Innovative

PN menator @ polifab

for Nanoscience POLITECNICO DI MILANO

POLITECNICO
MILANO 1863

High Resolution Electronic Measurements in Nano-Bio Science

Measuring currents below 4K
Cryogenic electronics

Giorgio Ferrari

Milano, June 2023



Outline

* Spin detection using room temperature instrumentation
« Cryogenic electronics

- Challenges

- Design rules
« Examples

POLITECNICO MILANO 1863 G. Ferrari — Cryogenic electronics



Motivation for cryogenic electronics

« Space applications
Tdeep space ~ 3K
« mid- and far-infrared detectors
require temperature below 5K

+ Cryogenic STM/SPM systems g3
 Less thermal fluctuations and drift 'g;' g

g l“
Al

* Quantum devices and quantum computing i
« Low temperature for reducing thermal energy | =% ,\/ B
 Supercondutors 1§

Readout and characterization of spin qubits

Nature 479, 345 (2011)
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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
A

Gate Ispr
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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

Vg T<10K
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SET-based single-charge detector

see Prati’'s
lesson U
lser [
25() 0
Single fser (P
electron a AV,,,: voltage shift of the
(donor)

SET island given by the
charge state of the donor
A. Morello,et al. Nature, no. 7316, pp. 687-91,
2010, doi: 10.1038/nature09392.

top gate
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Spin state detection: spin-to-charge conversion

see Prati’s

! | |
lesson Hser | | |
" ND:—!-,»l :—!»l :
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M| | | |
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T x |
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0 )i ! |
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Single
electron

(donor)

/SET[

Room temp.
TIA

A. Morello,et al. Nature, no. 7316, pp. 687-91
2010, doi: 10.1038/nature09392.
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Experimental set-up to study quantum devices

2T Cryomagnet /

270mK - 4kT 5

% Si,eq R — + eN Q)ZCP
S T=300K F
QN e e I _ ZﬂeNCPBWB/Z
u T=1.5K RS V3
............................................................. —
0.3K EW :J1o-2ancp
v Cp reduces performances
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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.. = 80pF/m - L § Z,
AN

POLITECNICO MILANO 1863 G. Ferrari — Cryogenic electronics



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 cable

impedance, usually 50Q a reflected wave Is created!
f_Z= %
The reflected wave is related T 7, + 7,

he | im nce! - iCi
to the load impedance reflection coefficient

POLITECNICO MILANO 1863 G. Ferrari — Cryogenic electronics



Radio-frequency spin readout

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

—— %

=

4- =

Isgr <

v 5

Single > [V %

electron =

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

turn, depends on the spin

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

Matching

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

) L %V
-z_ — Spin up
and = —— C
3I- ) A~ SPIN dOwn
o >
0 | I
1+3L 4 s21c
7 =R RSET
L SET 1+ SCRSET mn i
: el
Wyes = =
VILC _L -~ Rs=60kQ
L L,C selected to _F
71, (Wres) = ’ C=0.5pF |/ Rs=50kQ
TS CRepr have Zp(wres)  Zo | |

220 f(MHz) 240
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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|< |300K
| Directional
SET L 1m coax Coupler . @
Drain 000, [T .ﬁégg:;.’:
]

Vin —— Diode
°_| Coag | Rectifier
Cgate — | "

Source I I - I Vout
p— Circulator HEMT
= | Ampliier]

Reflectometry allows high-sensitivity measurements 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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Quantum computer: wiring!

MIT
Technology
Review

Intelligent Machines

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

find the damn cables
by Martin Giles, January 17, 2019

Cables connecting qubits (<4K) to room temperature

electronics are a limiting factor!
(= 2 coaxial cables /qubit)
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https://www.technologyreview.com/profile/martin-giles/

Quantum computer: cryogenic electronics!

N | Readout and control electronics
. should be operated at cryogenic
'temperature, ideally on the same
i chip of the qubits, to minimize the
hnumber of cables!

=7 1N

[Bardin, ISSCC 2019]
POLITECNICO MILANO 1863 G. Ferrari — Cryogenic electronics 17
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Freeze-out and degenerate semiconductor

Heavily Doped/JDegenerafe

T=70K Room T

n= N

N

©

Q

[7)]

(@)]

o

2

dd

Q

©

QO

‘© Freeze-Out

=

7))}

[

w - -

a Si BJT, Si JBAET,
commercial OpAmp

do not work here!

Modgrately Doped

Lightly Doped

b

/

0K
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Temperature
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Intrinsic Behavior

ionization energy for phosphorus: 45meV
KT|,ox= 6meV

//W g

_____________ }AE E.-E4

=

77 e

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

http://www.extremetemperatureelectronics.com

A=l



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

AMS
O 35pm

VGATE
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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

Eng et al. Silicon Qubit Workshop ‘09



MOSFET operating at 4K: problems

| Kink effect hyteresys
4 B
ZIL = 50110 Ve=5V 4
3 » —
T=12 ﬂ 25k 4
- = """ ZZ
< ,,--*--*'—ﬁ -
S T
1 2- —— High - Low V4 transition @ T=4K
—&— Low - High V4 transition @ T=4K
| = = Low - High -Low Vs transition @ T=300K
j 1 1 I I 1
0 1 2 3 2
0 Vs (V)

Vy (V)

Ghibaudo. Balestra. “Low T ( Y. Creten et al., IEEE J. Solid-State circuits,
ibaudo, Balestra, “Low Temperature 0. 2019 (2009)

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] electronics




Quantum effects

In small size MOSFETSs!

g (A) lg (A)
110nm CMOS o
10u4 A0D Y 2.4m |
BRI mv — 281 K 1
W 10um 1”- " — EOEK Z:Cll'l’l—-
—| — 1001+ — A2k 1.6m 4
L OS}J.m 100, 1.2m ]
IGE 1
8000y
100p ¥/ ]
P 10p+ W, = BOO my 40090+
" 1o 0.0 == . . —
o o0 o0z 04 08 08 10 12 00 02 04 06 08 10 12
LFOUNDIV Ve (W1 Vds (V)
.i.'l.'ni:';::uur.-.r'r Id (A)

Conductance
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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

<—|W/L W/2L wiL | WL -|2W/L

= 1 =t
<  I—
WL

less conductive MOS more conductive MOS
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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

1m : 100 | | ' nMOS ](c)_
=3 100“? LFoundry 110nm g "'. 1.2um/400nm
1= 10“? —Ty I A ) Vi, = 0.5V
D e ——42K] 3 I '
3 100n} Qa
k= ; 5 <
g 1onp S,=14mV/dec: o
ST . ]
. T T
%.O | 0i2 | Oi4 | Oi6 | 0i8 | 1i0 | 1.2
Vgs [V Ves [V
i gs I P. A. T'Hart, et al. IEEE J. Electron Devices
Higher g,, and I,./l 4 good! Soc., pp. 263-273, 2020
but..
l |t l ln  V; mismatch of 5mV:
5mV
| | Iout,BOOK ~ lin 105300k = Iin - 1.17
5mV
- Tout i = lin 1054 = Iy - 2.28
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Design rule 4. dynamic range

AMS 0.35um

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

* Power supply: 3.3V
* Nno 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 =4|<Tg— TN,g,7 — noise V¥
" (0.1nV/ VHz))
Flicker noise: increase or independent (tech and size dependent)
l4=100uA pmos 50/0.7 [ —vmi« _ _
1;1; — 1 dominant noise up to
) " tens of MHz
= — T=110K
2 1000 LML b 28nm FDSOI tech.
3 : (b) TIA —— 0.25K
@ §1°4'5 —— 42K
'S ; — 77K
> :q:; | — 300K
10p == % &/
5103-: \

: 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 €l cryogenic integration with quantum devices,” Appl. Phys. Rev., 2020
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Cryogenic transimpedance amplifier

Noise equivalent to F50f|:
1.7GQ @ 300K Il
IN 24 MQ
] _VC,)UT NEEEEN B
—t CMOS Technology
= 3.3V 0.35um
@ '_IM
IP 0.7um
nMos: 50pm/1.4um

pMos: 50pum/0.7um

b,

F. Guagliardo et al., in “Single Atom Nanoelectronics”, ed. E. Prati and T. Shinada, Pan Stanford Publishing (2013)

[ ]

(simplified scheme)




Measurements at 4 Kelvin

15
> 10! N\
O N T=4K o _
> 05 \ Gain, linearity and
§ 0.0 bandwidth match the
= 0S N simulations
o -10 \\
8 -1.5 N\
-/5n -50n -25n 0 25n 50n 75n 00 )
Input current [A] < : ]
E - 24MQ, BW=30kHz 2
> _ .
2 10M} ;
S - 4.6MQ, BW=200kHz :
2 i ]
> .
G,) L
-]
O
S .
L
100K Ll
10 100 1k 10k 100k 1M

Frequency [HZz]
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Measurements at 4 Kelvin

Quantum dots with a

T single ion implanted
= | ' <
<, 10f} ooy 99 w : S o 4‘vds'=1r}\v |
& i A 5 S 3y, =0V
g N\,WVW - ® g 2|T=4.2K
= ' high gain é 1l
[l D 2
: ) S A\
N N S %% Py M
0200 e A0k 100k Single charge state sensing
Frequency [HZz]
T=300 mK
(@)16m
+ 2.3 pAgys resolution (14 pA) 192
- 32 kHz Bandwidth (190 kHz)- T 08 -;
~ 30 times better of RT —°0.4
M. L. V. Tagliaferri et al, IEEE Trans. Instrum. 0-0 . | :
Meas., pp. 1827-1835, Aug. 2016. 0.0 0.5 1.0 15
Mazzeo et al APL 2012 Time (ms)




Fully-integrated Cryo-CMOS readout of qubits

g s |

- - e . -

PN

SET current RESET
B | Voltage out Programmable
IS ' comparator

Time

~1K

« Direct current readout at 4.2K

* Readout in 500ns o

« Power consumption = 1.2mW

« Area<1mm?

« Unconventional use of floating gates for a
compact, programmable, and precise

2]
o

| Fidelity of -
> 99.86% of
250 pA : logical 1

- Fidelity of
99.86% of '«
" logical 0

=]
(=]

Probability of logical 1 [%]
B
=]

n
o

o

Comparator (<1mV) BéO QfIJO QELO I10I00 1(;50 1160 11‘50 12I00:12I50 1300 13‘507

Input current [pA]




Cryogenic quantum controller

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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Intel quantum controller for spin qubits

This work LOin Up to 16 qubits over
DIGITAL ANALOG 4K 4K 10mK  asingle RF line
] Drive < > .

Matching
Network

O

@B I\\;:Mod.:Corr. B—> E§

Att.
weon U —__ i O

H T I
NCOr — ] e
s
6x 1 L= OO =
NCOrs 8 &
—:-|+ — I5 —a= 2, O Coy
Binning & (—— HDO—H
Theshod | |l <] : = o
Rect Pul I_‘ I D71 1
ect. Pulse : . = B +
SSreon DAC )—Driver é -
| Misc. 11 ESR
['sP1 ][uarT] pigi A N I g D OHn
D:%ta '|| uControlier I\?;r&r)y l— >C|k4 Bias Gen. | |Temp. Sensors - surrcae | 3
Clk. Buf} | ' Plunger Gate

SPI UART JTAG GPIO CLKin Ibias, 14 ltest ltemp.1-8
Static DC bias

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
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