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Part 1: The IAEA CRP

Ion beam induced spatio-temporal structural evolution of 
materials: Accelerators for a new technology era 

CRP No: F11020

Final RCM Meeting LBL April 2022
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Overall research objectives

To develop novel accelerator-based ion beam tools to induce and characterize 

effects in the spatial and time domains for tailoring the properties of materials 

required for new quantum technologies.
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WPC: Materials 
Leader Paolo Olivero and Xinwei Wang 

C1  Colour centre engineering 

C2  Bi in Si 

C3  Diamond radiation detectors 

C4  Electrical control of colour centers 

C5  Defect engineering of 2D materials - SHI irradiation
of graphene and MoS2

WPB: Accelerator Techniques 
Leader Thomas Schenkel 

B1 Dynamics of defects in Si, SiC and diamond 

B2 Pushing materials to the extreme corners of the phase 
diagram 

B3 Multi-electrode IBIC 

B4 In-situ enrichment of 28-Si

WPA: Modelling 
Leader Flyura Djurabekova 

A1  Development of theoretical models for the interaction of high 
energy ions with 2D materials (>0.5 MeV/nucleon) 

A2  Modelling of low energy ion implantation 

A3  Problems on the dynamics of multi-scale time phenomena, 
focus on the sort-time range dynamics

Introducing the 
IAEA Cooperative 

Research Program
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Selected CRP Highlights – reported here

WPA – Modelling 

 Qubit fabrication: Develop scope of problem for modeling high-precision 
implantation towards our 10 qubit device <10 keV P into 3 nm SiO2 / Si, 
straggling

 Extend model to consider effect of bystander ions in molecular ion implants, 
especially PFx to limit channeling

WPB – Accelerator Techniques  

 Developed the process for 28-Si enrichment using high fluence silicon 
implantation at 45 keV

WPC – Materials 

 We implanted Bi ions into nano-SQUIDs to investigate donor-flux coupling 
including the use of enriched 28-Si substrates

 We report extensive investigations of the development of diamond-based 
detectors for novel applications in extreme environments or for single atom 
doping.

Key unifying theme: Accelerator 
techniques in the context of 

technological applications, near 
and far term
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Part 2: Activation of Implanted Donors in Silicon

+e
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History

~20 nm

e−

Barrier

28Si
Substratee−

+

-

+

-

31P 31P

Feynman, Kane: Compute with spins Near Surface implanted 31P (spin ½) in 28Si

the interactions of 
quantized spins

1959 1998

There's Plenty of Room at the Bottom, RP Feynman, Engineering and Science 23 (1960) 22

A silicon-based nuclear spin quantum computer, B Kane, Nature 393 (1998)133

M Madzik, et al., arXiv:2106.03082v2 [quant-ph] 9 Jul 2021

Three-qubit electron-nuclear quantum
processor 

Long-lived single nuclear spin coherence
Nuclear spin 𝑇ଶ time ~30 s

Nature Nanotechnology 9 (2014) 986

Bell’s inequality violation
Are there any hidden variables?

Nature Nanotechnology 11 (2016) 242 

Donor Nuclear Spin Kinetic Energy for ~20 nm IBIC Signal in Si for 20 nm
31P 𝐼 ൌ 1/2 14 keV 3 keV

123Sb 𝐼 ൌ 7/2 18 keV 3 keV
209Bi 𝐼 ൌ 9/2 19 keV 3 keV

Jamieson, Jakob, Morello et al: Deterministic ion implantation from Ion Beam Induced Charge
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6: Nuclear Spin
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21st C quantum material: From atom to qubit in Si:P
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Bridging the Classical – Quantum Divide

1: Find addressable donor by 
sweeping gates

2: Unwanted donors either 
ionized or frozen

Enriched 28Si substrate with 
depleted below 800 ppm 29Si

Implantation depth profile

3: Use electron spin to probe decoherence mechanisms

Diagram by Danielle Holmes

8 nm SiO2 gate oxide

14 keV 31P (20 nm deep)

൅ ൅൅ െെ െ
SET for spin readout

209Bie𝑠 ൌ 12 𝐼 ൌ 92
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Results 1: RBS Regime

IBA – RBS regime

Fluence: 1e14 cm-2, above Si 
amorphisation threshold

Sample 4A
PAI + 1e14 Bi
No anneal

Sample 4B
PAI + 1e14 Bi
600 deg C, 5 min

Sample 4G
PAI + 1e14 Bi
1000 deg C, 5 s

Sample 4F
PAI + 1e14 Bi
1000 deg C, 5 min

Activation and Electron Spin Resonance of Near-Surface Implanted Bismuth Donors in Silicon, D. Holmes, et al., Phys. Rev. Mat. 3 (2019) 083403
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Results 2: Donor Electron Spin Resonance Regime

 Samples are required to be nonmetallic for ESR, therefore a low fluence Bi implant of 6×1012 Bi/cm2

• Maximum Bi concentration below the metal-insulator transition (NC = 1.8×1019 Bi/cm3)

 No preamorphisation implant; RTA at 1000◦C for 5 s gave 22.4 % activation (Van de Pauw)

 3.9×1012 implanted Bi donors; 8.7×1011 active electron spins

 Linewidths 7.5 ± 0.5 G
• Compare ∼4 G measured for Bi incorporated in the bulk

of natural Si

• Proximity of gate oxide increases variation in local states

Brett JohnsonDanni Holmes

Activation and Electron Spin Resonance of Near-Surface Implanted Bismuth Donors in Silicon, D. Holmes, et al., Phys. Rev. Mat. 3 (2019) 083403
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Part 3: Accelerator-based techniques for silicon 
enrichment

1 nm

Precision tomography of a 
three-qubit donor quantum 

processor in silicon, 
Madzik, et al, Nature 601 

7893 (2022)

Six 29Si atoms 
were nearby𝑃ଷଵ 𝑃ଷଵ𝑒ି
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Theory: Highly enriched 28Si with ion implantation

Method: One-for-one 

replacement collisions for 28Si 

implanted into nSi

 Negative ions remove 

problems with isobar 

impurities

 “University” broad beam ion 

implanter system

Abundance Data for Natural Si𝐼 % ppm
28Si 0 92.22 922,200
29Si 1/2 4.68 46,800
30Si 0 3.09 30,900

One-for-one replacement collisions 
are possible at specific incident 

kinetic energies

Tridyn simulations

Enhanced protocol to supress 
end of range defects

Deep amorphization (1E14) Local enrich (4E18)

Donor implants Anneal

D. Holmes, et al., Isotopic enrichment of silicon by high fluence 
28Si− ion implantation, 

https://doi.org/10.1103/PhysRevMaterials.5.014601



15
h

15Accelerators for a new technology era  28-Si enrichment and donor doping for quantum devices  - ECAART2022, David Jamieson 

Highly enriched 28Si with ion implantation (Thanks to Rob Elliman's Lab, ANU)

Sample A: Moderate enrichment 3,000 ppm residual 
29

Si

 30 keV 
28

Si at 4.0x10
18

/cm
2

 50 nm enriched epitaxial layer

 Co-implanted with 
31

P

Sample B: Extreme enrichment 250 ppm residual 
29

Si

 45 keV 
28

Si  at  2.6x10
18

/cm
2

 100 nm enriched epitaxial layer

 Co-introduced 
12

C and 
16

O contaminants measured with SIMS

• Comparable to Czochralski silicon

28Si nat-Si

Homoepitaxial 
gettering

TOPSIL baseline

12C 

16O 

TEM and SIMS Data for Sample B: 250 ppm 29Si

D. Holmes, et al., Isotopic enrichment of silicon by high fluence 28Si− ion implantation, https://doi.org/10.1103/PhysRevMaterials.5.014601

ESR Data
Base temperature 16 mK, f=6.028 

GHz

No 𝑡ଷ term in exponential from 𝑆𝑖ଶଽ

End of range 
regrowth defects

100 nm

31P implants
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nSi nSi
SiO2

• The method can be applied to materials for 
which there is no commercial solution 
available

• For example: enrichment of n-Si SoI layers

• In collaboration with Juha Mohonen, 
University of Jyväskylä, Finland

• 40 keV 28Si- enriched to 1e18/cm2 and 
implanted with P (20-42 keV various 
fluences)

Starting material: 220nm Si /BOX 

220nm Si

From the work of Qi Lim and Juha Mohonen

Enrich SoI? – Yes!

nSi

nSi

SiO2

Finishing material: 220nm 28Si /BOX 

140nm 
28Si

… ready for fabrication of quantum 
electro-mechanical machine
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Part 4: Deterministic Implantation of 31P and heavy 
donors in Si (and diamond)
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electron 
density

max

min

Time
Numerical simulation: e-h pair charge plume

20 nm

14 keV P+

Time

max

min

Conc.

20 keV As 22 keV Sb 26 keV Bi

20
 n

m

13 keV P

SRIM simulations

5 nm gate
oxide

Experimental single 
ion transients
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Next: State of the art counted atoms
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Near Surface implanted 31P (spin ½) in 28Si

31P 31P
28Si

~500 nm

G. Tosi et al., Nature Comms., 8:480 (2017) 

• Implant ultra-shallow 31P donors ~12 nm  @ ~9 keV P+

• High SNR from bystander ions
• Needs 3 nm gate oxide
• SIMS shows fast F diffusion away from surface during P 

activation anneal

+

50 µ𝑚

Optical

+

From the work of Melvin Jakob
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Near Surface implanted 209Bi (spin 9/2) and 123Sb (spin 7/2)

Coherent quantum control of a single implanted 123Sb (spin 7/2) – NER

Coherent electrical control of a single high-spin nucleus in silicon, S. Asaad, et al., Nature 579 (2020) 205

Nuclei with spin 𝐼 ൐  1/2 and non-zero electric quadrupole 

moment 𝑞௡, a resonant electric field induces nuclear spin 

transitions by modulating the nuclear quadrupole interaction.
Activation and Electron Spin Resonance of Near-Surface Implanted Bismuth Donors in 

Silicon, D. Holmes, et al., Phys. Rev. Mat. 3 (2019) 083403 

ESR X-band

Energy (e-h pairs)

26 keV Bi implants: ~20 nm deep, 6x1012 /cm2

Large Hilbert 

space, clock 

transitions, and 

potential to 

couple to 

superconducting 

flux qubits

• Implant ultra-shallow heavy  donors ~12 nm  @ 
~20 keV

• Get >99.9% deterministic implantation 
confidence

• Device remarkably robust to 10,000 implants

ESR of near 
Surface 

implanted and 
activated  

209Bi (spin 
9/2) 
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Diamond IBIC: Engineered Colour Centres?
• Apply deterministic ion implantation to 

fabricate single colour centre arrays in 
diamond

• Need near-surface ion implants with high 
conversion efficiency to colour centres

• <100> e-grade e6 diamond

• (thanks to IAEA)

Conclusion: Low charge collection efficiency in exposed surface implies unacceptable surface recombination
10 V 30 V 50 V

Signal
Increasing gate bias

Signal

Construction
site 50 µm

100%

0%

50 𝜇𝑚

1 MeV He IBIC

From the work of Melvin Jakob and Nicholas Collins
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Next steps

 Ready for building the 10 qubit device
o Combines in-house enrichment, molecular implants, scanned 

nanostencil

 Perform ESR experiment on PF2 devices to determine if F 
nuclei couple to P donor e-

 Test performance and iterate design of next generation 
single ion detectors

 Fabricate first counted single ion donor qubit devices

 Move from natural Si to 28Si detectors

 Fabricate arrays of donor spin qubits!

Financial 
Support
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