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• Silicon chip - spin qubits

• 50M$ investment

• Available Free Simulator

• Development Spin Qubits -> array of 7
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How to probe atomic scale nanoelectronics?

Enrico Prati – UNIMI    |

Concepts 
of

Physics

Experiments

Quantum
tunneling

Conductance

Quantized
Energy

Coulomb
blockade

Fermi
Energy/DOS

Kirchoff
method

DeviceElectronic
equipment

Microwave
Irradiation

Millikelvin
Cryostat

Magnet

?

Spin dynamics

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=7J0cRgElhiF23M&tbnid=hLzMWC8tm-L9KM:&ved=0CAcQjRw&url=http%3A%2F%2Fwww.scielo.br%2Fscielo.php%3Fpid%3DS1806-11172009000200003%26script%3Dsci_arttext&ei=VuU7VPP_F8G2uATOmoGYBQ&bvm=bv.77161500,d.cGE&psig=AFQjCNG9McXpkZXNehRILOHaYAZSYhyxXQ&ust=1413297857774806


IFN

Bridge: the current
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Basic device: a single electron transistor
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Ending point:
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P is a single phosphorus
atom below the gate

Kohn and Luttinger
Phys. Rev.  98, 915 (1955)

2 methods: electrostatic confinement of an e- or by a donor
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Density of States (DoS)
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DoS =«how many states g(E) you have in 
E (energy) interval respectively»
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Density of states and Fermi Energy
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 Condition to see discrete energy levels related effects: 
 KT << ∆E   energy level spacing
 kT << Γ linewidth

 Temperature: 
4.2 K usual
300 K   for 2nm QD
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EF

Chemical potential: (of a thermodynamic 
system) is the amount by which 
the energy of the system would 
change if an additional particle 
were introduced, with the entropy 
and volume held fixed. 
Fermi Energy: chemical potential at T=0

ContactsImpurity 
atoms
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Confinement

Enrico Prati – UNIMI    |Colloquia

Semiconductor nanostructures and quantum dots  are fabricated by

1) Vertical confinement (d=3->2) via
• Semiconductor/insulator interface (Si/SiO2)
• Semiconductor/Semiconductor heterostructures 

(GaAs/AlGaAs or Si/SiGe )

2) Lateral confinement (d=2->1,0)
• Split gate technique
• Lithographically defined structures
• Atomic inclusions
• Point defects

Nature, 2007
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Tunneling through a single barrier
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New equation

Solution: Airy f.
(v1 coeff.  X1 turning point)

Square potential

http://en.wikipedia.org/wiki/Image:EffetTunnel.gif
http://en.wikipedia.org/wiki/Image:Finitepot.png
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Tunneling in a quantum dot
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A quantum dot is a small box that can be filled with electrons.

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

(particles exchanges) capacitively coupled to a gate

(which tunes the electrostatic dot/reservoir potential)
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Quantum dots: sequential tunneling through 2 barriers
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Si nanoFETs tunneling
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d = 2        (250 mK) d = 1

Hopping between localized states
(non Lorentzian)

Single localized states
(Lorentzian)

W 280 nm x  L 180 nm

Disorder!

Clean coherent transport!

ANM 2008

Rogge PRL 06
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Charging energy
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+∆U (charging energy) 
Increase Vg
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Charge stability diagram of a quantum dot
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Typical units of conductance
Quantum of conductance: 2e2/h and equals 77.48 microsiemens, (12.9kΩ) 

I = 0
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Quantum dots with a single ion implanted
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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
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Current of +k states given by linear density of electrons:
I+ = (e/L) Σ v f+(E)=

= (e/L) Σ (dE/dk) f+(E) / ħ

f+ Fermi distribution for +k states
Which becomes in the continuum, with 2 spin states:
= (2e/h) ∫ dE f+(E) θ (E-ε cutoff)

=  (2e2/h) M ∆µ / e (M is the number of modes)

G= [(2e2/h) M ] -1 = 12.9 kΩ / M

(2e2/h)  is the quantum of conductance
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Circuital view of the quantum dot and current
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Spectroscopy: single As atom in FinFET
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0       |   1    |   2

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
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Single charge
manipulation

J exchange coupling
of the Nth electron of 
the QD with the 3 electrons
already bound to the DQD

Single charge
manipulation

E. Prati et al Applied 
Physics Letters 2011
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Single charge state sensing
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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
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Single spin readout
A.Morello et al., Nature 2010

Spin level separation
by Zeeman
Effect B= 1 T

CTAP
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Singlet-triplet qubit
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Energy splitting 140 ueV
T = 150 mK
Pulses: from 10 ns
Field 30 mT

Maune et al. 
Nature 2012
@HRL California

CTAP
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Hubbard (impurity) bands formation with 4 atoms
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E. Prati, M. Hori, F. Guagliardo, G. Ferrari, T. Shinada, Nature Nanotech.  (2012)

CTAP
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Coherent transport by adiabatic passage
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Coherent transport by adiabatic passage
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Pulses

∆=0
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Coherent transport by adiabatic passage
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Effect: the electron tunnels between
distant sites without evolving through the
intermediate sites.
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Suggested articles
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Theoretical aspects 
of Coulomb blockade

Experimental aspects
of Coulomb blockade

Experimental aspects
of single atom transistors

Silicon qubits De Michielis et al. J of Phys D 2023 (review in press)
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Questions
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(EGEA, 2017)
Artificial intelligence
Quantum computers

mailto:enrico.prati@cnr.it
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