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Prologue: do we want a revolution?

Conventional electronics rely on the charge of an electron
Electron has another property - spin °

* End of ‘Moore’s Law’ is coming
* Multiple functionality

Donor Spin Qubits Proximity Effect in
in Silicon Ferromagnetic Nanowires

Image from gizmodo.com/302856/this-is-what-1gb-of-storage-looks-like-now-and-20-years-ago
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Donor Spin Qubits in Silicon
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An electron spin

hydrogen helium
1 2
H He
1.0079 4.0026
Tithiurm’ beryllium boron carbon nitrogen oxygen fluorine: neon’
3 4 5 6 9 10
. \

Li | Be B{C|N|O| F | Ne
8041 00122 10811 12,011 14.007 15,000 12,008 20.180
1" 12 13 16 17 18
Na | Mg Al |{Si§y P | S | Cl | Ar
22.990 24,305 26.982 8 08¢ 30.974 32.085 35453 39048
potassium calcium scandium titanium vanadium chromium | manganese iron cobalt nickel copper zinc gallium’ arsenic selenium bromine krypton
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K | Ca Sc|Ti| V|Cr|{Mn|Fe|Co| Ni|Cu|Zn|Ga|Ge|As|Se|Br|Kr
30,008 40.078 44,956 47 867 50.942 51.096 54.038 55845 58.933 58.603 63,546 £6.39 60,723 72.61 74.922 78.06 79.004 B83.80
37 38 39 40 M 42 43 44 45 46 47 48 49 50 52 53 54
Rb | Sr Y | Zr |[Nb|Mo| Tc |Ru|Rh|Pd|Ag|Cd| In | Sn Te| | | Xe
55 56 57-70 ! 72 73 74 75 % 7 8 9 80 81 22 83 84 85 86
Cs|Ba| * |[Lu|Hf |Ta| W |Re|Os| Ir | Pt |Au|Hg| Tl |Pb| Bi | Po| At |Rn
132,91 127,33 174.97 17849 180.95 183.84 186.21 190.23 192.22 195.08 196,97 20059 204.38 207.2 208.98 [209) 219 [222)
francium radium lawrencium «dubnium | seaborgium bohrium hassium meitnerium | ununnilium - | unununiom | onunbium ununquadium
87 88 89-102 103 104 105 106 107 108 109 110 111 112 14
Fr |Ra|**| Lr | Rf | Db| Sg | Bh | Hs | Mt |Uun|UuulUub| Uuq
[223] [226] [262] [261] [262] [266] [264] 1269 [268] [271] [272] 1277] [289
Tanthanum cerium neodymium | promethium | samarium’ europium gadolinium terbium’ dysprosium holmium erbium’ thulium yiterbium
*|anthanide series 57 58 59 60 61 62 63 64 65 66 67 68 69 70
La|Ce| Pr|{Nd|Pm|Sm|Eu|Gd| Tb| Dy |Ho| Er [Tm|Yb
14012 140.91 144.24 [145) 0 157.25 162.50 164.93 167.26 166.93 173.04
actinium’ thorium protactinium uranium neptunium plutonium americiurm ourium berkelum | californium | einsteinium fermium [ mendelevium|  nobelium’
**Actinide series 89 90 91 03 94 95 96 97 98 99 100 101 102
Ac| Th|Pa| U [Np|Pu|Am|Cm|Bk| Cf | Es [Fm|Md| No
[227] 222.04 231.04 238.03 [237] [244] [243] [247] [247] [251] [252] [257] 1258 [259




M) \What is a spin to do? (to be a viable qubit)
() () ()

1. Take orders from and give information to
user: single qubit

Quapffa Dot &

2. Work with other spins: two qubit gates

Deterministic control over:

1. Placement of donors

2. Number of donors
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Defining lateral position

Use PMMA mask to define implant
position

M. How we control donor location

Deterministic control over:
1. Placement of donors
2. Number of donors
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Use a focused ion beam nano-
implanter to limit implant to one
lithographic site
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s HOW We control donor location

Defining vertical position Deterministic control over:

1. Placement of donors ~15nmy/
2. Number of donors

ION RANGES

SRIM simulation

Silicen Dxide

h 57 nm

Target Dept

Low energy, heavy ion (120 keV Sb) used to minimize depth straggle
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120 keV Sb*

P+ Anode
N+ Cathode ‘l\
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How we control the number of donors

Deterministic control over;
1. Placement of donorsv”
2. Number of donors

Need to detect single ions
Response to <25>ions
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Recall

0.027

~ —

Normalized Probability

Detecting a single ion

< no. of ions> =

Poisson Statistics:

ionic charge

current Xtfime )= Pulse length

actual no. of 1ons =< no. of ions> + \/ <no. of ions>

1.75 ion/pulse 200 keV Si++

Amplifier Response (V)
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120 keV Sb+, <1> ion/pulse
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Signal (V)

42 0246 810
Time (s) x 10®

Laboratories DeteCting Single ions

Deterministic control over:
1. Placement of donorsv”
2. Number of donors v/
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s DO the donors work? (Can the dot ‘see’ them)

15
-1.2 -0.9 -0.6
CP(V)

In 6 implanted devices measured, 10-50% of implanted donors were seen



1) E=.. In summary: what is the technology and what it can do

l
—

Can implant within a 15 nm radius

Can count single donors in situ

Can detect motion of the donor electron in transport

Immediate path forward to fabricating two qubit devices

APL 108, 062101 (2016) — Editor’s pick and in AIP News at the end of this month
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Overview — results, plans, Q&A
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T(K)
Discovery of a long-range
superconducting proximity effect in
ferromagnetic nanowires

Development of a new technology
enabling implant of a counted
number of donors into a specific
location — spin qubits
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