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Photonic Integrated Circuits
Control electronics for large-scale
programmable photonic circuits (telecom,
sensing, optical computing...)

Quantum computing

spin-based qubits

Biosensors and bio-inspired electronics

Cryogenic electronics for the Electronic sensors for virus, antibodies, DNA
readout and characterization of

CMOS neuromorphic circuits for ultra-low
power data acquisition and processing

POLIFAB — Clean room facility

POLITECNICO MILANO 1863

Cleanroom surrounded by a cluster of labs of micro-
and nanoelectronics, photonics, photovoltaics,
biotechnologies, spintronics, organic semiconductors

I3N lab is part of polifab, the micro and nano
technology center of the Politecnico di Milano
(750 m? of clean room)

giorgio.ferrari@polimi.it




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)

VBO VG VBl

Vgo, Vg, biased to
have an energy barrier
for the electrons

The energy barrier is
thin enough to allow
tunneling

oxide

V controls the energy levels of the island
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Single-Electron Transistor (SET)

VBO VG VBl

Vgo, Vg, biased to
have an energy barrier
for the electrons

The energy barrier is
thin enough to allow
tunneling

oxide

T=1K TVG T<10K

POLITECNICO MILANO 1863 giorgio.ferrari@polimi.it



Single-Electron Transistor (SET)

VBO VG VBl

Vgo, Vg, biased to
have an energy barrier
for the electrons

The energy barrier is
thin enough to allow
tunneling

oxide
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SET-based single-charge detector

Top view: Energy levels:

_
@ -

no electrons
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SET-based single-charge detector

Top view: Energy levels:

single
electron

(donor)
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SET-based single-charge detector

Top view: Energy levels:

single
elec?ron (@)16 p-200
-~ 1.2
(donor) 2 0.8
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Mazzeo, Prati, Ferrari et al APL 2012 00 05 10 15
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Spin state detection: spin-to-charge conversion

Single
electron

(alternative: a QPC)
electron = lg=0

void > I¢er>0

/SET [

Room temp.
TIA

A. Morello,et al. Nature, no. 7316, pp. 687-91
2010, doi: 10.1038/nature09392.
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270mK
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4kT /R,

2T Cryomagnet

Noise:

Experimental set-up to study quantum devices

VOUT

4kT 3

+eN ZCP




Experimental set-up to study quantum devices

2T Cryomagnet
270mK

Bandwidth:

............................... C. for the compensation of the
pole C R in the loop gain

GBWP
BW = \/

---------------------------------

10 ° ZnRFCP
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Experimental set-up to study quantum devices

2T Cryomagnet /

270mK T 4kT o

% Si,eq R — + eN G)ZCP
e T=300K F
N ........................................................... I _ ZﬂeNCPBWB/Z
u T=1.5K RS V3
............................................................. p—
0.3K BW = Jm.znzepcp
4 a large C; reduces performances
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Spin state detection: spin-to-charge conversion

Single
electron

The SET resistance
changes!

electron = lg=0
void =2 Ige>0

/SET [

Room temp.
TIA

A. Morello,et al. Nature, no. 7316, pp. 687-91
2010, doi: 10.1038/nature09392.
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How to avoid being penalized by a long cable?

Measuring an impedance using the properties of the cable:

o -

coaxial cable

V(D ==

- > =
length L

If V changes slowly compared to the transit time of the
electromagnetic wave (t= L/Vjgp,):

Z

—

v(D C..c..™ 100pF/m - L § Z,
-
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Transmission line

coaxial cable

'ﬂﬁ() § vz,

Vb T

= att 0, no information

about the value of load if Z,#Z, - | are unmatched
impedance!

Z, = characteristic impedance
of the cable, usually 50Q
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Transmission line

Vi— — IV
coaxial cable

I% iﬂ | V/Z
ey Tk

\ —I—_
— att=0, no information
on the load impedance! if Z,#Z, > | are unmatched

.

Z, = characteristic impedance

of the cable, usually 50Q a reflected wave Is created!
F . ZL - ZO
The reflected wave is related 7.+ 7,

he | im nce! - iCi
to the load impedance reflection coefficient
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Radio-frequency spin readout

T<oK the long cable is not a limitation! T=300K

. %

=

- Z

Iser <

- o}

Single > [V %

(donor) K
SET resistance depends on P
the donor charge that, in _ _SET 20
Rser + Zo

turn, depends on the spin

However, Rqe>25kQ, Z,= 50Q) » limited sensitivity
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Matching network

J) v

_3_ Matching
ISET
't_ ) network
Single > IV
electron @
(donor)

N\

Passive network to match the
high resistance of the SET to the
Z,=50Q) of the line

SET resistance depends
by the donor charge
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Matching network

Rser __—_ C
@ ®
10°¢ —————— T
1+ sL + S2LC » RSET = 50kQ) L:_1.2|JH
_ Rser .l C=0.5pF
Zeq = Rser 107 |
q 1 + SCRSET E i ]
Wres = ! :3103?
VIC NG
L 102
YA = 5
eq (Wres) CRsgr :
1 - - - —L 1
o 108 Wyres 10°
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Matching network

—V
”ﬂuﬂnﬂaﬁuﬂ*‘" Spin up

Single )
e ﬁ
&

> [V
0 | l
F(a) ) _ Zeq (wres) _ ZO
e Zeq (wres) + ZO T
o0

L,C selected to have Z; (w,.s) = Z,

L L= 1uH
C=0.5pF | Rs=50kQ

30 | |
220 f(MHz) 240

Re=60kQ ]

A eq (Wres) =

CRsgr

POLITECNICO MILANO 1863 F. Vigneau, et al. Appl. Phys. Rev. (2023), doi: 10.1063/5.0088229.



Readout based on RF reflectometry

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

A
45 mK | 4.2 K |300K
| Directional
SET L 1m coax Coupler . @
Drain 000, [T .ﬁégr%:;.’:
]

Vin —— Diode
O_| Coag | Rectifier
Cgate — | "

Source I I - I VOUt
p— Circulator HEMT
= | Amplifier]

Reflectometry allows high-sensitivity impedance meas. despite long cables

(similar technique could be applied to the gate of the SET)
Recent review paper: F. Vigneau, et al. Appl. Phys. Rev. (2023), doi: 10.1063/5.0088229.
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Directional coupler

Basic idea using waveguides:

S E T Port A A A AT AL AT T A A A A AL A AT A A LA AT T A A A AL A AT A A A A A A A A A A A A A A A A A A Port B

) AW generat
< generator

Port C < 1 / 4 >xPort D

LSS LLS LSS LSS LSS LSS LSS LSS LSS LSS LSS LSS LS LSS LSS LSS LSS LSS LSS LSS LSS S S

The contributions are added at port C.
However, since the paths differ in length by A/2, they cancel at port D.

POLITECNICO MILANO 1863 giorgio.ferrari@polimi.it



Directional coupler

Basic idea using waveguides:

S E T Port A A A AT AL AT T A A A A AL A AT A A LA AT T A A A AL A AT A A A A A A A A A A A A A A A A A A Port B

> Signal
\/\/V\/\_> > generator

reflected A LSS LSS LSS LSS S ;\ S SIS LSS S : LSS LSS LSS LSS LSS LSS S S

wave - ) >
PO )‘L /I 4 > POI"[ D

LSS LLS LSS LSS LSS LSS LSS LSS LSS LSS LSS LSS LS LSS LSS LSS LSS LSS LSS LSS LSS S S

The only signal at port D is the reflected wave! (« voltage of the signal
generator)

f=1GHz 2> A = 25cm
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RF reflectometry for superconducting qubits

‘ Tph < hoglk ¢

. A hoog . Standard linear resonator:
|3>\\ — /’ hw, = 4ueV @1GHz
C=—= L %R 12) \ “ha)o / - T <50mK
1) -

0) \\h“’/o/ w, excites all the transitions

(@) (b)

,~hon-linear resonator
—> nonuniform energy level

spacing
c= X L@
1< Qubit = impedance depends on the
oscillation amplitude, i.e. the
(d) gubit state!
non'linear |nd uctor [J. Bardin et al, IEEE Microwave Magazine, 2020]

(Josephson junction)



Readout of superconducting qubits

—————————

network Y(w) for maximizing

b, l i ) C e ..
%% ap o | AL the signal and minimizing the

perturbation on the qubit

transmission line
IS not directly
connected to the

Microwave Magazine, 2020]

@ e qubit
|
Readout | o readout resonator
Resonator i 000 a),i (d) freq. = qubit
8 PSS - 2l :
C, = ) resonator freq.
'] Co gl
Qubit E ._| I_h. E : |
! VAR 10) [J. Bardin et al, IEEE
| [

T ——————————




Google quantum computer (sycamore)

—  XYZ CTRL (54x)
z | 20dB | 0.5G IR |
T BB *1sd3 “d*_ 2\ 2\ 54 qubits
=1l AWG (transmons)
- 3dB7.5G| 20d8 | o IR E R |
B e
© o
< w
S cp BIAS (88x) o s R ﬁ 2
2 st FTL A 5 S
o 9B
= 7.5G 10dB IR
o m-\ 1120084 | 42008 <] 44008 5
g 40dB IR R_ | Z
gﬁ_@—Q-&Q \ *—W-ga
w JPA PUMP N
£[—0 TV e
E A&BG 10dBy '20dB4 ' R R]—+ ~125mK
“| READOUT (9x) 0.5G IR
[J. Bardin,
ISSSCC 2022]
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Google quantum computer (sycamore)

DILUTION | /
REFRIGERATOR |

y

QUANTUM
PROCESSOR

[J. Bardin,
ISSSCC 2022]
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Quantum computer: wiring!

MIT
Technology
Review

Intelligent Machines

We'd have more
quantum computers if
it weren’t sohard to

find the damn cables e (B RS
by Martin Giles, January 17, 2019 Image IBI\/I Research

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, <ImW at 10mK)
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https://www.technologyreview.com/profile/martin-giles/

Quantum computer: cryogenic electronics!

POLITECNICO MILANO 1863

. Heterogeneous
" Packaging

[Park, JSSC, 2021]

Readout and control electronics
should be operated at cryogenic
temperature, ideally on the same
chip of the qubits, to minimize the

number of cables!

[Bardin, ISSCC 2019]
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Outline

e Spin detection using room temperature instrumentation
« Cryogenic electronics

- Challenges

- Design rules
« Examples
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Semiconductor freeze-out

lonization energy for
phosphorus: 45meV
KT|;oxk= 6meV

m
Q

7 e et

Si BJT, Si JFET,
commercial OpAmp nl= N
do not work here!

Moderately|Doped

http://fog.ccsf.cc.ca.us/~wkaufmyn/

2
(- " Intrinsic Behavior
| -
9]
8) "% Lightly Dog
_ O /_
ks Freeze-Out
z 3
=2 J
C bo
@ <
e N)
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The impurity band model

Akturk et al., Silicon qubit

2 EC workshop, 2009
——————————————————————————————
2— uyuuvuuvuuvuvuuvuvuuvuuvuuuvuuuuu
(@) A. Discrete States
S
o
S E,
(@)
£
N —
©
)
| -
&)
=
~1019 |__
[cm]
v

*Esther Conwell, “Impurity Band Formation In Germanium and Silicon,” Phys. Rev. 103(1),51(1956)
POLITE E. Prati, G. Ferrari et al., Nature Nanotechnology 7, 443-447 (2012)



The impurity band model

Akturk et al., Silicon qubit
EC workshop, 2009

— uyuuvuuvuvuvuuvuvuuvuuvuuuuvuuu

I

A. Discrete States

B. On-set of impurity band formation

_ Overlapping In degenerate

semiconductor will make it

behave more like a metal

<00 | I <120 2 semiconductor
_ !

[cm3] C. Broadening of the impurity
band and overlap with the main
band

Increasing doping level

v e e e e e e

*Esther Conwell, “Impurity Band Formation In Germanium and Silicon,” Phys. Rev. 103(1),51(1956)
POLITE E. Prati, G. Ferrari et al., Nature Nanotechnology 7, 443-447 (2012)



Electronics below the freeze-out temp.

e G
electric field creates a Ve>Vr
conductive channel!

no freeze-out:
conductive

freeze-out:
iInsulator

Silicon (standard) MOSFET operates below 40K!

Many GaAs devices operate at cryogenic temperature:
degenerate at 101° cm3
Limitation: small (and expensive) scale integration
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MOSFET operating at 4K

Standard analog CMOS Technology 3.3V, 0.35um
PMOS 50um /0.7um

0.0
-2.0m
-4.0m
-6.0m
-8.0m

-10.0m

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

very similar to the room temperature behavior!

IDRAIN

T = 4K
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Effects of low temperature

 reduction in electron - phonon scattering
— Increase in carrier mobility

* substrate Fermi level shifts near to E- (pMOS)
— increase of the threshold voltage

cM057 0.35um

-6.0m
-8.0m

-10.0m

-30 -2.5 -2.0 15 10 -0.5 0.0

POLITECNICO MILANO 1863 Eng et al. Silicon Qubit Workshop ‘09

AMS
O 35pm

VGATE

1200+

1000-

400-
200+

mobility (cm’/Vs)
(@)
o
(e»]

Qo

o

o
M

~—— A pFET

® nFET

5

A. Beckers, et al. “Cryogenic MOS Transistor Model,” IEEE TED, 2018.

T (K)@ Sandia National Laboratories



MOSFET operating at 4K: problems

kink effect

Z/L = 50/10

I, (mA)
3]
T

impact ionization — accumulation of

holes in the frozen bulk — substrate

potential increases — V; decreases
— current increases

Vy (V)

Ghibaudo, Balestra, “Low Temperature
characterization of Silicon CMOS Devices”, 1995
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Problems are tech and size dependent

PMOS=50umx0.7um

0.0 =

2.0m =

Temperature [K]

LI R % ...and no models from the CMOS
foundry!

N -50umx4 2um

80m---' R ‘% AMS 0.35um

0s=20umx0.7um 49K
w0 womFE——TrT—"—T1T"T T 1T 1
Oma= N d
[ / 8.0m |- -
2 N0Maa — i J
100~ “[3] | 6.0m - -
SRR . = ® No kink effect
SR S + Kink effect 4.0m |- -
S0 wg) el DLW ® This work
P 3 : : : 2.0m =/ -
60r -[11] o - - "L
R | 0[6] ) A TP S R B
- 0.0 0.5 1.0 1.5 2.0 2,5 3.0
40 Less problems usmg scaled technologlesI V. V]
200 nfd] ;j et
ol [14]"[*] [19][,,] ;Hg ‘Eg} 18, ¢[20] 55’;[13] R. M. Incandela, et al.,pp. 5861,
2017 ESSDERC.
10 100 1000 10000 0 SS ¢

Technology [nm] bolimi.it




Quantum effects in small size MOSFETS!

g (A lg (A
110nm CMOS o
1{?[)11; g{;;‘;u 2 8m -
10u4 A0D Y 2.4m |
w  10pm wy oo - 2.0m]
4 — = —— 1|:||:|H-! — 42K 1.6m 4
L OS}J.m 100 | 1.2m
‘In1; SD0,0p—-
100p 3/ ]
2% 10p+ v, =600 mv “':":':3‘;'
..1‘:":";.!;' 1 F:I{i.liil 02 o4 06 0,8 1.0 1.2
LEFOUNDS=IV Ve W)
.i.:niﬂ;'::uuw.'r Id (A)
- Conductance
4.0n-
10u
—42K
_l W  140nm 1
— u
- = 2.0n
L 100nm
100n
UU 10n
T T r r . r + — — 1n
0,40 0,45 0,50 0,55 0,30 0,35 0,40 0,45 0,50
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Quantum effects in small size MOSFETS!

» disorder at the Si/SiO2

Bulk (p type) partially formed
. channel interface at Vg = V;
ISIa\nd / I  donor atoms can be
3 randomly diffused in the
n+

channel region

g.':'_:_:.g;.'-
_LFOUNDIV
A mc{;::uuw.'r Id (A) Gate .
1 onductance
4.0n
10u
—42K .
_l W 140nm E .
2.,0n \(;)
©
L 100nm =z o
00 10n
' g g — 1n
0,40 0,45 U 50 0,55 0,30 0,35 0,40 0,45 0,50
(V) Vgs (V)
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Design rule 1: characterize the technology!

MOS parameters strongly depend on the size and tech

@

Experimental characterization of YOUR technology
Is MANDATORY

For simple circuits 1 nMOS and 1 pMOS is enough
series or parallel combinations of these basic transistors

— il W/2L wi | WL 2w
= -IIZ: F l=+t:
— W/L |
less conductive MOS more conductive MOS
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150nm CMOS technology — DC characterization

300K
< 10° W/L = 10pm/10pum
"o Vps = 50mV
— 108 Vas = 0V
n-MOS
4.2K
10710 - . -
0 0.5 1 1.5
V. [V]
x107 GS
1 L
_, 075} W/L = 10um/10um |
< 4.2K Vas =15V
2 05 Vis — OV
- TTK n-MOS
0.25 |
300K
0 . . .
0 0.5 1 1.5
Vps [V]

d n-MOS erryax = 15% (peak 23%)

POLITECNICO MILANO 1863

ds(A)

lds{A)

T R [ aak [

Ven 04V 056V  +40%
cm? cm?

Ho 300—— 900—— +200%
Vs Vs
|74 V

sts 702L 7 g0y
dec dec

Standard BSIM models are
accurate enough:

WAL=10/0.5 T=-243@Vds=0.05

d p-MOS erryax = 18% (peak 32%)

giorgio.ferrari@polimi.it

7.93E-04
595604
396E-04
1.98E-04
-280E-11
0.00 035 7
Vas(V.
RMS © 1.771% gt MAX:5243% 4
WIL=10/0.15 T=-243@Vbs=0
Vos
861E-3 - S U 00
o - - sl e eaawe-aasaf® | o
6.45E-3 — ittt el S e flillele o 02
- o
o : 03
== i
5 S
42883 : AR AR T X AL ARl
nnnnnnnnnnnnnnnnnnnn
.................................
................ o6
— e tcuvissssssescncassasasansaasseestt i
- cEasoy = vongaoessaneiii®| 07
A S SRR ES eSS oS s
N it linioli s swweeessaaaadnasailll
/ D e rrTTan songsgesee .
RN - - oo a e o 00080t -3 e-ue e S D TG 0 1 Ll ORI O & 5 5N o
0.00 045 0.90 135 18010
vds
RMS * 3.533% 3 MAX:8.187% %



Design rule 2: pay attention to mismatch!

x1 0™ Inlput & Output Transistor Ids - Vgs Curve

Input Transistor ———
Output Transistor -------

K. Das et al. EEE Symposium on
Circuits and Systems, 2010

0.5 0.6 07 0.8 0.9 1

worsening of mismatch by a factor of 1.5-3 at low
temperature compared to room temperature (tech dependent).

» Degradation of the offset voltage, linearity of ADC, DAC,
bias setting
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Design rule 3: subthreshold is critical

: [ T
imy nMOS ()
100y | — 100 |- .
< LFoundry 110nm } 5 "'. 1.2um/400nm
1= 10“? —Ty I A ) Vi, = 0.5V
D 1u§- —— 42K = '
3 100nk a
£ 1on} S,.=14mV/dec <
o 4K~ b
0 4y —
100p;
10%:0 02 04 06 08 10 1:2 |
) gs | P. A. T'Hart, et al. IEEE J. Electron Devices
Higher g,, and |/l % good! Soc., pp. 263-273, 2020
but..

|

ln  V; mismatch of 5mV:

5mV
Tout,300k = Iin 109300k = [, - 1.17
s5mV
Toutax = lin 10%4k = Iy, - 2.28
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Design rule 4. dynamic range

AMS 0.35um: parameters from 300K to 4K

* V;,from0.45V to 0.7V _
. V._from-0.7V to -1.4V stack up few transistors!
P ] -

« Power supply: still 3.3V
* no subthreshold

kink effect

Oumx4.2um 42K

8.0m<

[A]

- limit the V¢!

Z
S 4.0m<
[=]

2.0m<

0.0
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Noise

. 2 14 .
Thermal noise: €n =4kTg— TN,g,7 — noise V¥
" (0.1nV/ VHz))
Flicker noise: usually does not decrease
l4=100uA pmos 50/0.7 [ —vmi« _ _
e dominant noise up to
= " tens of MHz
5 —— T=110K
3 1000 LML) b 28nm FDSOI tech.
\2./ \ | © TIA — 025K
@ §1o4—5 — 42K
'S E — 77K
Z <] ——— 300K
10p 4 = 1
:%103-: \

: A Simulation g \ A
L] o . \,“'\A A
1k H 10k O e e S N o V- S
350nm AMS requency( Z) 100 101 102 108

L. Le Guevel et al., “Low-power transimpedance amplifier for
POLITECNICO MILANO 1863 cryogenic integration with quantum devices,” Appl. Phys. Rev., 2020



Noise

. 2 y .
Thermal noise: € =4kT — TN,g,7 — noise V¥

Im (0.1nV/ VHZ))

Flicker noise: usually does not decrease

dominant noise up to

28nm tech. tens of MHz

1070 —y7 107°
—T=300 K
o osd 1o 28nm FDSOI tech.
_ (b)
N \ VOV_OV N TIA — 0.25K
I 10" 13X 10 O —— 42K
> \ . > ; ] — 77K
A U LI 2107° s ] 300K
%)
1e-14}- N 107 I
S £ 108 4"
£ ]
PR SETTT METTT METT 10715 i.";j
10" 10 10° 10* 10" 10® 10° 10* 2
(a) Frequency [Hz] (D)  Frequency [Hz] = ] A simulaton YW
——— Background noise VNN A A
—_ - - . e ~ . . f PN e~ . 102 . S - ~ .\..A
100 101 102 108
R. Asanovski, et al., “Understanding the Excess 1/f Noise in

MOSFETs at Cryogenic Temperatures,” IEEE Trans.

L. Le Guevel et al., “Low-power transimpedance amplifier for
Electron Devices, 2023

cryogenic integration with quantum devices,” Appl. Phys. Rev., 2020
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Spin qubit readout: measurement technique

[S. Subramanian, ISSCC 2023]

lser
1 |0): Open |0): Open
ﬂ | J |1): Reer J |1): SOQ
\ Time SET fmm\ oA ~WWW— Input Signal
E d)\o

|0): Reflection
44 e Le

——wire
Electron
reserv0|r *H) SET

\::

A

—wwwww— |1): Match

RF reflectometry

-

\%

a.  CMOS chip, 22-nm FinFeT
30dB - Readout

DAC
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Frequency Division Multiplexing

J. M. Hornibrook et al. “Frequency multiplexing for
readout of spin qubits,” Appl. Phys. Lett., 2014
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Quantum capacitance

Cgeom — Ed

V>V7
2D electron gas at potential V.
/ AQ = —qAN, = Cgeom(AVG —AV)

Energy 4

Va(]) | Insulator

AQ — —qANe — CgeomAVG g=+1.6 1019 C
o) D17

* Er
m
Bl I = N, = E)dE (T ~0K)
r gE)=—5 N JE C 9(E)
E. %
— _)ANez_nhquVC
Density of states g(E) m*
CQ = qZ
mh?

guantum capacitance
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Quantum capacitance

AQ — —qANe — CgeomAVG g=+1.6 1019 C

o) | mssaor [ 077

Cgeom — Ed

2D electron gas if V>V at potential V.

V
G<> Insulator / AQ — _qANe — geom(AVG _ AVC)

C
geom®™Q
—gAN, = AV,
gate © " Cheom+Co ¢
| C C,, related to charge C m o,
— geom Q — q
:|: C dynamics and not from ¢ mh?
1 ° geometrical parameters gquantum capacitance
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Gate-based spin readout

Q.

Ve (V)
- 0.15

Vg (V)

(o]
(1]
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fy = 234 MHz

0.626 {es 0:05

10 0.00

175 200 225 250 275 300 0.625
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0.538 0.541 0.544
Vo (V)

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

0000 VDC
& 820 nH

(o]

M. Urdampilleta, ESSDERC, 2020
Pauli Spin Blockade
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o .
o
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- -5 -
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M. Urdampilleta, et al. “Gate-based high fidelity spin
readout in a CMOS device,” Nat. Nanotechnol., 2019
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Spin qubit readout: measurement technique

[S. Subramanian, ISSCC 2023]
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Cryogenic transimpedance amplifier
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Spin qubit readout: measurement technique

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

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

RESET () tun()  —~)ck 300K

Readout
Iin

Programmable
comparator

Gl Integrator

~ Spin up oo Threshold ] bias 1 bias

. - V
— Spin down VDDVSS Voo™ Vop,o Vs
» Fully-integrated 150-nm CMOS « Time division multiplexing architecture
technology « Low power consumption (1 mW/qubit)
» Direct charge-to-digital conversion [ M. CASTRIOTTA et al., IEEE Solid-state Circuits Letters (2023) ]
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Programmable floating-gate comparator

Vv

) out | . u1u
in o—{ + ;

—I— Vout
Vthg - HOH | Vln
Vth

* V,, few mV! Process variations are critical
 Digital-to-Analog Converter (DAC): power consumption, TDMS

Vin + » Floating node charged at V,

_|— V.« » Compact and low power

Floating node

- » How to change the charge?
» How to compensate for the
= process variations?

Cre ==
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Floating gate in standard CMOS technology

Floating

Control _ \|CCG Gate (FG) [
Ginie ‘ | Tunneling
(€6) M; (Tun)
1 ; > It requires high
V
q FGI \ tunneling: voltages to enable
R 4% = qQVrun tunneling (=7V in our
Floating | oy | technology)
Gate i i
: I
i 3
____________________ =
e Fi
M, &
T 0Q

[M. Castriotta, Solid State Electronics 189 (2022)]
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Floating gate in standard CMOS technology

Floating
Control | |CCG Gate (FG)
Gate | ? Y ©
Tunneling
(ce) iy (Tun)
Mc
_ O
Source L o Drain
(S) (D)

» Hot electron injection using a p-type MOSFET
» The electrons are removed by tunneling (coarse global
resetting of the floating gates)

[M. Castriotta, Solid State Electronics 189 (2022)]
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Hot electron injection in p-type FG transistor

Vcc._‘

I; inj

4‘ £G NVS

holes collide with sufficient energy (= 3/2 E,;)
to liberate additional electron-hole pairs

* Vsee>|Vrl (ON)
* Vs p>>0V (high electric field)
* Vgp>>Vgeg (Veg>Vp)

POLITECNICO MILANO 1863
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[M. Castriotta, Solid State Electronics 189 (2022)]
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Programmable comparator based on FGs

Standard 150-nm CMOS Technology

For standard latched

* MFSZMF6:M3:M4
- if V,,>0V and C, goes low:

lr6>lFs
Voie 7y Voo N

out+ out-

) i C,
Vout i _T_ M9

______________________________
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Programmable comparator based on FGs

Standard 150-nm CMOS Technology

EIProgrammlng phase:

Vopps Vssp @nd Cy shift down by
2.3V

« Differential charge injection

* |Vin| Of Mgps decreases and its
curent increases

« The comparator threshold is
increased after each clock cycle

______________________________

After tens of clock cycles, the threshold voltage s
of M5 Is such that |5 = |4 | -
- the threshold voltage of the comparator is =V,, Ck_*
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Programmable comparator based on FGs

Standard 150-nm CMOS Technology
EIProgrammlng phase:

Vopps Vssp @nd Cy shift down by
2.3V

« Differential charge injection

* |Vin| Of Mgps decreases and its
curent increases

« The comparator threshold is
increased after each clock cycle

______________________________

dEvaluation phase:
Standard latched comparator with
threshold stored in a pair of FG-
transistor M5 and Mg,
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Characterization of the FG comparator at 4,2 K

Calibration

Programming accuracy: 300uV
out 6 Sigma: 840 pV
— Calibration time: 175 ms

Fall/rise time: 2 ns

| » “Zero” power dissipated
J by the memory

20

Uncertainity region .

100 L 1
= [ i fi ( » Self-programmable
= 807 | _
— i threshold voltage
g o0 i > Internal permanent FG
Z 40 i
: i

|
|
|
|
|
|
i | memory
|
|
!
|
|
|
|

"0”) o /

8 6 4 2 0 2 4 6 8 » Easy implementation of
Input of the comparator [mV] .
a TDM architecture
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Characterization of the readout at 4.2 K

150nm CMOS tech

Programmable
comparator

0.87 mm
:ﬁﬁfﬁ Up ....Threshold VDDVssbiaS v,lss, E:J:s Voo Vic o No off-chip components!
100 - I ' —
9 || | Meesurements l Threshold current: 1.1 nA
— 80 | ! 7
§ _ Fidelity of | | Fidelity of 6 Sigma: 250 pA
5 99.85% of ¢ 5 99.85% of Readout time: 500 ns
= “ logicalo | 250 pA . logical 1 -
g g : l g | Power consumption: 1.2 mW
ct | |
O [ !' | : 1 | I | |
800 900 1000 1100 1200 1300 1400
. . Input current [pA]
Valldatlon @ 4.2K [ M. CASTRIOTTA et al., IEEE Solid-state circuits letters (2023) ]
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Cryogenic quantum controllers

Dielectric

Si/SiGe

Today Tomorrow Future

X. Xue et al., “CMOS-based cryogenic control of silicon quantum circuits,” Nature, pp.
205-210, 2021
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Cryogenic quantum controllers

Home > Quantum Computing

Intel Launches Horse Ridge Chip for Quantum 10

Computing Systems Comome

by Anton Shilov on December 10, 2019 2:15 PM EST + Add A
Comment

Posted in Quantum Computing  Inte!  Servers  Horse Ridge
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Cryogenic quantum controller (spin g.) - Intel

This work LOin Up to 16 qubits over
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J. Park, et al. ,"A Fully Integrated Cryo-CMOS SoC for State Manipulatic real QUbItS' _
Pulsing of Spin Qubits,” IEEE J. Solid-State Circuits, vol. 56, no. 11, pp. 3289-3306, 2021
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Cryogenic quantum controller - Google
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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,
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