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1. Develop devices for single spin readout
• Spin dependent transport in transistors

2. Develop a technique for qubit array formation 
• Single ion implantation with Scanning Probe 

alignment

3. Process and materials studies for T2 optimization 
• Spin dynamics in pre-device structures

4. Demonstration of quantum logic
• Formulate protocol: requires “only” single spin 

readout and placement of multiple isotopes into one 
readout channel

Path to logic demonstrations with donor 
electron spin qubits in silicon

• theory – fabrication – measurement collaboration between LBNL, UC Berkeley (J. Bokor, B. 
Whaley, R. deSousa), and Princeton University (S. Lyon, A. Tyryshkin)
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Wave-particle duality of C60 molecules

Wave superposition of states in “double slits” leads to interference
Particle interaction of molecules with environment destroys interference,

(decoherence, and “classical” behavior)
Quantum info processing requires the coherent superposition of N qubits!

Wave
Particle
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0. Why Quantum Computation ?
• information storage capacity of N qubits ~2N

• quantum algorithms promise speedups
• general paradigm of quantum information theory

1. Why in solids ? 
• promise of scalability to large N needed to beat classical computers and 

including error correction overhead (N>10,000)
2. Why in Silicon ?

• long coherence times for electron and nuclear spins of donor atoms in a 
silicon matrix

• device requirements converting with trends in classical silicon transistor 
technology 

3. Walk through five DiVincenzo criteria for donor electron spins 
in Silicon

Why quantum computation with dopant spins in silicon ?
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Why in solids? 

Scalability -

Classical transistor scaling and quantum 
computer development converge
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“Moore’s Law” (Gordon Moore, Intel)
exponentially more, cheaper, faster and smaller transistors

As many transistors made each year as raindrops fall on of California
(more then 10 transistors per ant on the planet)

more cheaper
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Moore’s Law of exponential speedup of silicon transistors: 
faster
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smaller
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• vastly abundant semiconductor that is “easy” to work with 
• SiO2 / Si interface has quite low defect density 

• (≤1010 cm-2eV-1, that’s still ~1 per 100 nm scale device)
• very high degree of control over electrical properties
• allows large scale integration
• most importantly: very long coherence times (> 1 ms)

• because it can be prepared as a nuclear spin free environment (pure 28Si)

• compared to other materials with specific advantages:
• III-V’s, e. g., quantum dots in GaAs

• direct band gap for opto-electronic integration 
• very high quality 2DEGs
• but: short coherence times, ~1 μs, due to nuclear spin flips

• diamond (e. g., NV defects): 
• larger band gap for high temperature operation 
• low spin orbit coupling
• but difficult to make larger wafers, hard to dope, …

• electrons on liquid helium, endohedral C60, …

Why silicon ?
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Donor electron spin qubits in silicon

P: [Ne].3s2.3p3

Si: [Ne].3s2.3p2

• 3p3 binding energy: 45 meV 
• 100% abundant isotope with I=1/2
• 28Si matrix can be prepared with I=0

31P (natural quantum dot)
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Qubit: spins of 31P atoms in silicon

• Long decoherence times
-nuclear spin: ~1000 s
-electron spin: tens of ms

• Bohr radius of bound, 
3p electron of 31P in Si: ~2 nm 
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31P donor spins in silicon: “natural quantum dots”

1. Well defined extendible qubit array – stable memory 
2. Initialization in the “000…” state
3. Long decoherence time (>104 operation time, to allow for error correction)
4. Universal set of gate operations (not, cnot)
5. Read-out: Single-quantum measurements (projective measurement)
6. Efficient quantum communication (form, transmit and convert “flying 

qubits”)

20 to 200 nm

Criteria for physical implementation of a quantum computer (DiVincenzo)
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• 31P-qubit: gate controlled manipulation of single spins; nuclear spins store information, electron 
spins transfer information between neighboring qubits (J, exchange) and to nuclear spins 
(A=121.5 neV, hyperfine interaction)    (http://www.lps.umd.edu/)

Solid state quantum computer scheme with 31P in 28Si                 
(B. E. Kane, Nature 1998)
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1. Well defined extendible qubit array – stable memory
• Array of single donor atoms (P, As, Sb, Bi) in a silicon crystal matrix formed by 

single ion implantation (or STM-H lithography)

2. Initialization in the “000…” state
• polarization at low temperature (0.3 K), in strong magnet field (5 T), kT<<gμBB

3. Long decoherence time (>104 operation time, to allow for error correction)
• T2=T1 in pure 28Si >10 s, limited by residual 29Si, and by gate, and interface effects

4. Universal set of gate operations
• Not: ESR rotations, need local B or g control
• CNOT: two qubit interaction via J, or dipolar coupling, or RKKY, or e- shuttling

5. Read-out (projective measurement)
• Single shot, single spin readout, much faster then decoherence time
• spin-to-charge conversion, spin dependent transport

Criteria for physical implementation 
of a quantum computer (DiVincenzo)
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J. O'Brien, et al., 
Univ. New South Wales, Sydney

Qubit arrays bottom up: STM hydrogen lithography

• Desorption of H with low energy electrons (~10 eV) from the STM tip

• Advantage: atomic resolution

• Problems: encapsulation, dopant activation, device integration, surface chemistry sensitivity

Aharonov-Bohm ring of P atoms connected to 
pre-implanted contacts, and overgrown with Si on 
Si (100); TC. Shen, J. Tucker, et al., 2003

50 nm

41nm

10nm

65nm
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A. Persaud, et al.,
Nano Letters 5, 1087 (2005)

Single Ion Implantation 
1) Ion Placement

Goal: place single ions with nm resolution
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Scanning Probe connected to ion beam line allows imaging and 
alignment with nanometer resolution

(~5 nm with turbos on, ~0.5 nm RMS with turbos off)

• in situ Scanning Probe images of imprint 
stripes (50 nm trenches, right)
• stripes by S. Kwon, Molecular Foundry, LBNL

• force (μV) vs. distance (nm) curves from 
piezo AFM in situ with turbos on and off
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• SII-SPM setup connected to high vacuum beam line  
• scan range of target stage is 0.1 x 0.1 mm2

• probe tip can be moved across 1 mm field
• piezo-cantilevers co. I. Rangelow, Kassel University

Single Ion Implantation with Scanning Probe alignment
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FEI Strata 235 dual beam FIB at LBNL

etching oxide deposition Pt deposition 
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• dot array formed by Ar2+ in HSQ
(hydrogen silsesquioxane, negative resist)

• dot array formed by Ar2+ (7 keV) in PMMA
(ploy-methyl-methacrylate, positive resist)

Integration of Ion Beam and Scanning Probe -
Patterning by transport of ions through holes in a scanning probe tip

• ion placement resolution is limited by hole size, work with <80 nm holes is in progress
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• Distribution of probabilities for implantation of ions where the
implantation probability is small (<<1) for each incident ion and the 
number of ion impacts is large (>>1)

• At average, one ion is implanted.  The probability for two adjacent ion 
hits is 13%

Poissonian distribution of implanted ions
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highly charged ions 
(31P13+,  121Sb34+, 209Bi50+)

detection of multiple secondary 
electrons from single ion hits 
registers single ion impacts

e-
e- e-

e-e-

beam is blocked following 
one event and sample is 
moved to next qubit site

(components not to scale)
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Scanning Probe with 
nano-hole (down to 5 nm 
opening) aligns ion beam 
to sample features

Qubit arrays top down: 
Single Ion Implantation with Scanning Probe Alignment 
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• Left: Ex situ scanning probe image of a 2 μm wide spot were PMMA was exposed to Xe30+

ions (180 keV).
• Right: image and line out of a Bi45+ single ion impact site after resist development. 

Single ion impact sites in resist layers 

30 nm

30 nm

30 nm
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Scattering kinematics favours implantation of 
heavy donors into Si

31P, 15 keV

121Sb, 32 keV

209Bi, 40 keV

• implantation into a depth of 25 nm is accompanied 
by a much narrower dopant distribution (less straggling) 
for dopants heavier then silicon
• a straggling of 10 nm can be achieved with 120 keV Bi, 
or 15 keV P (SRIM estimates)

80 nm

80 nm

80 nm

80 nm
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The Electron Beam Ion Trap -
a source for slow (v<v0), highly charged ions

• beams of highly charged ions like P15+, Ni26+, As31+, Sb41+ and Bi60+ and 
kinetic energies from as low as 100 eV (with deceleration) up to 1 MeV
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Single Ion Implantation - Ion Detection
High charge states make low energy ions “visible”

• High charge states enhance 
signal for single ion detection

1. Secondary electron emission
• Phys. Rev. Lett. 68, 2297 (1992)

• Most universal, requires pyramid tip

2. Electron-hole pairs in solids
• Phys. Rev. Lett. 83, 4273 (1999)

• Requires transistor, ideal if you have 
one

3. Topography modifications
• J. Vac. Sci. Technol. B 16, 3298 (1998)

• Requires insulating surface and high 
resolution in situ imaging

• which donor species is best ?
31P is a common impurity, and we can 

avoid ambiguities by using other donors
scattering kinematics favors heavy 

projectiles for minimal straggling
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• ~15 nm wide crater in float zone 
silicon (ex situ), from single Xe44+

impacts, Appl. Phys. A 76, 313–317 
(2003)

• Xe40+ induced defects, ~50 nm wide, in diamond (nicely 
polished, ~ 1 nm RMS), (ex situ, image from E. Haddad)

Single ion impact detection via topography modifications 

-works well for flat surfaces on insulators, and high resolution in situ imaging
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Emission of secondary electrons by low 
energy (<3 keV/u) highly charged ions
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• Left: Secondary electron yields from gold and SiO2 (150 nm on Si) vs. Epot of highly charged ions (Xe, 
Au and Th) with kinetic energies of 9 kV×q (Schenkel et al., NIM B 125, 153 (1997)).  Yield from SiO2 
is lower due to local charging in single impact events.

• Right: Secondary electron yields vs. impact velocity for Th71+ on Au (Aumayr et al. PRL 71, 1943 
(1993))

12 keV



Berkeley LabThomas Schenkel,  Accelerator and Fusion Research Division Ion Beam Technology Program

• 209Bi implantation:
•less straggling for placement into given depth (factor 
two compared to P), 
•smaller diffusion coefficient (factor 10)
•compatible with SiO2 (due to vacancy mediated 
diffusion)
•but more damage (anneals well, aiding activation)
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Detection of 209Bi45+ ions 
with Scanning Probe in place

• electron collection in presence of Scanning probe tip 
has to be further optimised
• the experiment was sub-optimal, since both the 
scintillator and the PMT used for electron detection 
had deteriorated accidentally 
• with new scintillator and PMT, we can separate single 
electron noise (hits on apertures) from ion hits on the 
sample
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Single ion detection by tracing of potential energy 
from high charge states inside a transistor

• Medici simulation (2D) of charge pulse from 
single ion impact in a readout transistor channel 
at room temperature (C. C. Lo)
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 Si3N4 N3 1E11 P/cm2 60 keV 10 s
 SiO2  O3 1E11 P/cm2 60 keV 10 s

• injection of interstitials from the SiO2/Si interface during annealing (or oxidation) drives 31P atoms 
to the interface, where dopants are not electrically active (and any array is completely dissolved)
• injection of vacancies from Si3N4/Si interface retards 31P segregation 
• 121Sb shows the reverse effect, and is compatible with SiO2/Si
• for theory see: J. Dabrowski, et al., Phys. Rev. B 65, 245305 (2002) 

Interface effects on dopant diffusion / segregation
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• 2E11 cm^-2, 121Sb, 400 keV, 1000 C, 10 s, O2 anneal, Cs+ SIMS data by Cascade
• activation ~80%, SRA in progress

Improved Sb profile with annealing under oxidation conditions 
– recent SIMS results
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Antimony stays put !
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1. Well defined extendible qubit array – stable memory
• Array of single donor atoms (P, As, Sb, Bi) in a silicon crystal matrix formed by single ion implantation (or 

STM-H lithography)

2. Initialization in the “000…” state
• polarization at low temperature, in strong magnet field, kT<<gμBB
• kT (0.3 K) = 0.026 meV, gμBB (5 T) = 0.58 meV

3. Long decoherence time (>104 operation time, to allow for error correction)
• T2=T1 in pure 28Si >10 s, limited by residual 29Si, and by gate, and interface effects

4. Universal set of gate operations
• Not: ESR rotations, need local B or g control
• CNOT: two qubit interaction via J, or dipolar coupling, or RKKY, or e- shuttling

5. Read-out (projective measurement)
• Single shot, single spin readout, much faster then decoherence time
• spin-to-charge conversion, spin dependent transport

Criteria for physical implementation 
of a quantum computer (DiVincenzo)
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First ESR data on 121Sb implanted 28Si epi layers
with thermal SiO2 barriers (co. S. Lyon et al.)

in collaboration with Steve Lyon, Princeton
use Sb due to P contamination in 

commercial 28Si, at 5x1013 cm-3 level
•T2=0.3 ms at 5 K (T1=10 ms), indication 
that electron spins are affected by coupling 
to the SiO2/Si interface 
•first step in optimization of pre-device 
structures by ensemble ESR
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31P and 121Sb have different hyperfine couplings (41.94 G and 66.7 G, respectively) and thus different hyperfine splitting in 
their EPR spectra. For comparison the magnetic field scale in the 121Sb spectrum (red traces) was renormalized by factor 
41.94/66.7. With this renormalization the degree of inhomogeneity in the 121Sb spectrum can be directly compared to 31P. It 
is seen that the 121Sb lines show a larger lineshape difference than all the 31P samples.  However, T2 is still 0.3 ms for the Sb, 
compared to 3 ms for the 28Si crystal (with 3E14 cm-3 P).  

blue:28Si crystal, 
residual 31P (3E14 cm-3) 
60 mG lines, T2 = 3 ms
red: 121Sb implanted into 28Si 
epi (2E10 cm-2, 120 KeV)

red:28Si epi layer, 
residual 31P (1E15cm-3) 
red: 121Sb implanted into 28Si 
epi (2E10 cm-2, 120 KeV)

Comparing implanted donors in pre-device to donors 
in “perfect” crystals: T2=0.3 ms vs. 3 ms 

ESR: S. Lyon, and A. Tyryshkin
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Antimony, ~150 nm deep, H-terminated silicon

at 5 K• instability of magnet limits coherence measurements >0.5 ms !
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Red: theory deSousa, et al.
Blue: data, Lyon, Itoh
Green: data, Lyon & Schenkel

De-coherence times of donor electron spins in silicon:
Limits due to 29Si
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Interface Average 
dopant 
depth 
(nm)

Activation 
ratio

T1 (ms)
at 5.2 K

T2 (ms) at 
5.2 K

Si3N4 20 0.1 % - -

SiO2 20 0.8 % 10  0.3 +/-0.1 

H-Si 20 - - 0.75

SiO2 60 70 % 10 1.5

H-Si 60 - 10 2.1

T2 increases when SiO2 is removed and 
the silicon surface is passivated with hydrogen

cond-mat/0507318
co. S. Lyon, R. deSousa, et al.

• expect temperature 
dependence of T2 here
since defect / trap dynamics 
is strongly temperature 
dependent (1/f noise ~ T2)

• ion implantation and standard CMOS processes are 
compatible with T2 ≥ 1 ms  what is the T2 limit in a device ?

SiO2

Si
x x

x
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Nuclear spin induced spectral diffusion limits T2 for hydrogen terminated 
silicon surfaces – limit: T2≈0.2 s for d, and 25 nm deep donors 

(Rogerio De Sousa) 

• donor depth ~ donor spacing for top gate control
• nuclear spin effects also for 27Al2O3 (I=5/2), and Si3

14N4 (I=1)
• but no nuclear spin for (thermal) SiO2, where electronic defects can be less then one per device !
• 29Si limit to T2 at 500 ppm (commercial) is ~0.1 s (spectral diffusion theory, deSousa & DasSarma)
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What limits coherence of donor electron spins in silicon ? 
– from bulk to devices

1. Randomly bulk doped natural silicon
Randomly bulk doped 28Si crystals
Randomly bulk doped 28Si epi layers

2. Randomly ion implanted 28Si epi layers with 
gate dielectrics (SiO2, Si3N4)

3. Randomly ion implanted 28Si epi layers with 
gate dielectrics and gates

S

OS

MOS
• Electron spin resonance (pulsed ESR) allows optimization of processes and materials in ensemble 
measurements with 1010 spins (S. Lyon, A. Tyryshkin, Princeton)

optimize T2, understand coherence limiting factors, and use this to design and fabricate test devices
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1. Well defined extendible qubit array – stable memory
• Array of single donor atoms (P, As, Sb, Bi) in a silicon crystal matrix formed by single ion implantation (or 

STM-H lithography)
2. Initialization in the “000…” state

• polarization at low temperature (0.3 K), in strong magnet field (5 T), kT<<gμBB
3. Long decoherence time (>104 operation time, to allow for error correction)

• T2=T1 in pure 28Si >10 s, limited by residual 29Si, and by gate, and interface effects

4. Universal set of gate operations
• Not: ESR rotations, need local B or g control
• CNOT: two qubit interaction via J, or dipolar coupling, or RKKY, or e- shuttling

5. Read-out (projective measurement)
• Single shot, single spin readout, much faster then decoherence time
• spin-to-charge conversion, spin dependent transport

Criteria for physical implementation 
of a quantum computer (DiVincenzo)
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31P Donor electron spin qubit with J only in Si/SiGe

• encoding of logical qubits in three electron spins allows universal QC with 
J only (DiVincenzo, Whaley ’00), alleviating the need for single electron ESR, “just” pulsing 

gate electrodes 

Tucker & Shen, 01/04
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Degeneracy of Si conduction band edge leads to oscillations of 
donor wave functions and J coupling

C. J. Wellard et al., Phys. Rev. B 68, 195209 (2003)

The solid line shows Kohn-Luttinger wave function for a phosphorus donor electron in silicon, plotted 
along directions of high symmetry within the crystal. The dotted line shows an isotropic 1s hydrogenic 
wave function, with a Bohr radius of 20 Å.
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Skinner, Davenport, Kane ’02
Quant-ph/0206159

“Hydrogenic spin quantum computing in silicon: a digital approach”
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Donor electron spin qubit devices based on single spin 
rotations and dipolar coupling (co. Lyon, and deSousa)

• “always on” D can be tracked in 1 D arrays
• residual J treated as error with re-focusing 
protocols
•CNOT gate time ~0.1 ms, o. k. when T2 is 
optimized to > 1 s
• promising for demonstration of basic logic 
in devices with ~10 qubits

R. deSousa et al., 
PRA 70, 052304 (2004)

Donor qubit Zeeman frequencies:

iii Bγω =
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1. Well defined extendible qubit array – stable memory
• Array of single donor atoms (P, As, Sb, Bi) in a silicon crystal matrix formed by single ion implantation (or 

STM-H lithography)
2. Initialization in the “000…” state

• polarization at low temperature (0.3 K), in strong magnet field (5 T), kT<<gμBB
3. Long decoherence time (>104 operation time, to allow for error correction)

• T2=T1 in pure 28Si >10 s, limited by residual 29Si, and by gate, and interface effects
4. Universal set of gate operations

• Not: ESR rotations, need local B or g control
• CNOT: two qubit interaction via J, or dipolar coupling, or RKKY, or e- shuttling

5. Read-out (projective measurement)
• Single shot, single spin readout, much faster then decoherence time
• spin-to-charge conversion, spin dependent transport

Criteria for physical implementation 
of a quantum computer (DiVincenzo)
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• charging energy for electrons to hop onto island: Ec=e2/2C >> kT

• tunneling “resistance” R>>1/G=h/e2 = 26 kOhm

• need Ec ~ 10 kT for reliable operation

• LHe, 4 K, kT = 0.34 meV 

• SET at room temperature: capacitance of island ~1aF, size smaller than 10 nm

Single electron transistor as a sensitive electrometer

•http://physicsweb.org/article/world/11/9/7
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From: Cain et al, JAP 92, 346 (2002)

SET as a sensitive electrometer

SiGe double dot structure
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Gate

DrainSource

SET electrometer

P

• Gate control of single spins and read out through spin dependent charge transfer between 
31P atoms (based on singlet-triplet splitting and exclusion principle)

• For two spins there are three symmetric  (triplet ) states: ↑↑,↑↓+↓↑ , ↓↓
and one anti-symmetic (singlet) state: ↑↓−↓↑

Electron transfer into D- state 
for anti-parallel spins

P

20 to 100 nm

Basic building block to access the physics of the 31P qubit:                
Two 31P atoms aligned with control gates and SETs

Kane et al., PR B 61, 2961 (2000)
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Hollenberg, et co., 
-PRB 69, 233301 (2004)
-cond-mat/0403449

Spin readout 
via D- and SET

• single shut SET measurement time vs. adiabatic gating to avoid D- ionization
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Si-SETs in SOI with 10 nm line widths
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15 nm

30 nm

Silicon nanowire SETs - direct lithographic access to 
15 nm wires in SOI without stress limited oxidation

-0.86
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Vg (V)
Vs-d

Coulomb Blockade (15nm wire)

ΔVg = 200mV =e/8aF

- 2

- 3

- 4

ΔVsd = 22mV
C= 2e/22mV= 15aF

15 nm 30 nm

S. J. Park et al., J. Vac. Sci. Technol. B 22, 3115 (‘04) 

• direct lithographic control at 10 nm level in Silicon by e-beam lithography and dry etching
• SET islands and tunnel junctions form by dopant segregation during source-drain implant anneals
• issue: electronic defects at SiO2/Si interface will affect decoherence of nearby donor spins
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• injected spins will be slightly polarised (at least a few percent), donor spins will be up or down
• for in-up – donor-up: only triplets can form, for in-up – donor-down: singlets and triplets form with 50% probability
• neutral impurity scattering has to be comparable to other scattering mechanisms (mostly from interface roughness)
• demonstrated for 108 spins in mm scale transistors by Ghosh, and Silsbee, PRB 46, 12508 (1992)
• effect of dI/I0~10-4 for ~1000 nm2 per dopant atom, enhanced for smother interfaces (H-Si, better SiO2, …)
• this effect is sensitive to the donor species due to different Bohr radii, 1.85 nm (Sb) vs. 1.45 nm (Bi) σSb/σBi=1.6
• readout time is limited by spin flip time when transistor is on (off state T1, ~103, will determine on state T1)
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Single Spin Readout via Spin Dependent 
Transport in FET channel
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Proof of principle experiment: Demonstrate CNOT for a Sb-Bi pair in one 
readout channel (co. R. De Sousa)

• once that’s done: 
extension to qubit 
arrays & networks 
• (if there is anything 
we know how to 
integrate and scale, 
it’s transistors…)
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106

104

2.5×105

4×104

2.5×103

4×102

~60

• MOS-FETs for spin dependent transport
• scaled number of dopants from 107 to 1 in 
transistors with channel areas ranging from 
100×100 μm2 to 0.8 × 0.8 μm2 and by 
varying the bulk doping levels from 1017 to 
1016 and 3x1013 cm-3

• devices ready for measurements (co. S. 
Lyon)

for 1016 cm-3
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well tempered silicon transistors microwave control of donor 
electron spins
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Path to large scale 
quantum computation 

(>10,000 qubits) 

Spin qubits have potential for large scale quantum computation 
(but we are still at the stage of rudimentary demonstrations)



Berkeley LabThomas Schenkel,  Accelerator and Fusion Research Division Ion Beam Technology Program

Acknowledgments
• Graduate students

• Arun Persaud
• Sang-Joon Park 
• Francis Allen 
• Cheuk Chi Lo

• Undergrad. Student
• Jason Shangkuan

• Special thanks to
• Staff of the UC Berkeley Microlab
• Staff of the LBNL-NCEM for 

TEM and FIB support
• Contact: 
• T_Schenkel@LBL.gov
• http://www-ebit.lbl.gov/

• Team members and collaborators
– Jeff Bokor, UC Berkeley & LBNL
– Sunghoon Kwon, Molecular Foundry, LBNL
– Alex Liddle, LBNL
– Ivo Rangelow, Kassel University 
– Ivan Chakarov, Silvaco, Santa Clara, CA
– Dieter Schneider, LLNL
– T-C Shen, Utah State University
– John R. Tucker, University of Illinois
– Joel Ager, LBNL
– Steven Lyon, Princeton University
– Alexei Tyryshkin, Princeton University
– Rogerio deSousa, UC Berkeley
– Birgitta Whaley, UC Berkeley

This work is supported by NSA and NSF


