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The route to Universal Quantum Computing

» Medium-term: 1032 physical qubits with QEC

Goals :
— » Long-term: 106 - 108 qubits
... (also) a matter of footprint!
Semiconductor Superconductor Superconductor Trapped lon
Single-5pin Flux qubit Transmon qubit qubit
qubit (DWave like) (IBM like)
# qubits [10°%cm? 8000 8 x 107* 10~ 2x107°
chip area [mm?] 25 25 % 107 2 % 1010 1010

Ferraro and Prati, Physics Letters A 126352 (2020)
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Spin qubits on the way

Academia —> Pre-industrial facilites —=» CMOS factory
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Petta et al., Science 309, 2180 (2005) Crippa et al., Phys. Rev. Lett. 120, [SSCC 2020/SESSION 19/CRYO-CMOS
137702 (2018) FOR QUANTUM TECHNOLOGIES/19.1
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http://scholar.google.it/scholar_url?url=http://pure.tudelft.nl/ws/files/72801887/09063109.pdf&hl=en&sa=X&d=9621187850815551027&ei=pmzSX8i2DM7CmAHBybqwBA&scisig=AAGBfm3KiPH7wAjMTnIDZv_-rK_KxWeMDQ&nossl=1&oi=scholaralrt&hist=Xc9VhKYAAAAJ:624755979375228226:AAGBfm0WBltcpI1ayMEQOS3UPcLrkHBFew&html=

Spin qubits on the way
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Vandersypen et al., npj Q. Info. 3, 34 (2017)
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A solid-state platform for QIP

First demonstration of
guantum supremacy

Google, Nature 574, 505-510 (2019)

Know-how of the CMOS
industry to address the
scaling challenge

Crippa et al., Nature Comm. 10, 2776 (2019)

Long range connectivity

Ursin et al., Nature Phys. 3, 481 (2007)
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A solid-state platform for QIP

First demonstration of
guantum supremacy

Google, Nature 574, 505-510 (2019)

Know-how of the CMOS _
industry to address the germanium (Ge)
scaling challenge

Crippa et al., Nature Comm. 10, 2776 (2019)

Long range connectivity

Ursin et al., Nature Phys. 3, 481 (2007)
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Outline

Proximity-induced
superconductivity on Ge

An ultra-low magnetic
field spin qubit on Ge

A. Crippa
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Section 1

An ultra-low magnetic
field spin qubit on Ge

germanium (Ge)
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Ge/SiGe structure

A Energy

-
Sip 271003 G€073:003) = [EEEEEEE Fermi energy

----- Light hole band
——  Heavy hole band

——  Heavy hole |¥|?

Growth direction

Sip 26(:0.03) ©€0.74(:0.03)

20 nm

L-NESS, Physics Department, Politecnico di Milano
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Spin qubit device
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Spin qubit device
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Spin qubit device
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Mouble guantum dot
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Double quantum dot

Charge e,0
Hole: $

Spin T l
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Qubit’'s basis

T =)
. Y+ 1)
Triplets T. = |
P 0 7
Ty =|11)
. | T — | T)
Singlet S =
J NG

A. Crippa
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Two spins %2 .
mg = +1
mg =
mg = —1
ms =10
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Qubit’'s basis

Two spins % : B =0
T = W) Mg = +1  m— -
- | T+ T) >
Triplets ) = 5 Mg =0 m—— E
T, =|11) M = =1  — ] LLI
Wy —1M
Singlet S = V-1 mg =0
V2
S)
Agup B
H = _J(E) 2
AgupB 0 I471)

: 1)

Ag: g factor difference
ug: Bohr magneton
B: external magnetic field

To)
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Why Ge?

Planar Ge:

»  Low m*

» Intrinsic high g factor (compared to GaAs and Si) > Ag
» Excellent electrostatic control > J

4

Low magnetic field operability

I (—J(E) ﬂ-giéuﬂ)
ﬂg&é;gﬁ 0

Ag: g factor difference
ug: Bohr magneton
B: external magnetic field

To)
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X gate (Rabi oscillations)

<10ns to perform a X gate

1.0- B=2.0mT T, =634%41ns

0.5 )
o B=1.5mT TE* = 645+16 ns
» 0.5 ) v I
o

1.0

B=1.0mT T, =697+17ns

Ts (NS)
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Z gate (exchange oscillations)
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Coherence (Echo)
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Echo Amplitude
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2Ts(us)
Jirovec et al., arXiv 2011.13755 (2020) T2 > 15 ps with 16 refocusing pulses
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Section 2

Proximity-induced
superconductivity on Ge

germanium (Ge)
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«Conventional» superconducting qubit

readout line
readout .
resonator 200 .
— y | Transmon qubit
)
o
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P =3 I~ . .
5 e i Josephon junction
control Xmon i I
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Barends et al., PRL 111, 080502 (2013)
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«Super» superconducting qubit

readout line

P e — )
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Barends et al., PRL 111, 080502 (2013)

Google, Nature 574, 505-510 (2019)
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https://www.nature.com/nature

Towards a Ge-superconducting qubit

%%
100
3 0
=
-100
-1 0 1
[ (UA)

Aggarwal et al., arXiv 2012.00322 (2020)
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Semi-super monolithic integration

guantum bus

Ge Ge

transmon qubit spin qubit

A |
= A — )
I N

BOTH qubits within a single material platform: germanium

microwave resonator

|
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Semi-super monolithic integration

500um
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Conclusions & Outlooks

® Singlet-triplet Ge spin qubit:
»  Single-qubit gates in less than 10 ns, coherence > 15 ys
» Tools for characterizing and mitigating errors

» Low B field operability = cohexistence with superconducting classical &

guantum electronics _ _
Jirovec et al., arXiv 2011.13755 (2020)
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Conclusions & Outlooks

® Singlet-triplet Ge spin qubit:
»  Single-qubit gates in less than 10 ns, coherence > 15 ys
» Tools for characterizing and mitigating errors

» Low B field operability = cohexistence with superconducting classical &

guantum electronics _ _
Jirovec et al., arXiv 2011.13755 (2020)

¢ Superconducting Ge junction:

»  Towards transmon qubits - cohexistence with semiconducting classical

& guantum electronics
Aggarwal et al., arXiv 2012.00322 (2020)

on a CMOS-compatible substrate
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¢ Superconducting Ge junction:

»  Towards transmon qubits - cohexistence with semiconducting classical

& guantum electronics
Aggarwal et al., arXiv 2012.00322 (2020)

on a CMOS-compatible substrate
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Why holes?

Contacts:

Well:
Properties:

A. Crippa

favorable work functions of many metals to inject carriers
(fermi pinning)
deeper than for electrons
low m* (~0.1m_e) -> promotes the confinement by uniform
potential landscapes

—> large extent of the wavefunction
electrical spin manipulation with no detrimental effects on
coherence
ease in fab (gates pitch relaxed)

CINECA — December 2020



