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Point detects 1n silicon for quantum technologies
at room temperature
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The quantum technologies roadmap
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Classical Bit Qubit

Physical qubit roadmap for quantum computer

D1 Vincenzo criteria for qubits

(Source: Quantum Technologies 2020 report, Yole Développement)
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Point defects in semiconductors for encoding quantum information

e Two level systems based on electronic/nuclear spin

* Single photon emitters

e Imitialization and read out: —> Optical spin manipulation
—> Magnetic fields

NV center diamond Donors silicon
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Point defects in semiconductors for encoding quantum information

e Two level systems based on electronic/nuclear spin

* Single photon emitters

e Initialization and read out: —> Optical spin manipulation
—> Magnetic fields

NV center diamond Donors silicon
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Deep impurities in silicon

v/ Room temperature operations
v Integrated in silicon industry



Ge-vacancy complexes

Obtained via Single Ion implantation technology —> accurate spatial control

T. Shinada, T. Tanii, E. Prati Low filling: E; ~20 meV  High filling: E, ~ 1 meV
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Objectives of the theoretical study

nlic * Determine the defect stechiometry
4H nffa.eu

nanoscience foundries & fine analysis ° Cha‘raCterize the e]‘eCtroniC SpeCtrum
e Explain the temperature activated conductivity

Aspects affecting I-V curves

- impurity states within the gap

- effect local environment

- Inter-dot and intra-dot e-e interaction
- correlation

- disorder

- external bias

- coupling to the electrodes

Theoretical “‘issues”

e Accurate description of the host properties —> silicon gap

® (Charged excited states

e Manage defect-defect interaction —> dilute impurities

® Transport along a chain of defects —=—————————eeep



The gap problem

Eo= - [(Eo(N) - Eo(N-1)) - (Eo(N+1) - Eo(N))]=AE - IE Underestimated by DFT
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Computational costly —> small systems
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Self energy correction included 1n the pseudo - potential

No additional computational cost —> large cells

L. G. Ferreira et al., Phys. Rev. B 78, 125116 (2008)
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Electronic properties - Charged excitations

Charge transition levels €(q|a’) =Er(q)-Er(q’) - Evem

(q-9°)
I
Janak theorem Er(q@) —Er(q) = J erumoN + n)dn
0
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2

CBm-+o.

-0.35 .
> i3
= 1-0.5 0511 K
4 -0.65

A,

YR Y

VBM

GeV -0.24
GeVy -2.5
GeVj -4.74

Deep Level Transient Spectroscopy experiments
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S. Achilli, N. Manini, G. Onida, T. Shinada, T. Tanii, E. Prati: Sci. Rep. 8, 18054 (2018)
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Electronic properties - Charged excitations

Charge transition levels €(q|a’) =Er(q)-Er(q’) - Evem
(q-9")
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0
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Hubbard model

d d d d d
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Electronic transport
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Transition-rate equation
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Role of disorder - coupling to the electrodes
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Peaked features in the conductance —> addition of an electron in the chain

Disorder + energy dependent coupling to the leads —> drop of conductivity

S. Achilli ef al. Adv. Funct. Mater. 31, 2011175 (2021)
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Comparison with experimental trans-characteristic
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Only the upper Hubbard band is visible in the experiments

Theory reproduces the temperature activated conductivity

Activation energies extracted from the Arrhenius law
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S. Achilli ef al. Adv. Funct. Mater. 31, 2011175 (2021)




In (G/S)

In (G/S)

The model reproduces the experimental findings —>

EXPERIMENTS

e Low filling /w
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GeV versus P

e Large U/t ratio in GeV —> more sensitive to localization effects
e GeV is a neutral defect in the ground state:
Single electron transport enabled in the empty chain, disfavored in the upper Hubbard band

Low filling - upper Hubbard band
Single electron-lower Hubbard band
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* Negligible temperature dependence at high filling —> transport aided by on-site repulsion
(spread of WF)



Conclusion

* Experimental protocol for Ge implantation and generation of GeV complexes

e Multiscale theoretical approach able to catch the main physical properties of GeV

e Agreement with the experiments: both evidence different quantum transport regimes
* Quantum transport results from the balance of Coulomb repulsion and localization

e Temperature activated behavior

Application and perspectives

* Array of GeV defects 1n silicon: Hubbard simulator

e Single defects —> qubits —> manipulation of quantum information
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