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The first and second quantum revolutions

www.semiconductors.org



lon implantation past, present and future

William Shockley (Bell Labs) — Oct. 28, 1954 patent

* Implantation doping —ion bombardment with group Ill or V ions to
change the conductivity.

* Depth of the implanted doping is controlled by energy.

* Heating the irradiated semiconductor to “repair radiation damage”
(400 °C) at least a factor 2 too low !

1956 Nobel Prize (Physics)

“for their researches on
semiconductors and their
discovery of the transistor effect”

John Bardeen, William Shockley and Walter
Brattain at Bell Labs, 1948



lon implantation past, present and future

Implanters in industry
In this process example, 11 or the 59 processing steps involve ion
implantation. B, P, As etc — implantation.

https://www.ulvac.co.jp/

SEI TECHNICAL REVIEW - NUMBER 73 - OCTOBER 2011



ﬂ lon implantation past, present and future

Implantation of single ions

The challenges !

How can we implant single ions deterministically ?
How precisely can we position the ions ?

How do we know that an ion has been implanted ?

How do we “activate” the implanted ion (Yield)?



Straggling and energy considerations

2 MeV H+ in Diamond Vacancies(x10™)
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Beam: 2 MeV protons, Range: 25 ym, Displacement energy: 45 eV, Density : 3.52 g/cm3


http://www.srim.org/

n Straggling and energy considerations

lon Implantation, Edited by Mark Goorsky, Published by InTech 2012, page 4



n Straggling and energy considerations

Depth Lateral
precision precision

Detection

Kane computer architecture: 20 nm depth, 20 nm spacing



Poisson versus deterministic

lons emerging from an ion source arrive at
the target at random time intervals (Poisson
statistics).

OO/OOO ®—

Beam deflectors

|

Use beam current: cps x dT

Deterministic — Control over single ions using
detection (eg SE or the sample as a detector)

Secondary
Electrons
/ ’
[ @ O
Beam deflectors
1 Detector




Counting ions



Accelerators/implanters for quantum applications

Existing systems
* Surrey
* Manchester

Q-one system



Nano aperture techniques

nano analytik [}

Systems

 LBL

* Leipzig

e Uni. Of Melbourne



Quantum applications - Qubits

Adv. Mater. 2022, 34, 2103235



What about MeV accelerators ?



Colour Centre Engineering in Diamond

2 MeV Proton
Implantation
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Diamond sample: Type lla optical grade single crystal CVD



Hyperspectral
imaging

As implanted

EOR defects
540 — 560 nm

Annealed



Raman
(532 nm)

As implanted

Fluence 5 x101°

Annealed at
800 °C



PL (355 nm)

As implanted

Fluence 5 x101°

Annealed at
800 C



NV centres

As implanted (protons/cm?) Annealed (protons/cm?)
1 x101° 3 x10"° 5 x10% 1 x101° 3 x10"1° 5 x10"
1332 cm’
NVO
(575 nm)
NV-

(637 nm)



Conversion from NV- to NV©

The NV centre
in diamond

After annealing Fluence 5 x10"°

NVO NV~

NV~ NV O

Enhancement in NV° at the edge of implantation
NV- concentrated in central (ionization region)



Radiation induced damage centres

TR12 centre 469 nm ( Isolated split self-interstitial)

—

1x10  3x10'  5x1015 1x10%  3x10'5 5 x1015

GR 1 centre 741 nm (Isolated vacancy)

‘ Anneals out at 800 °C

1 x1015 3 x1015 5 x1015



Defect centres at the EOR 543 nim 552 nim

As implanted
Both 543 nm, 552 nm anneal out by 800 °C 1 x101°

543 nm corresponds to peak in vacancies (Bragg peak,
complex defects)

552 nm is upper part of the EOR (Carbon rich, interstitial?)

3 x10"

5 x101°



P78 Comparison with SRIM simulation

As implanted
Fluence: 5 x10'° protons/cm?

As-implanted Raman cluster map is overlaid on top of the vacancy and ionization
densities from SRIM simulation.



Colour centres in diamond (SiV)



Colour centres in diamond (SiV)



Other colour centres in diamond

Table 1 Photophysical properties of the group IV defects.

ZPL FHWM at RT Excited state Ground-state splitting Spin-lattice Transverse relaxation
Lifetime relaxation T, time T,
Siv- 738nm 0.7-5nm [ref. ] 1.0-2.4ns [ref. '®]  ~50 GHz [ref. %] >1s, at 100 mK T ~13ms, at 100 mK
[ref. 3] [ref. 3]
GeV- 602nm ~5nm [ref. 29] 1.4-55ns [ref. 297 ~170 GHz [ref. 37] 25ps, at 2K [ref. 371 T,* ~20ns [ref. 37]
SnV- 620 nm ~6nm [ref. 32] ~6ns [ref. 3] ~850 GHz [ref. 32] ~60 ps [ref. 38] Unknown
PbV- 520 nm, ~7nm [ref. 34357 >3 ns [ref. 34] 5.7THz at 520nm 4.2 THz, at Unknown Unknown
552 nm 552 nm [ref. 34]

For detailed discussion and references, see main text

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-13332-w




Optically detected magnetic resonance
(ODMR)

NV- centre



Optically detected magnetic resonance (ODMR)



Quantum Sensing

Detecting Hemozoin crystals in Malaria
infected blood cells



Quantum Sensing of hemozoin



Conclusion

* lon beams and accelerators have an important role to play in future
guantum technologies.

* The are still many challenges associated with achieving “true”
deterministic doping.

* Applications include, but are not limited to, Qbits for solid state
guantum computing, single photo sources for quantum
communications and quantum sensing.
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