]  coLDBEAMS2012
nerc i
i 1 1 Wednesday October 3
-4m % =+ 11:50 to 12:10 am 20 min
1771
B s

CENTRE FOR QUANTUM COMPUTATION
BNV & COMMUNICATION TECHNOLOGY

Bypassing Liouville
Deterministic single-ion-implanted devices for
reading atom quantum states

David N. Jamieson
ARC Centre for Quantum Computation and Communication Technology
School of Physics, University of Melbourne

Melbourne Royal Exhibition Buildings UNESCO world heritage site

The Melbourne major projects

Diamond electronics >
capsule and diamond arr‘#i

>

Silicone form'and
attachmentpeints

e o
Simpson, H et al, Nature Nanotech.

N-V Nanodiamond decoherence probes Bionic Eye
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Part 1: lon Beams In Melbourne

MeV ions, keV ions

30kV FIB
Beams of Ga, Si, Au, Ni [}
20 nm spot size
lon Beam Machining

14 kV Colutron

= Beamsof P, N, Te, As

= 200 micron spot size

= Upto 25 nm depth
Single ion implants

“Big fluffy source(s) of ions”

J. McClelland, COLDBEAMS 2012

=

5 MV Nuclear Microprobe

T

= Single ion sensitivity

= Micon beams of light ions ;
= Upto 100 micron depth ‘EEE

Physical location: in basement under Rob Scholten’s lab




Nuclear microprobe technology worldwide

The World's nuclear microprobe laboratories
O Made by MARC

Joseph Liouville (1809 - 1882)

Liouville's theorem (Hamiltonian): “the phase-space distribution

function is constant along the trajectories of the system — that is

that the density of system points in the vicinity of a given system
point travelling through phase-space is constant with time.”

http:/fen.wikipedia.org/wiki/Joseph_Liouville
Born: 24 March 1809 (Ste Omer), x0 \ E = const
Died: 8 September 1882 (Paris)

The Castellarius

Purity High fidelity transport Precise delivery
Current Minimal leaks or aberrations Amount on demand
Brightness Technological elegance High reliability

Castellum Divisorium

Pont du Gard

e a Uzes

La fontaied'

Pt

http://www.hydriad.co ripwow. fripa
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lon Source Brightness: Flux Peaking

= Legge et al (1993) showed a 1 order of magnitude decrease in probe size required a 5

orders of magnitude increase in brightness for uniform model

= True situation more complicated: 1 order of magnitude decrease in probe size requires 2

orders of magnitude increase in brightness

For 5 nA divergence is 2.5 times less than uniform model so spherical aberration is reduced by

a factor of 16

RF ion source on 5U Pelletron accelerator
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CHARACTERISTICS OF A HYDROGEN GAS FIELD 10N SOURCE
FOR MICROPROBE APPLICATION

G.L ALLAN and G.LF, LEGGE
Mices Analytical Reseasch Centre, School of Physics, The University of Melbourne, Parkile, Vitorla, 3052, Austrlia
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Did not work — significant e g
technical difficulties fitting =
into the terminal of a high
energy particle accelerator

Diffarantial Pusping Aperiure

Seenning Aperturs System

| Shietdes Faraday Cup
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10° times brighter than RF source, but at cost of very large divergence

An analysis of the optics of a field ionization ion source for application with
a scanning proton microprobe
R. A. Colman, G. L. Allan, and G. J. F. Legge

Citation: Rev. Sci. Instrum. 63, 5653 (1992); doi: 10.1063/1.1143396
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Modify RF lon Source

Beam from ion source emerges with low
energy

Gas leakage from ion source canal fills
low energy end of accelerator

Gas scattering degrades ion source
brightness

Solution: Add recirculating turbopump

_ =
From the work of Roland Szymanski
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Changyi Yang, Andrew Alves, et al. NIMB 2011 10




Normalized Yield

The work of Shannon Orbons and Patrick Reichart

Energy (MeV)
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Channel (grating structure not resolved) .
= Ga residues and exposed Si

11

Average number of dopants

4 Power Hackers: The U.S.
SR Simart Grid Is Shaping Up

i o ngerously

The quantum internet

100000 &

N A
.J!ﬁ wh<:,-‘!':;—~

Part 2: Deterministic Dopih(g — Towards the
quantum computer

“More than Moore”

g ]

10000 » —
1000 e .
\.
10 A | International Technology Roadmap for Semiconductors
’ 2011 Edition
1 Emerging Research Materials
10000 1000 100 10 1

Section 6: Single ion implantation

Technology node (nm)
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Isotope Considerations

= |sotopic abundances and nuclear spin
of semiconductors and donors:

[ 2si 922% 0 |
. 2 47% %
. WG] 3.08% 0
E 100% %' |
. TAs 100% 32

« 12sh 57% 5/2
+ 1238ph 43% 712
o 209Bj 100% 912

= Others:

+ ©Ga 60.1% 3/
+ TGa 39.9% 32

(« 2 98.3% 0+ |
.« BC 11%  %-
. HC 1e-10% 0*
. N 99.6% 1t

[« BN 036% ¥ |
.+ 108 19.9% 3
. uB 80.1% 3/2

The standard 28Si kilogram

Spherical to 0.6 nm

http://www.acpo.csiro.au/avogadro.htm
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Approaches to “More than Moore”

LETTERS

PUBLISHED ONUNE: 19 FEBRUARY 2012 | DOE 10 3038/ NNANO. 2071

namre
nanotechnology
A single-atom transistor

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

IF-Grenabie 1, INAC
FCEA/LETIMINATEC, CEA-Grenobi

nature LETTERS
nanotechnology U b 1 AR 302 B0k ARS8

Anderson-Mott transition in arrays of a few dopant
atoms in a silicon transistor
Enrico Prati'*, Masahiro Hor¥, Filippo Guagliarde’, Giergio Ferrari’ and Takahiro Shinada*'*

POR B8JUNE 2012 VOL 336 SCIENCE
I

Quantum Information Storage for over
180 s Using Donor Spins in a 2*Si
(“Semiconductor Vacuum” |

M. Steger K. Sacedi* M. L. W, Thewalt, ™ ].J. L Morion? H. Riemann,” N. V. Abrosimor,
P. Bedker,* H]. Pohl®

A -~

[ J——

14

3/10/2012



Deterministic Implantation Doping History

Waseda: Secondary electrops [ )

o i
o 60 nm focused ion

Shinada, Ohdomari, et al, Nanotechnology 19 345202 (2008) o

Berkeley: lgp in MOSFET EES

100 nm FIB-drilled -~ —_ 1215h14+ 70 keV
aperture in gate b

7

Single hits

/

o J
6 10 20 30 40 S50 60 70 80 80
time (s) Batra, Schenkel, et al, APL 91 193502 (2007)

lon Beam Induced Charge

Fabrication 14keV P
. [—— <150m

Baa 1300m
LA

15 nm EBL PMMA

o, nm

mask, active s e _
substrate detects - -
Single ion impact v 6 .‘SEIM'sepdﬂlmn( 21+ om

from induced Transients
charge transient o e o]

B P RO I O
Jamieson, et al., APL (2005) S m a0

Self-aligned Iy in MOSFET

20 nm resolution

0 15
Time (ms)

20

Johnson et al, APL (2010)

15

283 (s=0) :31P (s=1/2) Qubits

50 nm ——j

Spin

:—% |1>

Kane, Nature 1998

readout control gates

Nuclear or electron spin

16
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283 (s=0) :3P (s=1/2) Qubits

Charge

SET 2

o 8

Single electron
position: Can we
measure to better than

v

Single electron
position: Can we
control to better than

S 50 nm? \/

(Single electron device:
Can we fabricate to
better than 50 nm’.:/

counted atoms?

Single nuclear
spin: Can we
readout?

Single spin device: Can
we fabricate to better
than 20 nm? \/

Single spins: Can

1 L we control?\/
Does this work with \J

readout

Single electron
spin: Can we
readout?

Addressing the challenge: Deterministic doping by IBIC

Electron beam lithography > IBIC > Anneal > Electron beam lithography > Measure

14 keV P
«— £15nm

15 nm EBL PMMA
mask, active
substrate detects
single ion impact
from induced charge
transient

14 keV P is maximum
energy permissible
owing to the
constraint imposed
by straggling

—_—

PMMA 130 nm ¢
° .

Si

J Turnon
i Transients sound!
: |14 kev P 14 kev p| 1,000 e-h pairs
2 [ "E per single ion
O e Wodinld impact
0 200 400 0 200 400

Time (usec)

Jamieson, et al., APL (200_5)

18
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Part 3: Spin Qubit 101

19

31P donor electron wave function in Si lattice

Simulations by L. Hollenberg and C. Wellard

10



A .
; TG l\.E,BI:‘\ RB\
10,000,000 times actual size

Superposition

>~1)

Energy

22
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Superposition

>~ 1}

Energy

V- A

23

Superposition
B - N N
Energy
Measure t, Measure t,
o AN /

24
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Readout: Spin down & initialisation

Single Electron

4, Qubit Transistor
B ( \
Readout: Spin up
_ Single Electron
4, Qubit Transistor
B ( \

)

Electrons are Fermions!

forbidden

26
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LETTER nature: Published online September 20 2012

A single-atom electron spin qubit in silicon

Part 4: Results

s +hr2 8,
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Fig. 35-5. The Rabi molecular-beom apparatus.
355 28
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Post-implant donor selection: Nuclear and Electron spin readout

= 14 keV P* Implant, 30 atoms into EBL mask + Spin dependent electron readout
= But nuclear spin is coupled to the electron spin via spin-orbit....

vl

souce

it X
. st v
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top gate
Ce SO bias
. i iwremm voltage
. donor gate
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]
. e . & % Zeemanl )

20nm  * red
LETTER <

Single-shot readout of an electron spin in silicon

A. Morello et al. (2011)
29

K lﬁ’ff Single Electron Spin Rabi Oscillations

it beyonddiscovery.orglcontentiew aricle asp?a=129

The Device

7 &

1 Single 3P electron spin dephasing measured: T,,*= 250 ns

« similar to the bulk value in "Si:P Pesn = 4 dBm

i attributable to spectral diffusion arising from of 2°Si
nuclear spins in "Si ;J

Spontaneous quantum jumps of the 3P nuclear spin state

-—T 1 observed

mewm

i| * timescales of minutes due to nuclear spin relaxation T, " n ,JL
i M by oo "
t, t,
b

o

a
4880 . 485 @60 4968
Tesw frequency, vesq (GH2)

Time (ms)

The work of Jarryd Pla, Andrea Morello, Andrew Dzurak, et al 30
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31P jon beam for Melbourne FIB

Waseda P eutectic

FIB field
jonisation
emitter tip

+P alloy: CuPtP

*Must use P** to avoid
interference with P* / Cu++

*Not commercially
available

«Japanese supplier no
longer working on these
materials

Dresden P eutectics

NiP alloy:
*Attacks Pt/ W /Ir tips
+Short lifetime
Alternatives:
+*GaP - high melting point
+InP - high melting point
Exotics:
+Pt-P-Sh (Hitachi)

UM P implant

(@) Detector

Scatiered ions.
enumbra bear '
il |

o
Mated Si cantiieves
1
¥

— [Three-axis
e
e t

+ Use standard Ga source
(off the shelf)

« Implant with 1x107
P/cm2in Colutron

+ Use ExB filter to select P
ion beam

+*Aim for 100 P/s

Nanostencil lithography

33

Fast 2 atom prototype: P, molecular ions into APD

e Linear mode Hammamatsu APD
e Charge gain: ~ 100

e Detection limit: less than 1 keV ionization energy

| —

14 keV H,* ~ ~

40

35k |

30

25

Yield (counts)
Discriminator threshold

0] 50

Energy (channels)

13166473

http://sales.hamamatsu.com/index.php?id:

34

3/10/2012

17



David Jamieson et al.

More than one deterministic atom?

The reality: Scanned nanostencils

) Test photodiode
1000 mesh grid
Measurement photodiode: =
Milled Si cantilever S

\onpee™ "

Three-axis.
positioning
stack

3 § Sicantiever (q)

SiN; membrane |(g)

Before Pt After Pt

PhD thesis of Jessica van Donkelaar

3/10/2012
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0.2 nm resolution
12 pym range
STEP: 5 mm range

total counts, outside counts

Nanostencil: 100 nm aperture

Step size 250 nm
enerav [keV1

Beam 13.5 keV Ar, 4.5 ions/s Vﬂ'ff )

inside

6 ions/pixel OR 10 s per pixel

outside

11in 300 ions

0 05 1 15
time 1w (s)

Field oxide

Gate oxide

Active substrate 37

Conclusions: What we want

All to be consistent

) ; In order to have the best possible workshop, | would also stress that in complement to
with the device

fabrication process present your work the purpose of the conference is to give your vision for the field, your
flow! needs and desires for future products and applications, research, etc ...
Realistic: Daniel Comparat, September 2012

= Sub-10 nm P*ion beam; 100 ions/s; sub-10 nm positioning accuracy
+  For the production of large arrays of single donors in Si

= lon Impact Detector Performance: = -'&' )+
*  PIN: 1.5keV noise threshold demonstrated (14 keV P), 0.5 keV in near future? 1771
+  APD: 1000 gain demonstrated in commercial device Loy (<
= Remaining issues
+  Gate oxide: have 5 to 8 nm, move to 2 nm desirable Si Quantum devices
+  Geiger mode/APD advanced development (7 keV P) are REAL!
Dream: Long lived quantum
= PH,* molecular ions spin states in Si
+ Hbystander ions create greater ionisation leading to better deterministic doping signals demonstrated

= PSi," molecular ions

+  Even better: Si bystander ions amorphise surface layer and supress channeling and allow shallow donors with less
straggling — follows industry-standard B implant approach

= 28Gjisland formation by ion deposition on "Si wafers
ad @ @

Owgiteg  foaronDietar Sl Thompn

£ whe) TR AR a0 = s
; 4 L) ; CENTRE FOR QUANTUM COMPUTATION
| .
Thank you Castellaria! “h. i #ANT & COMMUNICATION TECHNOLOGY
b i
& Andrew Dzurak, Andrea Morello aroup @ UNSW
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