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* Silicon chip - spin qubits
e 50MS investment
* Available Free Simulator

* Development Spin Qubits -> array of 7
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Quantum co-processor: augmenting,
not replacing, traditional HPC systems

~50+ Qubits: Proof of concept

» Computational power exceeds
supercomputers

= Learning test bed for quantum “system”
~1000+ Qubits: Small problems

* Limited error correction

* Chemistry, materials design

* QOptimization

~1M+ Qubits: Commercial scale

» Fault tolerant operation

* Cryptography

* Machine Learning
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Contents lists available at ScienceDirect

Physics Letters A

www.elsevier.com/locate/pla

Perspective article

Is all-electrical silicon quantum computing feasible in the long term?

Elena Ferraro®*, Enrico Prati”

Table 3

Number of physical qubits per unit surface and area covered by 2 billions of physical qubits. The silicon hybrid qubit footprint refers to
the 7 nm technology node,

Semiconductor Semiconductor Semiconductor Superconductor Superconductor Trapped lon

Single-Spin Hybrid qubit Hybrid qubit Flux qubit Transmon qubit ~ qubit
qubit (Steane code) (Surface code) (DWave like) (IBM like)
Mgby/cm? 8000 830 100 x 102 8x 1074 107> 2% 107
Achip(mm?) 25 240 20 25 x 107 2 x 1010 101
Reference [75] 5] 5] [79] [80,81] [82]

_Cﬂ IFN



CRYOGENIC ELECTRONICS FOR QUANTUM COMPUTING

Home > (uantum Computing

Intel Launches Horse Ridge Chip for Quantum 10

Computing Systems Comments

by Anton Shilov on December 10, 2018 2:15 PM EST + Add A
Comment

Posted in Quantum Computing  Inte! Servers  Horse Ridge
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How to probe atomic scale nanoelectronics?

Leitfshigkeit (1 Siemens]

Concepts
of
Physics
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Bridge: the current
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Basic device: a single electron transistor

Pis a single phosphorus
atom below the gate

I'Hydrogen

Quantum ‘
tunneling - :
PG = G.4 \\ b . —
Coulomb e e Hd £i
blockade [T
.| drain
Conductance ) Kohn and Luttinger "
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Density of States (DoS)

V)= el )

Quantized
Energy

Quantum

tunneling

Coulomb
blockade

Conductance

Kirchoff
method
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Density of states and Fermi Energy

» Condition to see discrete energy levels related effects:

» KT << AE energy level spacing
» KT <<’ linewidth
N Temperature. Chemical potential: (of a thermodynamic
| system) is the amount by which
4.2 K usual the energy of the system would
change if an additional particle
300 K for2nm QD were introduced, with the entropy
Quantized and volume held fixed.
Energy Fermi Energy: chemical potential at 7=0
1E+21 - EF . Contacts
Quantum - Impurity
tunneling —_— afoms
a ]
-~ TE+20 A o
Coulomb (BB - L~
blockade 2 B
o 4E+20 -
5 SE+20 \ I\ Bulk (300
S R Quantum Wl (20)
Conductance f;ig ] e N Quanturm Wire (109
a Cuantum Dat (000
Kirchoff O 10 20 /30 40 S50 B0 7O 80 80 100 110 120
method Energy (meV)




Confinement

Semiconductor nanostructures and quantum dots are fabricated by
Theory

1) Vertical confinement (d=3->2) via
e Semiconductor/insulator interface (Si/SiO2)
e Semiconductor/Semiconductor heterostructures
(GaAs/AlGaAs or Si/SiGe )
Fermi
Energy/DOS 2) Lateral confinement (d=2->1,0)
e Split gate technique
. ' ' e Lithographically defined structures
e Atomic inclusions
e Point defects

Quantum
tunneling Nature, 2007
Coulomb
b I OCkad e p Available online at www.sciencedirect.com —_—
AR .qlluql@nmlq'm
Micioe kectiomic Engineerng 757 (2004) 701-T0s -
Conductance R

Single-electron polarization of an isolated
double quantum dot in silicon

Kirchoff N e . I : MU i b BERTE S
E.G. Emiroglu *°, D.G. Hasko *, D.A. Williams i S ﬁrm‘
meth Od Aboratary, Microelectranics Research Centre, Usiversity of Canbridge, Madingley Road, Cambridge CB3 OHE, UK

f Cumbridge Laboratory, Hitachi Europe Ltd, Caversdish Laborators, Madingley Road, Cambridse CB3 0HE, UK Published online: 30 Septemher 2007; doi:10.1038/nnano.2007.302
Availlable online 17 Aprl 2004




Tunneling through a single barrier

R d?
Schroedinger —5 73 e (@) + V(2)¥(z) = E¥(z)
Test function U(z) = ¥

Fermi ] 9
Energy/DOS New equation '(2) + ¥'(2)" = S5 (V(2) - B).
Quantized
Energy

Coulomb
blockade

(v1 coeff. X1turning point)

Square potential
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L]
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Solution: Airy f. U(z) = Cydi(Jvi(z — 21)) + CpBi (Jvi(x — 21))
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Tunneling in a quantum dot

A quantum dot is a small box that can be filled with electrons.

Dot
Source ) O ( Drain
Fermi
Energy/DOS

Quantized The box is coupled via tunnel barriers to a source and drain reservoirs
Energy

(particles exchanges) capacitively coupled to a gate

(which tunes the electrostatic dot/reservoir potential)

Coulomb SOURCE : DRAIN
blockade 3@@
|_ _DGATE —I
Conductance @ﬂ\l o~ A
s/ NEY, x/

Kirchoff
method
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Quantum dots: sequential tunneling through 2 barriers

"

Energy
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Fermi
Energy/DOS

Quantized
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Si nanoFETs tunneling

o= s

W280 nmx L1180 nm

100
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1 D /
01 ponor ' _ Quantum do
1opping between localized states ] -
_ I _=Z0
(non LorentZIan) / 150 200 250 300 350 400
Vg(mV)
Disorder! Single localized states Rogge PRL 06
Conductance (Lorentzian)
Clean coherent transport!
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Charging energy

Coulomb repulsion!

+AU (charging energy)

Increase Vg

Kirchoff
method
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Charge stability diagram of a quantum dot

940/ AH50 960 970 980
Vg (mV)

Typical units of conductance
Quantum of conductance: 2e?/h and equals 77.48 microsiemens, (12.9kQ)
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Quantum dots with a single ion implanted

Quantum

Dot
Scalin ng o of the Bh orbit: Physics of a single atom inasoli(fstate matrix. .
e '-ﬁ"ﬂ; D \
Fermi en — Gt I B d b C
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Sellier et al PRL 2006 Golovach et al PRB 2010 Mazzeo et al APL 2012
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The quantum of conductance

1
G=—5= Vv Classical
definition

1
R

a A
(G = —
4

Fermi
Energy/DOS . : :
Current of +k states given by linear density of electrons:

Quantized I+= (elL) X v f+(E)=

Energy = (elL) X (dE/dK) f+(E) I h Quantum

formalism

Quantum
Tunneling
Coulomb
blockade

Kirchoff
method

f+ Fermi distribution for +k states
Which becomes in the continuum, with 2 spin states:

= (2¢/h) | dE f+(E) 0 (E-& cutoff)
= (2¢?/h)M A /e (M is the number of modes)

G=[(2¢2/h)M]-1=12.9 kQ / M

(2¢2/h) is the quantum of conductance

Enrico Prati— UNIMI |



Circuital view of the quantum dot and current

@a = G, (ne = (C + Cc)Vps + CcVa), Cx = Ca + Cg + Co

Cp . .
= ——(ne+ CalVps + CalVa).
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Fermi =[]+ <4 . -fl+ =B
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—
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Spectroscopy: in FINFET

1, (NA)

—— 256 K
— 128 K
—bd K
— 32K
— 16 K
—8K

—4K

Sounce

E"t"id

Drain

ASNNNN

Sample: a commercial nanoFET
channel 70x50

contacts doped with As

1 good one every 10 samples
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Moving an electron from a quantum dot to a donor

21 22 23 24 25 26
Vv

AV (WAN)

—-0.1 E. Prati et al Applied

247 248 249 25 251 252 2.53 :
V_ (V) Physics Letters 2011

J exchange coupling @ Quantum dot
of the Nth electron of @ Donor
the QD with the 3 electrons S gat_z

already bound to the DQD

N -
.Back gate
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Single charge state sensing

Experimental

Undoped sample:
no lines s

|50
Es 5 =1mv |

16 g N
20 45 -0 05 00 05 10
Vi (V

o 11 M

00 05 10 15 20 25 30

Mazzeo et al., Applied Measurement possible thanks
Physics Letters 2012 to cryogenic amplifier (see G. Ferrari)
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Spin state sensing: spin-to-charge conversion

a b

Load | Read
W = DT pﬂ_-! :
=T gy
~ .) o
S : L 1

| Emply |

1 I
1 1
[ 1
i —.
| l i
I — |

1

Spin level separation

Experimental by Zeeman s

EffectB=1T

&
=

Single spin readout
A.Morello et al., Nature 2010
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Singlet-triplet qubit

Experimental

Energy splitting 140 ue
T =150 mK

Pulses: from 10 ns
Field 30 mT

Maune .
Nature 2012
@HRL California >l : > : ’ : : In

e— Time Exchange-pulse duration (us)
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Hubbard (impurity) bands formation with 4 atoms

Experimental Isolated donor regime ng@mﬁ@ kel

w Y

2 donors

08
o W s
06
% | U=19 meV | | Upper /
£ 54 Dz | o021 Hubbard
i . i Lower Band
D1, SV Hubbard
0.2 A%
oo D22
0.0 4 ——
A a U /4 2
v, (V) T
I |
r. [nm] 100 46.4 21.5 10 456 4.6
ncm? 101° 1078 10" 1078 3.7x1018 1079

E. Prati, M. Hori, F. Guagliardo, G. Ferrari, T. Shinada, Nature Nanotech. (2012)
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Coherent transport by adiabatic passage

. . . D)= zin B3in O;|1) + cos O3)2) + cos Opsm O;)3)
H 7] B 5 B, 5 | = - :
Experlmental a) :
i 7 T i 7/
o l-__."" /I;-'_x . .

G “d | D) = s Bcos B7|1) — sin O3|2) + cos Bycos B;|3)
Sk
- - . |Dpd = cos ©|1) + 0|23 — sin 6|3},
I= M [3=
= 61 = arctan({1;2/03),
(b 5 8y 1
|| |_| ﬁ |_| IE:‘ U . 61=Jar ctan[ (VI 240252} + (2Af13))/A].
= 3> -
[ ] ] The energies of these states are
S e
£=7= Ew‘(zﬁnu)? + (200" + A°
En ={.
0 -0, 0 Pulses
H=f -1 A% -1z, (1)
0 —fl; 0

Qe = 005 expl— (t = tag) (207551,

ﬂ]:':ﬂ'=ﬂmﬁPl [:f o .-_;-] /E’ﬂ'ﬁj}

ﬂg3|:ﬂ=nmexp[—( o) / wﬂ]

where ),;=10)_,(1) is the coherent tunnelling rate between
position eigenstates |@) and |8} and A=E,—E=E,—E;. In

A=0
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Coherent transport by adiabatic passage

| D) = sin ©5in O1) + cos B2} + cos Oysin O4]3) In order to procesd, we numerically solve the master
) equations for the density matix, p,
Ty =5 Bcos 1) — 5in 642 + cos Byoos B43 : i .
| eos Gall) s el o 5= 3TH.p1=Tlp—dizg(p). ®
| Dy} = cos 6[1) = 0]21 — sin By3), where I is the Th (pure dephasing) rate. assumed to act

equally on all coherences. As we are pnmanly considerning

CIRT S e
5 B - b By 5 = D Y |
i) A A .-".I . - ::' gA i f \
J rd & r . ! !
[ LYY LI LYY S
R oo L y
by 10 (]
- - - g B \ P [ Py
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L1 I I 173 y. ﬂ;; { /
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(b 5[ 1B 15 T

z fc) 10
e :

— — — L] H

Fr £ = n4 15

_ — .2 i

IPIEEI | S —
L [T g [RE™ ]

Qog= 55 expl— (t— t,a)(204)],

ﬂ]g(r}=ﬂmexp[— |i:— *“‘1' ”:_]]/ug?:l]

A=0

fys(0) = ﬂmﬁp{ /E?u'zll
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Coherent transport by adiabatic passage

Experimental

Single charge
anipulatio

Single spin
manipulation

Solid state
qubits

Band
formation

Effect: the electron tunnels between
distant sites without evolving through the
intermediate sites.

PHYSICAL REVIEW B 80, 035302 {200%)

Atomistic simulations of adiabatic coherent electron transport in triple donor systems

Rajib Rahman,"* Seung H. Park.' Jared H. Cole™ Andrew D). Greentree ? Richard P Muller *
| Gerhard Elimeck,'” and Lloyd . L. Hollenberg®”
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Suggested articles

PHYSICAL REVIEW B VOLUME 44, NUMBER 4 15 JULY 1991-1I

Theoretical aspects
of Coulomb blockade

Theory of Coulomb-blockade oscillations in the conductance of a quantum dot

C. W. J. Beenakker
Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands
(Received 28 November 1990)

INSTITUTE OF PHYSICS PUBLISHING REpoRrTS OM PROGRESS IN PHYSICS

Rep. Prog. Phys. 64 (2001) 701-736 www.lop.org/lournals/rp  PIL: S0034-4885(01)60525-6

Experimental aspects

Few-electron quantum dots
of Coulomb blockade

L P Kouwenhoven', D G Austing” and S Tarucha®’

LETTERS nature
Expe rl mental as peCtS PUBLISHED ONUNE: 19 FEERUARY 2012 | DOI: 10.1038 /NNANO.2012.21 ndnott:(:hno](}gy

of single atom transistors
A single-atom transistor

Martin Fuechsle', Jill A. Miwa', Suddhasatta Mahapatra', Hoon Ryu?, Sunhee Lee?,
Oliver Warschkow?, Lloyd C. L. Hollenberg®, Gerhard Klimeck® and Michelle Y. Simmons™

Silicon qubits De Michielis et al. J of Phys D 2023 (review in press)
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Questions

» Enrico Prati enrico.prati unimi.it

Enrico Prati

|||..1|. |I |= :

rEtI
(EGEA, 2017) lu JJdJJ.

Artificial intelligence 'Eudu__é
L
Quantum computers e

(ﬂ EN Enrico Prati— UNIMI |



mailto:enrico.prati@cnr.it

	Spin qubits in silicon
	INTEL
	INTEL
	Spin qubits
	CRYOGENIC ELECTRONICS FOR QUANTUM COMPUTING
	How to probe atomic scale nanoelectronics?
	Bridge: the current
	Basic device: a single electron transistor
	Density of States (DoS)
	Density of states and Fermi Energy
	Confinement
	Tunneling through a single barrier
	Tunneling in a quantum dot
	Quantum dots: sequential tunneling through 2 barriers
	Si nanoFETs tunneling
	Charging energy
	Charge stability diagram of a quantum dot
	Quantum dots with a single ion implanted
	The quantum of conductance
	Circuital view of the quantum dot and current
	Spectroscopy: single As atom in FinFET
	Moving an electron from a quantum dot to a donor
	Single charge state sensing
	Spin state sensing: spin-to-charge conversion
	Singlet-triplet qubit
	Hubbard (impurity) bands formation with 4 atoms
	Coherent transport by adiabatic passage
	Coherent transport by adiabatic passage
	Coherent transport by adiabatic passage
	Suggested articles
	Questions

