technology

63

[M. Castriotta, Solid State Electronics 189 (2022)]

➢Hot electron injection using a p-type MOSFET

➢The electrons are removed by tunneling (coarse global

resetting of the floating gates)
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Hot electron injection in p-type FG transistor

64

𝑰𝒊𝒏𝒋

SourceDrain +

N-type

+
-

𝐶𝐶𝐺

FG

𝑉𝐶𝐺 𝑉𝑇𝑢𝑛

𝑉𝑆𝑉𝐷

- -
𝑉𝑆𝐹𝐺

  
 
     

  
 
        

 
   

  
 
     

  
 
      

  
 
     

𝐼𝑖𝑛𝑗 = 𝐶 𝑉𝑆𝐷 − 𝛾𝑉𝑜𝑣
3𝐼𝑑𝑒

−
𝐵

𝑉𝑆𝐷−𝛾𝑉𝑜𝑣

• VSFG>|VT|  (ON)

• VSD>>0V  (high electric field)

• VSD>>VSFG  (VFG>VD)

[M. Castriotta, Solid State Electronics 189 (2022)]

holes collide with sufficient energy (≈ 3/2 Egap) 

to liberate additional electron-hole pairs
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Programmable comparator based on FGs
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 1.5V

 0V      

      

            

For standard latched 

comparator:

• MF5=MF6=M3=M4

• if Vin>0V and 𝐶𝑘 goes low:

• IF6>IF5

• Vout+ ↗,  Vout- ↘

Standard 150-nm CMOS Technology
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Programmable comparator based on FGs
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❑Programming phase:
• 𝑉𝐷𝐷,𝑝, 𝑉𝑠𝑠,𝑝 and 𝐶𝑘 shift down by

2.3V

• Differential charge injection

• |𝑉𝑡ℎ| of 𝑀𝐹5 decreases and its

curent increases

• The comparator threshold is

increased after each clock cycle

Standard 150-nm CMOS Technology

    

      

  

    

          

   
   

  

    
    

   

   

   

     

     

  

 1.5V

 0V      

      

            

After tens of clock cycles, the threshold voltage 

of MF5 is such that IF5 ≈ IF6

→ the threshold voltage of the comparator is ≈Vin
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Programmable comparator based on FGs
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❑Programming phase:
• 𝑉𝐷𝐷,𝑝, 𝑉𝑠𝑠,𝑝 and 𝐶𝑘 shift down by 

2.3V

• Differential charge injection

• |𝑉𝑡ℎ| of 𝑀𝐹5 decreases and its 

curent increases

• The comparator threshold is 

increased after each clock cycle

Standard 150-nm CMOS Technology

    

      

  

    

          

   
   

  

    
    

   

   

   

     

     

  

 1.5V

 0V      

      

            

❑Evaluation phase:
Standard latched comparator with 

threshold stored in a pair of FG-

transistor 𝑀𝐹5 and 𝑀𝐹6
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Characterization of the FG comparator at 4,2 K

68

𝒐𝒖𝒕

𝐨𝐮𝐭
FG-Mem

Vth

Calibration

Vin
Programming accuracy: 300µV

6 Sigma: 840 µV

Calibration time: 175 ms

Fall/rise time: 2 ns
- 6,7 mV+ 6,7 mV

➢ Self-programmable 

threshold voltage

➢ Internal permanent FG 

memory

➢ “Zero” power dissipated 

by the memory

➢ Easy implementation of 

a TDM  architecture

Uncertainity region
‘’1’’

‘’0’’
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Characterization of the readout at 4.2 K

69

250 pA

Fidelity of 

99.85% of 

logical 1

Fidelity of 

99.85% of 

logical 0

Threshold current: 1.1 nA

6 Sigma: 250 pA

Readout time: 500 ns

Power consumption: 1.2 mW

[ M. CASTRIOTTA et al.,  IEEE Solid-state circuits letters (2023) ]

150nm CMOS tech

No off-chip components!

Validation @ 4.2K
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Cryogenic quantum controllers

70

X. Xue et al., “CMOS-based cryogenic control of silicon quantum circuits,” Nature, pp. 

205–210, 2021

Today Tomorrow Future
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Cryogenic quantum controllers

71
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Cryogenic quantum controller (spin q.) - Intel

72

J. Park, et al. ,“A Fully Integrated Cryo-CMOS SoC for State Manipulation, Readout, and High-Speed Gate 

Pulsing of Spin Qubits,” IEEE J. Solid-State Circuits, vol. 56, no. 11, pp. 3289–3306, 2021

Up to 16 qubits over 

a single RF line 

• Many off-chip 

components

• No measurement with 

real qubits
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Cryogenic quantum controller - Google

73

J. Yoo et al., "Design and Characterization of a <4-mW/Qubit 28-nm Cryo-CMOS Integrated Circuit for Full Control of a Superconducting 

Quantum Processor Unit Cell," in IEEE Journal of Solid-State Circuits, vol. 58, no. 11, pp. 3044-3059, Nov. 2023,

• superconducting 

qubits

• control of 2 qubits 

(measured!)

• 4mW/qubit

• RT readout

• 28 nm CMOS

• 1.8mm x 3.9mm
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Thank you for you attention!

74
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