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Dopant fluctuation effects and single atom electronics
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“Atoms are large” and affect transport in
scaled devices, characteristic length scale
In silicon devices: Bohr radius
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* routine lithographic access to 10-20 nm scale

* transport properties sensitive to presence of
single dopant atoms

» understanding single dopant effects can benefit
CMOS scaling

spost-CMOS opportunities ?

-> can we control, couple and readout states
of single atom qubits coherently ?

* S. J. Park, et al., J. Vac. Sci. Technol. 22, 3115 (2004)
*C. C. Lo, etal., Semc. Sci. Tech. 24, 10522 (2009)

- test of quantum computing architectures




Desiderata for single ion implantation

1.  flexibility in selection of ion species and implant energy
. collimation of a broad beam vs. FIB

2.  ability to image the region of interest without accidental implantation and damage
. 5 nm imaging resolution is modest with scanning probes, but quite challenging in a FIB

3. ion placement resolution <5 nm (less or same as straggling)
. beam spot size vs. collimator diameter

4.  reliable single ion detection

5.  retain array structures during annealing (minimize diffusion)
. dopant specific diffusion mechanisms

Commercial B system Schematic of ion beam integrated
with scanning probe
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Deterministic Doping — Single lon Implantation

1. Exact numbers of dopants
2. In precise locations in a device
3. All electrically active

4. And no other sources of variability
are introduced during processing

Accelerator and Fusion Research Division Berke|ey Lab lon Beam Technology Program



Detection of low energy single ion impacts
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Single ion impact detection at room temperature
In sub-100 nm scale FinFets

Xe6+, 56keV, 12 pA, room temperature
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Left: in situ scanning probe image of FinFet structure
Right: Single ion impact signals from a FinFet at room temperature




Deterministic Doping — Single lon Implantation

1.  Exact numbers of dopants

2. In precise locations in a device

3.  All electrically active

4.  And no other sources of variability are introduced
during processing
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Single lon Placement with Scanning Probe Alignment
*  Non-destructive imaging and nm-apertures for nm-accuracy

0um 1 2 3

E

array of 90 nm dots in PMMA from ion
implantation with scanning probe alignment

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

in situ scanning probe image of a FinFet




lon Implantation with Scanning
Probe Alignment

« Single lon Implantation with Scanning Probe setup connected
to high vacuum beam line

« scan range of target stage is 0.1 x 0.1 mm?

* probe tip can be moved across 1 mm field

* piezo-cantilevers co. I. Rangelow, University limenau

* holes down to 2 — 5 nm diameters by FIB and TEM processing
* integration of many cantilevers in parallel under development




Deterministic Doping — Single lon Implantation

1.  Exact numbers of dopants

2. Inprecise locations in a device

3. All electrically active

4.  And no other sources of variability are introduced
during processing

Accelerator and Fusion Research Division Berke|ey Lab lon Beam Technology Program



Dopant diffusion — intrinsic vs. TED, OED, ORD
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FIG, 10. Experimental values of self- and dopant diffusivity un-
der intrinsic doping conditions. An analytic expression for
self-diffusion is given in Eqgs. (9.7) and (9.8). Expressions
describing dopant diffusivities under intrinsic and extrinsic con-
ditions are summarized in Appendix B.

 dopants diffuse through
coupling to defects

e P: interstitials 2> OED
* Sh: vacancies -2 ORD
* As: vacancy — interstitial mix

Fahey, Griffin, Plummer,
Rev. Mod. Phys. 1989



Carrier profiles of Phosphorus implants in 28Si — ORD vs. OED
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» Spreading Resistance Analysis of carrier concentration shows 80% activation of a P
implant (60 keV, 1E11 cm) after RTA at 1000 °C for 10 s

* Si;N, gate dielectric film retards defect mediated diffusion, SiO, enhances it

* S.-J. Park et al., Microelectronic Engineering 73—-74 (2004) 695—-700




SIMS of low dose Phosphorus implants in 28-Si
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» metrology challenging in low dose regime (<1E12 cm”-2) important for single atom devices
» SIMS of low dose 31P has to avoid mass interference at 31 u from 30SiH

* use of 28Si avoids this problem

* Nucl. Instr. Meth. B 267, 2563 (2009)



tracking dopant profiles during thermal processing, Sb shows minimal
diffusion / segregation among shallow donors in silicon
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SIMS of P, As and Sb from a test structure on a spin readout Fet chip
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» As and Sb channel implants

» P present as 2E16 cm”-3 background doping in the
28Si epi layer

« a 20 nm gate oxide was growth after channel implants
plus additional anneal at 1000 C for 20 min. to increase
mobility

* segregation of P and As is not captured in process
simulations
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Probing donor spins with
Electrically-Detected Magnet Resonance (EDMR)

 Accumulation-mode Field Effect Transistors (aFETS)
* Neutral donors in channel, gate-tunable conduction electron (2DEG) density (polarization)

« Strength of EDMR (vs. tunneling): spectroscopic signature of donor species and
optimization for scaling from large ensembles to single donor

* Access to small spin numbers and probing of spin quality
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*C. C. Lo, etal., Appl. Phys. Lett. (2007)



Deterministic Doping — Single lon Implantation

1.  Exact numbers of dopants
2. Inprecise locations in a device

3.  Allelectrically active

4. And no other sources of variability
are introduced during processing

Accelerator and Fusion Research Division Berke|ey Lab lon Beam Technology Program



damage recovery after FIB processing and single ion implant runs

—— After FIB
After anneal
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sensitivity in device characterization



Low temperature transport studies
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» we know that you want solutions for room temperature devices source
« we know that you know that we like to do basic research
* the merit of low temperature magneto-transport research:
- Enhance understanding of single dopant transport effects
—> impact on scaled CMOS processing
- Exploration of disruptive, post-CMOS device concepts
- quantum computing with electron and nuclear spins
- quantum — classic hybrids
—> classical spin logic
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Transport measurements (4.2K)

 Two devices show strong resonance peaks after turn-on:
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FinFets with spin injection side gates, EDMR studies in progress ...
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» x-band EDMR data from FinFETs, 2DEG signal only
(incl. some contribution form sides gates)

* side gates enable future implementation of spin
injection contacts without inducing large
iInhomogeneous broadening

* side gates eliminate random donor in-diffusion from n+
doped contact regions into the channel, enabling ultra-
short channels

* single donors in scaled FinFet channels approximate
tunable quantum dots
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Outlook: Deterministic Doping — Single lon Implantation

Implant exact number of dopants into devices - detect every ion

Key issue: detection efficiency, speed, counting overhead

Single ion detection by
. Detection of secondary electrons (or photons), or detection of electron — hole pairs
. Detection of changes in transistor channel currents
. Imaging of surface topography changes

Control the precise location of dopants

Key issue: placement precision, position retention during thermal processing, implant induced
damage and associated performance variations

Sources of positioning errors
. Implantation spot size - Mask opening or focused beam spot size
. Range straggling - Lower for heavier ions and lower implant energies
. Diffusion and segregation during annealing, specific for dopant species

Ensure every dopant is electrically active and
Control all other sources of variability during processing

-

implant induced damage, mobility changes, ...

(low temperature) magneto-transport and spin resonance techniques can aid understanding of
single dopant transport effects and be useful for process engineering

Opportunities to explore Post-CMQOS device concepts
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Outlook

[ potential application opportunities - (What is the potential impact on ITRS?)
 deterministically doped Fets in mass production ? Probably not.
« alternatives to channel dopants: e. g. fully depleted planar SOI
« with many remaining challenges e. g. diffusion of dopants form S/D contacts
« value of R&D in deterministic doping and single atom device research
 understanding transport (including at low T) in scaled devices enables us to
understand, track and reduce sources of performance variability
* potentially disruptive device concepts emerge in the limit of single atom
dominated devices
* both for post-CMOS classical, quantum and classical-quantum hybrid
logic and memory concepts
1 Challenges and potential solutions for the next 10 — 15 years
« demonstration of viable post-CMOS strategies
* new state variables
* single atom device concepts
» multi-qubit quantum logic demonstrations with single atom qubits
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Single ion implant
chamber with AFM



C. C. Lo, A. Persaud, S. Dhuey, D. Olynick, F. Borondics, M. C. Matrtin,
Hans. A. Bechtel, J. Bokor, and T. Schenkel, “Device fabrication and
transport measurements of FinFets built with 28-SOI wafers towards donor
qubits in silicon”, Semicond. Sci. Technol. 24, 105022 (2009)

T. Schenkel, C. C. Lo, C. D. Weis, A. Schuh, A. Persaud, and J. Bokor,
“Critical issues in the formation of quantum computer test structures by ion
implantation”, Nucl. Instr. Meth. B 267, 2563 (2009)

C. D. Weis, A. Schuh, A. Batra, A. Persaud, I. W. Rangelow, J. Bokor, C. C.
Lo, S. Cabrini, D. Olynick, S. Duhey, and T. Schenkel, “Mapping of ion
beam induced current changes in FINFETSs”, Nucl. Instr. Meth. B 267, 1222
(2009)

C. D. Weis, A. Schuh, A. Batra, A. Persaud, I. W. Rangelow, J. Bokor, C. C.
Lo, S. Cabrini, E. Sideras-Haddad, G. D. Fuchs, R. Hanson, D. D.

Awschalom, and T. Schenkel, “Single-atom doping for quantum device
development in diamond and silicon”, J. Vac. Sci. Techn. B 26, 2596 (2008)




Outlook: Towards -coherent- single atom devices

* single atom device development requires a method for reliable single atom doping

» desired are high spatial resolution and flexibility in dopant species, as well as
100% single dopant detection

* ion implantation with scanning probe alignment, combined with single ion impact
sensing through monitoring of 2DEG upsets is a universal tool for single atom
placement

» this enables systematic studies of dopant fluctuation effects and tests of quantum
computer architectures (qubit readout, control & coupling) in e. g. silicon and
diamond

lon Beam Technology Program

Accelerator and Fusion Research Division
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Bi depth profiling after PAl and SPER — nice single atom placement control
due to minimal straggling
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Spatially resolved, in situ monitoring of (single) ion implantation
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SIMS depth profile of antimony from a test structure on a spin readout Fet chip
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BSAC

Controlled Nanoscale Doping of
Semiconductors by Molecular Monolayers

All Javey

Electrical Engineering and Computer Sciences
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The need for a new nanoscale doping process

Conventional lon Implantation
— Accurate dose control
— Induced crystal lattice damage
— Clustering of group Ill elements and desorption of group V elements
— Difficult to achieve ultrashallow junctions and uniform doping in nonplanar devices

Conventional Surface Doping (e.g. SOD)
— Does not induce lattice damage
— Hard to control dopant dose
— Often leaves residues/contaminants on the surface
— Poor uniformity

Monolayer Doping (Berkeley Approach):
— Utilization of self-limiting monolayers
— Compatible with planar and non-planar structures
— High dopant dose uniformity and control




Monolayer Doping of Semiconductors

Si —p
120 °C
28N
RTA and
5i0, etch
.
Strategy: Unique Features
1. Dopant monolayer formation on Si Q Lack of damage to the lattice
2. Capping with SiO, cap Q Ultrashallow Junction Formation
3. RTA to diffuse the B atoms Q Precise control over the dose at nanoscale

Q Self-limiting process

, o | Johnny Ho, et al, Nature Materials, 2008.
Chemistry is important! Johnny Ho, et al, Nano Letters, 20089.
Johnny Ho, et al, APL, 2008. 3




Surface Analysis by XPS
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The functionalized surfaces are highly stable and resistive to oxidation.
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Sub-5 nm Junctions by Monolayer Doping and Spike Annealing
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Sheet Resistance (/1)

Electrical Characterization of USJs

Collart et al.
Augendre et al.
Lee et al.
Cagnat et al.
Pawlak et al.
O This work
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From SIMS and Sheet resistance measurements, it is evident that
majority of the dopants are electrically active — expected for a surface

diffusion process such as the monolayer doping.



Dopant Dose Control
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The areal dose can be modulated by:

a) Mix monolayer formation consisting of blank and active precursor
components.

b) Structural design of the molecular precursors, with larger molecular
footprints resulting in smaller dose. .



Non-Contact Sheet Resistance Measurements
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Precursor Monolayer Uniformity

T T T T |
Q nm 5000 nm 5000 nm 500
Monolayer with high No monolayer Monolayer with high
packing density and defect density
low defects

To achieve uniform doping, a highly uniform monolayer is desired. The
monolayer quality is governed by the molecular precursor design.

R. Yerushalmi, et al., Angew. Chem. Int. Ed., 47, 4440-4442, 2008



Monolayer Doping for Metal Contact Engineering

heavily doped 1 0'5

(a) Si

(b) — With Boron

Without Boron
Vy4s=0.5V

-20 -10 0 10
Vs (V)

Si NB: nanobelt structures achieved by top-down
patterning of SOI (top Si thickness ~20 nm)

' The monolayer is applied underneath the metal contacts to form self-

aligned heavily doped regions under the metals. 10



Post-growth Doping of Nanowires

a SiNW
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» Nanowires are uniformly n-doped by
phosphorous.

« Smaller DDP results in heavy doping while
the larger TOP results in light doping.




Doping of Ultrathin IlI-V on Insulators (XOl)

O InAs patterned thin film on a Si/SiO, substrate

Hyunhyub Ko, Kuniharu Takei, et al, Nature, 2010.



Nanoscale Doping of IlI-V Semiconductors— n-doping
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Example of Lattice Damage Induced By lon Implantation

InAs NWs after Zn ion implantation (35 keV) and subsequent annealing at 375 2C for 30 min

Dose ~ 1.7x1013 ¢m*? Dose ~ 3.5x103 ¢m*?
c) 0.75- - _ _
(c) nose = 3.5¢10 " om NWSs remain n-type with poor
0.5V] electrical properties after Zn
= 0.507 Ion !mplantatlon implantation
e doping
A
~ 0.25- The results show the difficulty of
/’(_)'-_1_‘\,’, using ion implantation for I11-V
0 00. . nanowires .
42 0 2 4



Nanoscale Doping of IllI-V Semiconductors— p-doping

© InAs NW n-FET 0.5 Degenerate p-doping of
51 d~25 nm os5y| BlankZn InAs nanostructures with
L~8 um ' surface doping %4105V lectrically active [Zn] ~
44 M W electrically active [Zn] |
< ° = 0.3_\ 1x10%° cm3 can be readily
27 03V I achieved by the surface
T 24 = doping scheme, enabling
1. 0.1V 01401V the exploration of a wide
range of devices.
0Lt 0.04, :
-4 ) 0 -4 0 A. Ford, A. Javey, et al,
Vas (V) Ves (V) submitted, 2009.
0.20 — 80+
Vim05V
SiO, Mask 0.5V o7 Q >
[as-grown InAs Nw 8 =
SiO 0.154 S 60+
v
| mses || .|
1.Zn surfacel 2. Ni contact | = 0.107 10 5, 0 5 10 S 40
doping of S/D formation - &S B
=
: : 0.05- - 20+
N S)p - m— L~10um &
SiIO d~32nm 3
10 - 10 -10 -5 0 5 10

0
Ves (V)

Ves (V)

First InAs p-MOSFET: achieved by the surface doping scheme, demonstrating the ability to
degenerately dope III-V through an equilibrium process without inducing defects — essential for

exploring IllI-V TFETs



Conclusions

« Monolayer doping approach presents a versatile route toward
controlled nanoscale doping of semiconductors

— Sub-5 nm junctions may be readily enabled by conventional annealing
methods due to the lack of lattice damage during the dopant
incorporation

— Dopant dose and profile can be accurately controlled by the structure
design of the molecular precursors as well as the annealing conditions

— The process is highly applicable to both planar and non-planar
structures, and can be utilized for novel metal contact engineering of
nanoscale devices

— The process may be generic for all semiconductors by using the
appropriate surface chemistry

16
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Leadership in Silicon Quantum Computation

World Leading Single P Atom Fabrication and Devices
Simmons, Phys. Rev. Lett. (2003);

Jamieson, Dzurak, Appl. Phys. Lett. (2005);

Rogge, Hollenberg, Nature Physics (2008)

Developed Single Electron Transistor Technology for Read-Out
Dzurak, Jamieson, Hollenberg, Nano Letters (2007); Nano
Letters (2007); Simmons, Nano Letters (2009)

World’s Smallest Precision Transistor
Simmons, Nature Nanotechnology (2010)

Probed Electron Spin of Single P Atom
Jamieson, Dzurak, Nano Letters (2010)

First Demonstration of Single Shot Spin Readout in Silicon
Morello, Dzurak, Jamieson, Hollenberg, Nature (2010).

Competitive edge in Silicon Quantum Computation:
* 12% of publications world-wide in silicon quantum computing are from the CIs

World-leading dual track single atom fabrication capability

Scalable architecture — compatible materials with the silicon industry

Demonstrated extremely long relaxation times ~ 6 seconds

US funding NSA/ARO support — $1 M p.a.

Collaborative Research and Development Agreement (CRADA) with Sandia National
Laboratories

spin §!‘_’

up

1
o

Isgr (NA)
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Leadership in Optical Quantum Computation

World’s First Fully Characterised Two-qubit Entangling Gate
US Patent 7173272; Pryde, White, Ralph, Nature 426, 264 (2003);
Phys. Rev. Lett. 93, 080502 (2004)

Proposed Coherent State Quantum Computation
Ralph, Phys. Rev. A 68, 030503 (2003)

Demonstrated World’s First Three-qubit Gate (Tofolli) ; -

Pryde, Ralph, White, Nature Physics 5, 134 (2009)

World’s Highest Precision Measurement with Photon Qubits
Pryde and Wiseman, Nature 450, 393 (2007)

First Demonstration of Quantum Chemistry on a - A ~|\ H'HZH> E
Quantum Computer A I 5L e
White, Nature Chemistry 2, 106 (2010) : He i1 —Hih»
I rierencefilter |} G% Cv Z :::;)/g Z Z::Z
'spcm OLW Qw ol “Z Analysis/prep IA/z I,m

Competitive edge in Optical Quantum Computation:

5 of the top 20 publications world-wide in optical quantum computing are from the Cls
High precision operation: e.g. low gate errors and noise

Scalable architectures: e.g. linear optics and cluster states

Exploit strong Australian quantum optics capability

Expansion of CRADA with Sandia to include quantum photonics for scale-up




Leadership in Quantum Communication

1. First demonstrelxtio.n of complete bright source Quantum Key Distribution
gquantum key distribution e e .
Ralph, Phys. Rev. A (2000); Symul, Lam, Ralph, | Alice %‘;Ia”t“rr | Bob |
Phys. Rev. Lett. (2004); Phys. Rev. Lett. (2005)  i(Sender) Ra"g;?;r'::::fer: @e | (Receiver)
2. Fastest random number generators Laser [>-(0O—)— > Detector I
Symul, Lam, Ralph, with Nature Photonics (2010) . D : | D I
: ~ . :
3. Pioneering quantum teleportation theory and : Cx\_\ " Classical | N
experiment | omeuter _lchamel i Computer|
Symul, Lam, Ralph, Phys. Rev. Lett. (1998); '0‘1b116661‘6'i1‘6|
Phys. Rev. Lett. (2003) [ _s_h_a[efj _SE_C_U[E_'(?! __:
4. First demonstration of quantum state sharing
Symul, Lam, Ralph, Phys. Rev. Lett. (2004) e
5. First heralded noiseless linear amplifiers processing , 77 Quantum

Pryde, Ralph, Nature Photonics 4, 316 (2010)

6. World’s best technology for quantum memory
Sellars, Nature 465, 1052 (2010)

\}g%g Repeater

heralded

Competitive edge in Quantum Communication: 3
noiseless amplifiers,

* Developed high bit rate broadband cryptography system

entanglement
sources

« Access to unique commercial dark fibre network é&=  extendrange wp
(ANU/DSTO/Government) L e o e

+ Specialised expertise in the critical components need to build a quantum repeater: sources
(ANU, GU, Toshiba), detectors (UQ, Toshiba, ADFA), amplifiers (GU) and memory (ANU)

+ World’s leading optical quantum memory
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Outline

Atomic-scale fabrication strategy
— Motivation and goals
— Atomistic understanding of fabrication process

Electrical transport in precision STM-patterned devices || '

— Narrowest conducting wires
— Tunnel gap devices
— Development of gating technology

Si band-structure in nano to atomic scale devices
— World’s smallest atomic precision transistor
— Quantum dots down to the single donor level
— Towards spin read-out and double donors




Geometric/Equivalent Scaling: 3D atomic-precision transistors

LITHOGRAPHICALLY PLACING P ATOMS

ourge
vl
]
siieSubstrate
] i Phosphorus

O-doped
45 nm node sheets (STM-
patterned)

22 nm node requirements and beyond:

« source-drain junction depths ~ 10nm \ | Eotaial
Iaxia
* junction abruptness ~1.4nm/decade | gr%wth
\

gate length ~14nm

junction resistance ~500Q/o

3D ATOMISTIC CONTROL: STM-PATTERNED TRANSISTOR



Development of single P atom qubits

LITHOGRAPHICALLY

~5>
- PLACING P ATOMS
s_q;am?'t’\x\\ ,\“"‘,
RNt Coarse

Electron spins of 3'P donor atoms in 28Si
Advantages:

* relaxation T, long
« compatible with existing multi-billion

dollar silicon microelectronics
industry and scaleable

Disadvantages:

 require the ability to dope Si with
atomic precision aligned to
nanometer sized surface gates




Atomic Fabrication Strategy in Silicon

Fabrication of registration
markers

Hydrogen
Desorption

e
00eese

Buried dopant
imaging

Custom-designed scanning tunneling microscopy
(STM) and molecular beam epitaxy (MBE) system

/

|4” Si/Ge MBE system |
fE

acoustic room

N Y

SEM/EBL

anti-vibration
mounting B

M.Y. Simmons et al., J. Molecular Simulation 31 (6-7), 505-514 (2005)
M.Y. Simmons et al., Int. J. Nanotechnology 5 (2-3), 352 (2008)



Atomistic understanding of gaseous PH,; dopant source

UNDERSTANDING P INCORPORATION CHEMISTRY

PH;-dosing First dissociation  Second dissociation Third dissociation Thermal

step at ~120 K step at ~300 K step at ~300 K P-Incorporation

PH, H ) L

CTT -1~ H -1
— ) ) ‘ o T — H ) ) \ h ) - — H = H ‘
ng%?:lég:ﬁ,(ag PHj(ads.) PH,+H(ads). PH+2H(ads.) P+3H(ads.)

®P OsSi OH

H BRI,
one dimer two dimer three dimer
wide wide wide

1
Kinetic Monte Carlo Algorithm: S.R. Schofield, Phys. Rev. Lett. 91 136104 (2003).
computes time evolution of atomic H. F. Wilson et al., Phys. Rev. Lett. 93, 226102 (2004);
structures of PH, on Si(100) O. Warschkow, et al., Phys. Rev. B 72, 125328 (2005);

M. Radny et al., Phys. Rev. B 74, 113311 (2006)



485 - 635 K above 685 K
@ oy © oy ©
- - ST N T.p- T~
BPI—E j . BPI—E j . 1 ]
H h
b d r
(b) °H: H PHy (d) -n‘I-E" H, (f) -
R T
1 PH, H
0.25 ML
S.R. Schofield et al., J. Phys. Chem B 110, 3173 (2006). CONTROLLABLE 0.25ML P COVERAGE

H. Wilson et al., Phys. Rev. B 74, 195310 (2006). ‘—:{}% P'_j‘,,:\E )—i} i >

« One in every 4 silicon atoms is a P atom.

» Average separation of P atoms is less than 1nm

* The Bohr radius of P in Si ~2.5nm

With STM lithography the dopant concentration changes by

6 orders of magnitude over 1nm which corresponds to
0.17nm/decade




Extremely high density of dopants in the layer

bulk Si: <001> 3D

DFT calculations of band structure
6 degenerate valleys

2 -02{"

& 0.6

Wavevector k

— impurity band created below the
conduction band

— band gap narrowing of Si

— doping density is so high both
2 Gamma bands and
4 fold degenerate Delta bands occupied

strain, confinement:
2 + 4-fold degeneracy

D. Carter, et al. Phys. Rev. B 79, 033204 (2009)



I[nA]

Lithographically confining the dopants using STM

Registration markers

25nm e / 90 x 900nm

epitaxial T Fabrication of Al ohmic

silicon . Qe A ‘ _ _
lV [ contacts aligned to buried
c& = = phosphorus doped
ontact leads - ]
b nanostructure

25 pm & . Ruess, L. Oberbeck, M.Y. Simmons et al.,

Nano Letters 4 1969 (2004) .

OHMIC CONDUCTION THROUGH WIRES

300

1 L)

r I .
==90Nnm (10KQ)
[ ==m=50nmM (34KQ)

150 L =O=27nm (50KQ)
== 8 Nm (240KQ)

0 -
-150 4 : L S _¢ % C.
""" 50 nm x 320nm wire 27 nm x 320nm wire 2.5 nm x 50nm wire
Rl e ——, FJ. Ruessetal. Applied Physics Letters 92, 0521011 (2008)

V[mV] F.J. Ruess, Small 3, 563 (2007)



Gating STM-patterned tunnel gaps

TOP GATE ON NATIVE OXIDE TOP GATE ON UHV OXIDE

IN-PLANE GATE

20 nm Al gate

~ 80 nm silicon dioxide
25 nm Si encapsulation
— 5TM patterned Si:P
= Si substrate

B0 nm Al gate

~ 1 nm native oxide

-~ 20 nm 5i encapsulation
STM patterned Si:P

o~ Sisubstrate

G (e*/h)

10"k 3
1011 ]
a
— 10
I'_'Clﬂ E
10°f 1
107 e g T
04 02 00 02 04 2 0 2 4 6 8 10 12
Vv (V)
leakage range: topgate leakage range: ~‘epsate {V}

leakage range:
-500 mV to +300 mV 10V to +10 -1700mV to +1700 mv/

Resistance leakage
change range
Native oxide 10°0Q - 108 Q -500 mV to _
(D75) (1000 %) 500 mv In-plane gates afford a large gating
URV oxide | 10°Q- 1080 10Vto range with better stability
(D7) (1000 %) 10V

In-plane gate 6 M2 - 66 G2 -1700 mV to
(D90) (3000 %) 1700 mV



Quantum dot architectures
towards
single donor devices

Source




All epitaxial in—plane gated 5 terminal Si:P dot

B “«'Plunger Gate
36nm I
Dot Source e

400nm/|

Y

400nm

- use knowledge from previous experiments => 8nm tunneling gaps
- in-plane plunger and barrier gates

- optimize capacitive coupling with gate geometry and shape of dot
- area of dot = 2000 nm? — 4000 electrons



4000 donor Si:P quantum dot

I ' ' ' ' ' ' ' ] Size of dot = 2000nm?
Estimated # of electrons

on the dot ~ 4000

Sum Capacitance of dot = 46aF
Charging energy = 3.3meV

. . . : . Changing in-plane gate:
-0.2 -0.1 0 0.1 0.2 depletes ~ 50 electrons

unger EE( )
punoeroat A. Fuhrer et al., Nano Letters 9, 707 (2009).
12.2 +0.74meV ~

- " r - = ™ L) oy e - . - - [—

-r - E L i - T = = L3 o - - - 3 = - - " w

| b 9 . e - el " K n . - i,
. 1,.‘ r 4 % ," “I-.\‘l | . . S e - w
L oot - " - ny ¥ ™ L] -k L "™ o - -

1 \1’. a ! B e L L | 1 . n " W " ey ) :

N s N ™ e L] e . . . L - - [
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9 : "*ﬂr_ "
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Ves(V)



Comparison of top gated and in-plane gates

5: In-plane gate

02 01 0 01 02
plunger gale(v)
5. Top gate
300-' o |
[ 2 |
200 1 21
,—\100.- o
<<
s | _ 0 Uhtmaes ) W\ mit JUMa AU U bt A
5 | -0.06 -0.04 -0.02 0 0.02
— 100 f . Vo (V)
! op gate
20500 400 200 0 200 400 - Coulomb blockade oscillations: AVg;=e/Cg=2.2 mV
Ve (MV) => can tune electron number by ~ 350

ise: t te affects the stability of the devi
- top gate on native SiO, more noise: top gate aftects the stability of the device

+400 mV or better than that of quantum dots in other material
systems



Worlds smallest atomically precise transistor

Nature Nanotechnology 5, 502 (2010)

We can estimate the number of
donors incorporated from the size of
the lithographic patch created by
STM. Typically require 3 adjacent
dimers to incorporate 1P atom.

Statistical incorporation study for similar

dot sizes = 6+3 donors most likely

@ p
H
) 20N

M
- - -
- - T

'




Extremely dense excited state energy spectrum

a) 56
\ dl/dVss
2 (nS)
€
~— () |, S
7
>
-25
-50 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
-800 -600 -400 -200 0 200 400 600 800 1000

V,, (mV)

» Surprisingly high density of lines of increased conductance

* Rise in addition energy as electron occupation is lowered
—> indicative of a few-electron dot

» Gate voltage dependence of tunnel barriers:
- Increase in device conductance
—> change in coupling asymmetry



Importance of features at the atomic-scale

Vg, (mV)

Tunnel coupling: . Vg, > 0: predominantly lines with positive slope

—> stronger tunnel coupling to D
(higher gap aspect ratio: 0.61 > 0.58)

» Gate G1 shifted towards D: coupling asymmetry changes with
gate voltage

Nature Nanotechnology 5, 502 (2010)



Surprisingly dense excitation spectrum

Energy
spectrum

21 -

-_—
I

B S e
°c ¥ 8 & 3
o
Energy (meV)
O - o
LTTTHH

(only lines
Vv, (mV) W. POS.

| | Slope)
» Close-up reveals even higher density of resonant features

* Average level spacing AE =100peV

= What is the origin of these features?



Density of states at the Fermi energy

E
E 4 _ _
% UN
evsd[
D(E) D(E)

Mean energy spacing from lateral confinement of the dot:

AR T 12mev
gm*A

Sub band separation from lateral confinement of the leads:

_hay _ R |8 ~ ImeV

n *12

g g\Vml

AE

m*,e= 0.28 m,

g= gspin X gvalley =12



Valley splitting in silicon

A
bulk Si:

A 6 degenerate valleys
5 degenerate /(4-fo|d)
0 . .
S| CBminimum i

(2-fold) valley splitting strain, confinement:
2 + 4-fold degeneracy

=
=

<001>

<010>

S.Lee, Purdue

021 2D (001)
o 01
=02
S04
S .06 steep confinement, interfaces:
-0.8

_ splitting of remaining degene-
Wavevector k racy due to difference in fast

oscillating part of the wave-
D.J. Carter, Phys. Rev. B 79, 033204 (2009). functions

Collaboration with Mark Friesen and Mark Eriksson, Wisconsin-Madison

N

Position (nm)



Calculating the spectrum of the 7 donor dot

-81 meV

For 3 electrons in A shell: there are 56
possible configurations with 8 different
energies

highest

1st excited excited
state state

(2-fold) (4-fold)

Splitting depends on
dot anisotropy

Vsp (mV)

—

B
—_—

(o))
—
_—

lg]
—

Average energy level
spacing AE~100ueV

—RESONANCES ARE CONSISTENT WITH VALLEY SPLITTING ON THE DOT




Towards the single donor limit

/‘\ E, = 42+2meV

52 nm -F;}'%'I nm ! y »
F o
b g '/41] nm’ 15
Y.

o7 Dot ™ 10
LY ,-"".. i ' E
e - . =
52 NN, =70 nm 52

n i
0

“"- i,

Si5i dimer
2 DBs each

~
=]

@
=

w
=]

40

(su) ApAP

w
=]

=
(SU) AP/IP

Minirmurm 2
“| adjacent dimers
for P incorporation

rrrrrr

Vea(V)

STM lithography reveals that a
statistically 1-4 donors can be
incorporated



Excited states in a single/few donor device

30
@ 1.7 meV
20 z
5 D- 1 L= A 3p, (40.12 meV
i ° A 7 2p, 239319 meV
) > J 2p, (34.11 meV)
=0 S 8 3| 2
- N .| DOE| E
~ -10 ct} ) 2| 3
> H
Tr 3 ﬂﬂ') <
) ) 1s(E) (13.0 meV)
1s(T1) (11.7 meV)
-30 T

|
200

T
100
' V)

( 20

Excited States 1s(T,)  1s(E)

Bulk Si:P (mV) 11.70 13.01
15

(+veV, (mV) 10428 13.8+14

(-)ve Vg, (mV) 10.8+1.3 13.9+1.4

50 « Addition energy ~42+2meV is consistent
with the D9 state of a P donor

— 40
'ics 0 ™ e o » Excited state spectra are consistent with a
__________ | L\ bulk donor in Si
. - b w -15 - i8S O ngn . .
02 T 0 20 20 20 30 « Additional lines likely due to van Hove

Ve (mv) singularities in the leads




Spin read-out of a dot with multiple P donors

Load Read Empty
P SET

—
donors L Mo —I—.:_
E

E L R

VE L
Vi 0.5
v B SET

_-: now
r - 1 1
G — i .
0 50 100 150 200 250 lSD(nA)

t (ms)

. VR(mV)

We can apply suitable gate pulses to in-plane gates

We get 100% contrast for charge read-out and
therefore spin read-out for a single electron

—

Correct Read Level

o - We can engineer the correct tunnel rates (~100ms)

We obtain spin read-out for this multi-donor device

T,~1.3s @1.5Tesla.

(=
[ ]

0 500 1000 1500 200
t (ms)



An engineered double dot device each with < 4 donors

P donor count




Pushing the limits of device modelling

Potential Regrid

a.aee

=

a.e54

IR

9
Il

332 B.275

I

R

I /\
1.2¢ 1,48

sssssssssssssssss ' ' Wavevector k
MEDlCl SlMULAT|ONS DENSITY FUNCTIONAL THEORY:
to determine threshold voltage, DIBL etc to determine band structure
Chang, Haensch (IBM) Hollenberg (Melbourne) Warshkow (Sydney)

©©©©

L =10.87 (nm)

-

EFFECTIVE MASS THEORY: ™ . NEMO: We22(m
to determine barrier heights and shapes :  tight binding to determine transport
Friesen, Eriksson (Madison- Wisconsin) :  Klimeck (Purdue)



Summary

Investigated the role of valley splitting
in silicon quantum dots

Demonstrated atomic placement of single atoms in silicon
Demonstrated operation of narrowest conducting wires in silicon
Demonstrated superior stability and precision of in-plane gates
Demonstrated electron transport through many to few electron silicon
gquantum dots

Demonstrated the Worlds smallest precision transistor

Highlighted the importance of valley splitting in nanoscale devices
Demonstrated transport at the few to single donor level

Currently measuring spin dependent transport in
silicon devices where donors are placed
with atomic precision doping
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f—L*owﬂ'ﬂﬂperature Microwave

Anneal

Yao-Jen L
ries, Taiwan




Outline

ntroauction

= — low-temper ature microwave anneal proc&éT_cTr -- -
-~ dopedultra-thin Si,, Ge, 4 epi-layer ( |EEE Electron Device
Lett., vol. 30, no. 2, pp. 123-125,Feb. 2009.)

» P3lactivation in single crystalline ger manium by low
temperature microwave annealing (Accepted by IEEE EDL) =

» SIN layer for larger strain stress after low temperature dopant
activation process

“ 65 nm poly-Si TFTsfabrication (IEDM 2009)
-—e—-“
> Ti iricati lectron Device

, N0. 5, pp. 437-439,M ay. 2010.)

., vol.

** Conclusions

National Nano Device L aboratories NDL NARL




ROAGMAPN GO HIRS
edmas 209 02U 22 28

E_‘r e — E—
; ol T —for highr— h—ﬁ=¢- 57 : ==
;___ perfo?riance?oglgr(nrlr%
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No. 4, 2002, pp. 285-292.

= [2] K. Thompson, J. H. Booske, Y. B. Gianchandani, and R. F.
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Fig. 1. Temperature transient for a 75 mm silicon wafer heated in the
microwave system in the Th111 mode at 1000 W.
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Fig. 5. Profile of boron concentration before and after anneal for BF- implant

at 1100 eV and 5= 10'°/ cm® dose. Very little diffusion ~ 6.5 nm occurs for a
resulting sheet resistance of 230 (1/sq.

'_[-2] K. Thompson, J. H. Booske, Y. B. Gianchandani, and R. F. Cooper,
“Electromagnetic Annealing for the 100 nm Technology Node,” |EEE Electron

Device Lett., 23, 2002, pp. 127 - 129.
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B Higher hole concentration in S/S,,Ge, o/S

guantum well due to the Ge/Si hetero-
junction confinement.

hole mobility enhancement for the
Si,Gey g quantum well SB

C-Y Peng, et al., 2007

National Nano Device Laboratories

NDL




Outline

» P3LActivation in Single Crystalline Germanium by L ow
Temperature Microwave Annealing (Accepted by IEEE EDL) -

» SIN layer for larger strain stress after low temperature dopant
activation

5nm poly-Si TFTsfabrication (IEDM 2009)
' iri lectron Device

, N0. 5, pp. 437-439,M ay. 2010.)

44l
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Pr.ocess Klow

p—— e

- - = e —— :
> N-=tvbe S (100) Supsirate

528 nm Si buffer layer deposited by UHVCVD

»3nm S,,Ge, g layer grown on the Si buffer layer by
UHVCVD

»3~4 nm S capping layer grown in situ on the top of the epi-
Ge layer

sections implanted by BF, at 15 KeV t

E
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Pr.ocess Fl ow (cont.

- Anrnnaal NMMathAade 00
— e 111 1COC \/ - A e
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-~ » Conventional RTPAnNneal

» Low temperature microwave anneal
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Experimental Results (cont.)
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The boron distribution after the RTA of 900 °C for 30 s depicts a deeper
boron distribution. The insert figure is the carrier concentration, which
Indicates the profile of dopant activation concentration, measured by SRP.
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Experimental Results (cont.)

High-resolution double-crystal symmetrical ©/26 scans of S, ,Ge, g epi-layer
and S substrate. The inset figureisa TEM image, and the structure consists
of Si/Si;,Ge, o/ layers, with the thicknesses of Ge and Si capping layers as

3.8 and 2.8 nm, respectively.
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Outline

> Alow-temperaturemicrowave anneal processfor Boron- e
. dopedultra-thin Si, , Ge, ; epi-layer (|EEE Electron Device
Lett., vol. 30, no. 2, pp. 123-125,Feb. 2009.)

>

» SIN layer for larger Strain Stress after low temperature
dopant activation

"65 nm poly-Si TFTsfabrication (IEDM 2009) — -
> Ti iri lectron Device

, N0. 5, pp. 437-439,M ay. 2010.)

., vol.

** Conclusions
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Pr.ocess Kl ow

————

~ >10nm Si buffer layer by UﬁVCVD
»200 nm pure Gefilm grown on the S buffer layer by

UHVCVD, and then implanted by P3! at 25 KeV to a dose of
5e15 cm

»Anneal methods:
nventional RTA -

»Rs, SIMS, TEM, and SRP
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Tlemperature Profiles and Chamiber
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Process Time (sec)

B Temperature versus process time during microwave annealing in different
setting conditions, Sis represented susceptor and L is represented |oad wafer.
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Conditions and Rs of Microwave Anneal and

RTA | i ii iv v vi
Power N 100% | 150% | 150% | 150% | 200% | 200%
Susceptor | 2 2 2 2 N 2
(pc.)
L cad N N N N 2 N N
wafer (pc.)
[Process 60 600 soo | S00two | g4, 100 100
time (sec.) cycles
R.(Q/OD) | 120 316.3 162.3 215.4 276.3 133.2 200.1
T _(C)| 550 3413 392.8 373 368.9 400 390




RSL S IM S Profiles
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H Diffusion profiles of implanted P before and after microwave annealing in
different conditions and RTA at 550°C for 60s.
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B SRP depth profiles of Pin Ge from microwave
anneal and RTA.
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Outline

M A Iow-tempel'-ét:uir&mrérowave anneal proceﬁ'TcTr Boron- —_—
-~ dopedultra-thin Si,, Ge, 4 epi-layer ( |EEE Electron Device
Lett., vol. 30, no. 2, pp. 123-125,Feb. 2009.)

» P3LActivation in Single Crystalline Germanium by L ow
Temperature Microwave Annealing (Accepted by IEEE EDL) -

>

‘65 nm poly-Si TFTsfabrication (IEDM 2009) — -
> Ti iri lectron Device

'Nno. 5, pp. 437-439,May. 2010.)

., vol.

** Conclusions
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Pr.ocess Kl ow

=

> P-tvbe S (100) Subsirate e —

Fgﬂ-m-pl anted by P3! at 15 K eV to a dose of 5e15 cm-2
»20nm~200nm SIN deposition by PECVD

»Anneal methods:; -
»>RTA

Icrowave anneal
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PEESTVIS Profile"oV Foy
- Microy

\ 1 ‘
A Gl

—— L

—v— Asimplanted
.. —*— M.A. onepower 600s
~"— M.A. three power 600s

M The phosphorus distribution after the 900°C for 30 s
IS deeper.
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Mierowsve Anneal sno RTA

%Nx Aft?é Sr;‘)?al'_Rsm
M. 493C  0.287 1.68 94.53
MA4200C 0321 0.944 102.6 =
’! Ep 100s "‘zzooc 0.321 #&d
90502’*305 9000(: 0.32 T 78 -
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Strain Magnitude Enhancement: by, L ow
Termoerature Annes

—e— 39N, 50nm

M.A. onepower 600 s

B 50nm SIN, thickness, microwave power is 600~700WV.
The strain magnitude becomes saturated.

i |NARL




Str.ess Shift. Multiplied By Tihickness (Act)

VErsus Nler I‘ ml mess

= M.A. three powe 600s
e RTA900°C30s

MW Sope=7.544
RTA Sope=5.661

— 40 8 120 160 200
SN thickness (nm)

B Comparisons of the stress profiles of different post
annealing methods.
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Outline

e A low-temper ature microwave anneal proceﬁiTcTr Boron-
-~ dopedultra-thin Si,, Ge, 4 epi-layer ( |EEE Electron Device
Lett., vol. 30, no. 2, pp. 123-125,Feb. 2009.)

» P3LActivation in Single Crystalline Germanium by L ow
Temperature Microwave Annealing (Accepted by IEEE EDL) -

» SIN layer for larger Strain Stress after low temperature
dopant activation

— _
‘>-Ti Iricati lectron Device

, N0. 5, pp. 437-439,M ay. 2010.)

., vol.

** Conclusions
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TEM Cr.0ss Section lmage

60nm gate Wldth where the gate oxide thickness is 45 nm
and the channel thicknessis 45 nm.
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W/L = 100nm / 5um &
W/L =100nm / 1pm

WI/L = 100nm / 0.4pum
W/L=100nm /0.2um

Gate Voltage (V)

|-V of p-MOS TFTswith
different gate length (W = 100
nm) annealed by 900°C for 15
seconds.

Asthe gatelength islessthan
0.4-um, punch-through effects
would dominant the electrical

National Nano Device Laboratories

characteristics. =




|-V Ol p-MOS TIETS Anneal ed at
200°C jfor 12 pours

- = —

-V O p-MOS T'ET'swith
different gate length (W =
100 nm) annealed at 600°C

% for 12 hours.
= 600°C 12 hr. Asthe gatelengthisless
c -. han 1 h-through
3 W/L = 100nm / 5pm % than lpm, punc I NOUY
5 W/L = 100nm / 1um ’ effectswould dominant the
W/L =100nm / 0.4um : . .
WIL = 100nm / 0.2um ¥ electrical charactenistics.
T 10 8 6 a4 . Thelon/loff ratiosare
Gate Voltage (V) about 10°asL = 0.2 um
National Nano Device Laboratories NDL !IIA!!




|-V Ol p-MOS TIETiSs Annealed by
Y

ierovave (1)

e e

—

Thelon/loff ratios are about
108 for p-MOSTFTs
annealed by microwave for

N 100 seconds with W/L =

< | 100nm/ 120nm, 107 for that

g black: W/L = 100nm / 100nm with W/L = 100nm / 100nm

S color: W/L =100nm/120nm ; - b

2 . L onger time period and

T v MW 00 higher process temper ature
¢ MW 600 sec.

would enhance the short
channel effect immunity

12 10 -8 - -
Gtae Voltage (V)
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|-V Ol p-MOS TIETiSs Annealed by
(L)

—

Thelon/loff ratiosare
about 107 for that with W/L

= 60nm / 100nm.
29 o w0 Theinset showsthel -V, of
E1F 0 wwooswe : p-M OS TETiswith W/L =
(%-109 - ony PR 60nm /' 65nm
Eﬁ = o S Punch-through effects
101 o} s Vi 058 could be suppressed due to
107 . : thelow temperature anneal

14 12 -10 -8 -6 -
Gate Voltage (V)

process and thefin-like
structure.
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|-V 0lin-MOS TIETIS Annealed by
Mierowaye

= Thelon/loff ratioIs about
108 for then-MOSTFT
with W/L = 60nm / 100nm.

MW 100x6 sec.

W/L =100nm / 100nm
MW 600 sec.

W/L =100nm / 100nm
MW 100x6 sec.

W/L =60nm / 100nm
MW 600 sec.

W/L =60nm /100nm

<
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5 —
Gate Voltage (V)
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A W=10um
¢ W=60nm

MW 100sec.
L=120nm

National Nano Device Laboratories

—

Tthe maximum channel'Gm
would increase for. 250 % as
channel width decreasing from
10 pm to 60 nm.

Scaling of channel width
leading to increase of channel
mobility isdueto:

— L arger eectric field
—[Sowersgran‘boundaries

— L ower, trap concentration
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Sheet Resstance as a Function of
Seuree/Drain Widthy

= ['he average magnittdes of
—a— 600°C 12hr. sheet resstance annealed
D@ sheg by RTA at 900°C for. 15 s
DAV oot and furnace at 600°C for. 12
hours are lower than those
by microwave anneal
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SIM S Pr.ofile ofithe Bor.on
ceniration

— -

= [he boron distribution after
the 900°C for. 15 seconds
shows a degper boron
_ distribution.
—e— Asimplant

—~O— 900°C 15 sec = Thesplitsby low temperature
—v— MW 100 sec. - ;

microwave annealing show
Identical boron distribution,
which indicatesthat the
thermal budget pr.ovided by
thermicrowave treatment1Stoo
Depth (nm) |OW 10 change the boron
profile.
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Outline

ntroduction

= S Alow-temper-a.t_ulee—..l%crmaveanneal processfor Boron- .
. dopedultra-thin Si, , Ge, ; epi-layer (|EEE Electron Device
Lett., vol. 30, no. 2, pp. 123-125,Feb. 2009.)

» P3LActivation in Single Crystalline Germanium by L ow
Temperature Microwave Annealing (Accepted by IEEE EDL) -

» SIN layer for larger Strain Stress after low temperature
dopant activation

** Conclusions
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= = EEm RTA (900°C 1559)
mEmEEEE RTA (500°C 600 9)
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Temperature(OC)

3
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Anneal time (seconds)

T'he microwave (MW) anneal
timeisdefined asthe
duration for which the
microwave power Isturned
on.
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Drain Current (A)

Ml5-Vg of TiN p-M OS TETs annealed by RTA and microwave annealing. (a) RTA at 900°C for

WIL =0.6pum/ 5um
WIL =0.6um/ lym
WIL =0.

10%

10°

,_\
<
Drain Current (A)

[y
o
—
=

120 10 -8 -6 -4 -2 0 2

Gate Voltage (V)

,_\
o
i
o

10— 1

102

Fa W/L:O.Gumlo.%um% ) Op 0 -
L0 WIL =06um/0.20um % |
10 WL =06um/0.16um
S0 WL =06um/0.12um
\\\\l\\\\l\\\\|\£\$44
12 -10 -8 -4 -2 0
Gate Voltage (V)

0 WI/L=06pm/045um
* WIL =06um/0.25um
v WL =0.6um/0.12um

5 ikt
-0 8 6 4 2 0 2

Gate Voltage (V)

-12

15 s, (b) furnace at 500°C for 500 s, and (c) microwave annealing for 600 seconds
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i F— 3

—— 900°C 15 seconds

—— 500°C 600 seconds
—a— M .W. 600 seconds

Resistivity (Q-cm)
o 5

Four-point Probe M easurement Width (um)
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‘I our-study, different dopant activation conditionsare
~ - compared with.various annealing techniques.
= We have successfully activated the boron, Asand P>t by

low temper atur e microwave annea

= We have also successfully activated the P+ insde the
pure Ge film and the diffusion could be suppressed.

= _\ano-scalediliET's are also deamonstrated Qy |ow
femperature meroWaVe e .neei'
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Dopant Distributions in MOSFET
Structures by Atom Probe Tomography
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QOutline

- Dopant visualization techniques with atomic scale resolution

- What is Atom Probe Tomography (APT) ?

Local Electrode Atom Probe (LEAP)

- How to prepare needle specimen for APT

- Example of dopant distributions by APT (our work)
* Current Problem of APT

-+ Research groups for dopant distributions by APT in the world



Background
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Shinada et al., NATURE Vol 437 (2005) 1128.



Dopant distribution Visualization (2D)

Scanning Spreading Electron
Resistance Microscopy Holography
(SSRM) _ s

W

fo

Zhang et al., Appl. Phys. Lett. 90
(2007) 192103

M. A. Gribelyul et al.,
Phys. Rev. Lett., 89
(2002) 025502

Scanning Tunneling

Microscopy (STM) Kelvin Probe Force Microscopy

Depth range < 20nm

M. Nishizawa et al., Appl. Phys.
Lett. 90 (2007) 122118

M. Ligowski et al., Appl. Phys. Lett. 93
(2008) 142101

Scanning transmission electron
microscope-energy-dispersive X-ray
(STEM-EDX)

(d) As k

R. Tsuneta et al., J. Electron
Microsc 51(2002)167

Spherical aberration corrected STEM

As atoms (Z contrast)

Y. Oshima et al., Phys. Rev.
B81 (2010) 035317



Atom Probe Tomography (APT)

3D elemental mapping of

m ' olution :  X,Y:0.5nm, Z:0.2nm

Detection efficiency ( all elements ): -50%

X (84.9nm)

Range: SI P O B As

Color: |

Enable:
Points:

Each dot & Each atom




100nm
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y

Atom probe tomography

Position sensitive detector
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Local Electrode Atom Probe: LEAP

Local I l

i o Laser

vV electrode Beam
total
Needle
V specimen
exltraction
Field distribution
(simulation) ~
100nm Atom information
Local Position : position sensitive detector X,Y

electrode i
Layer-by-la y er evaporation Z

specimen Chemical identity : Time of Flight Mass

O. Nishikawa and M. Kimoto, Appl. Sur. Sci.,
76/77(1994)424.



Laser - Local Electrode Atom Probe

1 . Count Rate: X100 ~ 1000 Few Days - Few Hours
- Detector: Closer to Sample Huge Volume
observable area:
<10nm - >50nm in width Improvement of Statistics
* Pulse rate: ¥x100 Observation of Larger Structures
Voltage pulse - Laser Pulse e.g. Grain boundary, Interface

+—— 40mm

g
<&

80-120mm

10x10x60 nm
60x60x170 nm

_+_ s Xowlis

10-50 micron 3X105 Atoms 2X1O7 Atoms
6 hours 1hour



2 . Wide Application

Array of needles, Semiconductors
3 . Reduction of Fracture Probability
Brittle Materials

Vaccel

Position sensitive
lon detector

Local electrode

sample

4 . Improvement of Mass Resolution

Mass spectrum of W+**

u e

straight type 3DAP laser 3DAP

Further improvements ...
/ Reflectron lens
/ Ultraviolet Laser

18y e

EC-3DAP



Laser-assisted LEAP equipped with a reflectron lens

HV

LEAP 3000HR
(laser: 532nm)

Reflectron lens

px OF |
Without Reflectron
With reflecion

16

1‘4 lli
Mass-to-charge ratio

Position sensitive



Specimen preparation for APT by Focused lon Beam
(FIB)
Cut and Lift-out

50 pm




Example of dopant distributions by APT (our work)

motivation

V,, normal distribution and V, histogram of the 1M DMATEG
(T. Tsunomura, et al., 2008 Symposium on VLSI Technology Digest of Technical Papers p156.)

NMOS
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Dopant in laterally uniform Sample

a-Si cap

Native OXIde\\ n

Poly-Si gate —=
/M

n

I

I

) Il
Gate oxide , 11
S"SUb_ '| ||
I 1\
I 1
I 1

Enlarged view around gate oxide

Needle sample were
prepared by FIB




Comparison of dopant distribution in gate
NMOS

50 — 50 —

Z [nm] Z[nm]

100 — 100 —|

K. Inoue, F. Yano, A. Nishida et. al., Appl. Phys. Lett. 95 (2009) 043502.



Enlarged views around the gate oxides

135 e - ———
-n':'o: % P ..-.o.r'.... T 135
L be o * . .
136 R B SR I IR 4
SRS 0T B 136
. .e *eee | * . o
1374 .o :. t:-. . O:.o Z..-., l.‘ .; ‘::.:" Ve e 137
.:.- :»‘0" . % . ':'. *
— . J b Sy, e "o . . o
198 2.‘ !. .4'-00..; f 0.:. * .. . e ..: - .:.n 138
1394 Gate P A IS z 4 139
s A o *du e N
Z RS o DR L 1N Rt ;.*.. IR, s Z[nm]
140 S veta st R e ]
- LR L) 0 'P ol aby gl * 140
Gate AL S Y A, -;‘;.ME .
1414 1 . . A TRy - ; -0.- . 141
oxide ° % vt RN ST RIR N 2
... _iw ¥ =
142 . » '| . . 1424
. i ™
1434 Si sub. - . . .
144 . .
145 - 145
I ; I -20 J ! T T 1 T | T T
10 0 -10 20 -100 0 10 20 20 10 0 -10 -20

X[nm] Y [nm]

135 135 et e 135

136 136~ 136

137 1374 137

138 138 138

139 139 ! 139

140 140- : 140

141 141 141

142 142 142 . . S
143 143 143

144 . . 144 144 *
145 T T T T T T T T 145" T 1451




Recently dopant in sample with patten

3D maps of MOSFET

N-MOS P-MOS

Sub B As
Gate P B
Ext As B
Halo B P

50nm
Implantation, annealing: standard condition in 65nm process (not open)



Elemental maps in the slice 10nm thick
pP-MOS)
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Elemental maps in the slice 10nm thick
(n-MOS)
O/SiOISiO, As B
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K. Inoue, F. Yano, A. Nishida et. al., Ultramicroscopy 109 (2009) 1479.



Enlarged view around the source/drain
extension in n-MOS.

1D( g)oncentration profiles of B and As atoms

[x10"] Sp—————— ]
E 4_— T §‘:>§ 0.8
s -ﬁ}@@%ﬁ% s
E 0.4
g _0.2
! |

Distance [nm]

[x10°"]

Concentration of As [cm™3]

Dopant in commercial devices

- Joint research with Toray Research Center, Inc. -
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Dopant measurement in
MOSFET Identified
Vth - - -+ now in progress



Problem to be solved for APT

- to observe dopant in further downsizing devices -
ex. 1x108 dopant/cm?® — 1 dopant in 10x10x10nm3
Micro channel plate (MCP)f

- Detection efficiency

Current detection efficiency ~ 50%
:dominated by open area of MCP

. 8
S/N ratio o
—— |ncrease of mass resolution m 102
+— 10

8 102 _
(Sensitivity: >1017-1018 cm3) 181
10°

Artifact of 3D reconstruction
—— Improvement of software analysis

Improving detector technology —100%
__Time-
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The Atomscope Concept — A New Branch of Microscopy IMC17

M.K. Miller! ‘and T.F. Kelly*

! Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge. TN

37831-6136, USA: millermk@ornl.gov

2 Imago Scientific Instruments Corporation, Madison, WI 53711-4951, USA

Combination of STEM and APT into a single instrument

Nion Column

Laser introduction
1al 43°]

|

e

\\5 ,—)-Ia::m«mavmumul
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u |Emthawdmmmﬂm|

e— M ——————— >

Nion Column

The ultimate aims of the ATOM project are to integrate a local electrode atom probe (LEAP) into an
aberration-corrected, ultrahigh vacuum STEM to overcome these limitations to obtain accurate 3-D
spatial mformation with quantitative elemental 1dentification, Fig. 1. The resulting instrument is
called an atomscope. In this combined instrument, individual atoms are field evaporated from the
cryogenically-cooled specimen with a sub-picosecond duration laser pulse (which instantaneously
mcreases the local temperature by less than 100 K) and thewr mass-to-charge-state ratios are
determined in the LEAP’s time-of-flight mass spectrometer. The spatial coordinates of each atom are
derived by combining the data streams from the LEAP’s single atom position-sensitive detector and
the STEM detectors. All the normal functions and signals of the STEM, mcluding high-angle
annular dark field (HAADF) STEM imaging, electron diffraction, electron energy loss spectroscopy
(EELS), and energy-dispersive spectroscopy (EDS), would be available. A new type of single-atom

position-sensitive detector with a detection efficiency of 100% for all the isotopes of the elements

will be integrated into the objective lens section for the APT functions. The detector will also be

capable of simultaneous measurement of the kinetic energy of the field evaporated ions, which will
enable the overlap of ions with different mass-to-charge states to be resolved for fully quantitative
compositional measurements. A new multi-axis stage and cryogenic sample holder that are capable
of all the sample movements required for electron tomography, including internal 360° rotation
about the specimen axis, will be developed. The ability to perform 360° rotation will eliminate the
so-called missing wedge problem in electron tomography. The stage and sample holder will also
incorporate a high voltage connection to the specimen and a single-use local electrode for APT. An



APT apparatus

Local Electrode Atom Probe: LEAP

Large field of view ~150 nm in diameter

The LEAP® Microscope

Local
Electrode

LEI\P- 3000XSi™

Microtip
Specimen

Voltage Pulse
HV Contact

Laser Pulse

Imaging Detector

EXTREME METROLOGY AT THE NANO-SCALE®

® Copyright & 2008
EXTREME METROLOGY AT THE NANO-SCALE

Copyright © 8

LEAP 3000 series (laser:visible)
LEAP 4000 series (laser: UV)



APT apparatus

Laser-Assisted Wide Angle Tomographic Atom Probe : LAWATAP
flexible (IR / visible / UV) ultrafast (400fs) laser setup

BlCAMECA The LA-WATAP Instrument BICAMECA Laser Assisted WATAP
LASER beam
focused on
the tip apex:
DC VOLTAGE
0- 20kV cCD
camera
CRYO COOLER —
20-80K e

o +—— ADLD
e 400 femtosecond .
- i 100kHz IR LASER —
| ¢ Stsarl Tf'llg = -10 mbal
= h igna
i B’z I ."':.5' ¢ "
o : @ A .. A __.?J ' .._‘\ Power
- e Contral
% A selecter
- \ [
® N
Motorized
mirror
2006: LASER-Assisted Wide Angle Tomographic Atom Probe P
ocal
Lens

Cameca LA-WATAP nov2009 Cameca LA-WATAP_nov2009

Discontinued at this September



Installed Base (3DAP. LEAP & LA-WATAP)

Northwestern University Center for Atom Probe Tomography (NUCAPT)

Dopant distribution in Ge nanowire

o i = o e ¥ Wy

& e, S —

"
B e et T
e e kT
ey g— —

AT gy

S g _—
.'.';..ﬁ- m— el

Three-dimensional reconstruction of doped
Ge nanowire showing Au, Ge, and P atoms as gold,
blue, and gray spheres respectively. (a) Side view of
Au catalyst tipped nanowire. Arrow indicates growth
direction. (b) Side view of a center portion of the
same nanowire showing {111} planes perpendicular
to the growth axis. (¢) End-view showing a radially
non-uniform doping profile due to surface growth.
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0. E.Perea et al., Nature Nanotechnology 4, 315 - 319 (2009

Blavette et al., Matenals Sclence and Engineerng /{2010) 012004






- Ultraviolet pulse laser-assisted APT

Thick SiO, layer

B CAMECA 12nm SiO2 layer in Si, UV 343nm

After FIB preparation 3D reconstruction

SCIENCE & METROLQ

Cameca LA-WATAP_nov2009 Courtesy of Mathieu Gilbert, GPM-Rouen university 3
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Bulk insulating ceramics (ZrO,-MgAl,O,) 1090
cm

Concentration (%)

E e, }:' \41“‘ I{ \ 'll
u Ml‘u I W I

0 10 20 30
Distance (nm)

Y. M. Chen, T. Ohkubo, M. Kodzuka, K. Morita and K. Hono, Scripta Mater. 61 (2009) 693.



J CAMECA Field evaporation with LASER pulsing

m Rate of evaporation given by Arrhenius

relation:
PULSEL
_QI.) 70 | femto Laser mode o

kT 2
v
: . . 2 60 il
m Field required for constant evaporation ~ \
rate depends on temperature 9
m Get ~10% enhancement per 200K g sol _
temperature rise for tungsten
m Rate can be increased by or
raising Field (decreasing Q . : . : L
g ( 9 Gn) 405™0c 200 300 400 500 600
TEMPERATURE (K) n
Copied from G.L. Kellogg, J. Appl. Phys. 82 (1981) 5320
Nanosecond laser (Tsong, 80s): but prohibitive thermal effects,
Picosecond laser: = Thermal evaporation mode (IMAGO mode),
Femtosecond laser: + raising Field = reduced Heating with Optical Rectification
(CAMECA mode)

The red arrow is an visual rendition; the electro-magnetic field induced by the fast light pulse
Cameca LA-WATAP nov2009 does not increase the potential of the fip surface but decregses the evaporation barrier. 3

SCIENCE & METROLOGY SOLUTIONS



Major origin of the larger NMOS V- variability

(T. Tsunomura, et al., 2009 Symposium on VLSI Technology Digest of Technical Papers p110.)

B in channel of NMOS —

re-distribution by interstitial Si introduced by
Ext/Halo forming

Transient Enhanced Diffusion (TED)

L

V,, variability  nonuniformity of channel dopant

(concentration fluctuation increased by re-distribution)

NMOS
B Extension
conc. Halo
Concentration U‘ \ Boron
fluctuation " % condensation
Q

A Location A’ by TED

re-distribution

PMOS
Gate .
As Extension
conc. B, Halo
B

A Location A’

Distributin nochange



Needle specimen fabrication in real device - n-MOSFET ( 45nmnode ) -

which includes gate region and excludes thick dielectrics region such as side wall

(

i S SR R SR — R - i‘". 3

Needle specim

N 20nm

\_

~

Joint research with Toray Research Center, Inc. / K. Kitamoto, J. Kato, T. Miyagi



Lateral dopant distribution in inversion layer

Verification of dopant distribution randomness in lateral directions

Needle sample Randomness Verification

_ - large amount of data
Gate oxide 28 needle sample -NMOS
38 needle sample -PMOS

>

- dividing into small ROI
30nm

- counting dopant number in the ROI

channel - Binominal distribution ?
(Random distribution)?



B distribute randomly
in lateral directions

L

Following process (such
as implantation for
source/drain ) may
modulate B distribution?

k=1nm

k=2nm

k=3nm

k=4nm

— —~~
Number of BOX o Number of BOX @

~
\e)

Number of BOX

(d)

Number of BOX

o  Expefiment
Calculation
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Laser-assisted LEAP equipped with a reflectron lens

HV

LEAP 3000HR
(laser: 532nm)

Reflectron lens

px OF |
Without Reflectron
With reflecion

16

1‘4 lli
Mass-to-charge ratio

Position sensitive



Sample

Laterally uniform dummy structure of MOSFET without
pattern

(poly-Si gate, gate oxide, Si substrate in depth direction)

a-Si cap

Native oxide

Poly-Si gate i
(140nm) / channel |' |I
Gate oxide(2nm) 'l ||
S""Sub_ '| ||
I 1
[
Needle sample were
doping n-POS b-MOS prepared by FIB

gate P:10keV, 5.5 % 10"5¢m? B: 3keV, 2x 10"5¢m?

As: 20keV, 4% 10"%cmr? B: 2keV, 4 X 10"%cm? One order higher dopant

channel | B: 10keV. 2 x 10Mcm? As: 70keV, 2 % 10Mem? + annealing f:g;gintrat'on in channel




3D atom map

Gate Oxide

Si
Substrate

B atoms in the gate of this sample
nonuniformity «<— too short thermal
aging time.

Needle




Enlarged view around gate oxid}

Comparison of depth profile

between LEAP and SIMS.
Gate
oxide

gate Si sub.
8

c
il
©
-
=
c
@
3]
c
o
o
0
<

Z (Depth) [nm]

K. Inoue, F. Yano, A. Nishida et. al., App | . Phys. Lett. 92 (2008) 103506.



Segregation on interfaces between gate oxide
and Si substrate

- Dependence on dopant species -

As | P NG
Segregation Segregation segregation
Gate L
Oxide
Si sub




Comparison of depth profile between APT and SIMS

Observed region : SIMS~100um in diameter
APT~100nm in diameter

109 B - I . | 10'9 B , | |
[x107] ¥ . | [x107 § EAP |

Concentration [cm3]
Concentration [cm3]

Depth [nm] Depth [nm]



Dopant distribution in poly-Si gate (PMOS)

- Native Oxide

— Poly-Si gate

20—
- Gate Oxide

Z [nm]

- Channel

100 —

B

O

As

Si (not plotted)




Dopant distribution in poly-Si gate (NMOS)

0 —|
50 — b . e 50 —|

Z [nm] S Z [nm]
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Concentration profile across grain boundary

[><1021]3'""""""'I
— Grain boundary
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Distance [nm]
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Comparison of dopant distribution in gate
NMOS

50 — 50 —

Z [nm] Z[nm]

100 — 100 —|

K. Inoue, F. Yano, A. Nishida et. al., Appl. Phys. Lett. 95 (2009) 043502.



Grain in the gate observed by TEM

e Dopant distribution in NMOS and PMOS gate is different.

—TEM observation

TEM image

Area ratio [%]

Grain-size distribution

PMOS < NMOS

T RRGS
. NMOS
...
. (
i °
([ | °

(] u ..

50 0

Grain size [nm]

200



Comparison of dopant distribution in gate

PMOS NMOS

50 — 50

100 — 100 —

@NvY

D R 2N - ]
200 20 4940 20 0 20 40 40 20 0 99 4940 20 0 20 40

« PMOS: clear segregations of B on the grain boundaries in the poly-Si gate
are not observed. (B atoms hardly segregate at the grain boundaries)
« NMOS: Segregations of P and As on the grain boundaries in the poly-Si



Enlarged views around the gate oxides
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As Segregation on the dislocation? In Poly Si

© © <Y
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nonuniform dopant distribution in large grain
F)







Installed Base (3DAP, LEAP & LA-WATAP)

NA: NWU (Chicago), ORNL, UNT (Denton), Europe: Oxford, QUB (Belfast), Chalmers,

Sandia, UoA (Tuscaloosa), ISU (Ames), IBM (East IM2NP (Marseille), Leoben, CNT (Dresden),
Fishkill), PNNL (Richland), UCSB (Santa Barbara), _
INL (Idaho National Lab) MPI(Dusseldori), Cameca (Paris), GPM

e S

- %‘:Q‘

41 Systems in 13 Countries h %‘\\J( Y

: ANE!
Product Region R
3DAP/ 3000/ 3000 HR 16 USA 11 5 {?ﬁ ‘%:"31
3000X Si/ 3000X HR 17 JAPAN 10 ]
4000X Si/ 4000X HR 5 EUROPE 12 f R
LA-WATAP 3 APAC/ROW | 8 ff
Configuration L~y
Voltage-Mode only 16 Summary =
Laser & Voltage Mode | 25 Total # | japan: CRIEPI, NIMS, TNA, Tohoku (Oari), TITECH,
Data Key: KEPCO/ INSS
Region: ®1 system, ® 2 systems, ® 3 systems APAC/ ROW: Sydney, SHU (Shanghai), DMRL
Cameca Instruments Inc. Factory, Madison (Hyderabad), Monash, KAUST (Saudi Arabia),

NCNT (Korea)

Recent Advances In CAMECA Atom Probe Tomography: Instrumentation and Applications 49



3D atom map of another needle specimen which includes the edge of the
source/drain extension nearly in the center of the needle specimen.

(b) 100nm

Observed region
— Gate
Gate oxide \

\ ,-\ S/D extension
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All elements

Atom map
gate structure (high-k) analysis

Region: ®15nmx50nm
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T HE 5 DB B EF IR MR A

STEM: Sb/f F®z contrast
Voyles et al., Nature 416, 826, (2002)

0.3um |

Electmn Hﬂlugraphyzﬁ* potentlalé-}:ﬂi
STEM EDX: As K }(ﬁ Gribelyuk et al., Phys Rev Lett 89, 025502 (2002)

Tsuneta st al: J. Electron Microse. 51 (2002) 167
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Laser Pulsing:
extending the capability o more materials

VOLTAGE "4

S ORZM MICROCHANNEL
0-+15kv) . VOLTAGE PULSE
CRYOGENICALLY - i Viutsn *sr;';”"-'-"-"1':':'.-';',-'_:_:_.-_.-_-_-_._._...I_I_.IggER PULSE
COOLED = g -f- fia e
SPECIMEN o e
- - s, ‘ T [FIELD E\.r.upcnnmu.mr&
------ - ey Ve w mTe, Gl layersls
LOCAL o
ELECTRODE J Y J
YRty oy TEMPERATURE
s
CROSSED DELAY
PULSED VOLTAGE LINE DETECTOR
LASER PULSER  [ERTERNREN

Instead of applying a voltage pulse to field evaporate atoms, a
short duration laser pulse is used to momentarily heat the
specimen so that field evaporation occurs on the standing voltage.

An additional advantage of laser pulsing is that under the correct
experimental conditions, an improvement in the mass resolution

I“‘HGY bB 'Db'l'{] | ﬂBd. Slide text and figures courtesy of MK Miller, ORNL

2010 5H31H [SEAYEZAL VI To /020 —284 £1240H%E S



Dopant Detection Limit in Si (atoms/em?)

Detectability Limits

Field of View Area fnmz}

0 2000 7850 17500 31000
i 1 i L " 1 L 1
1E20 5
1E19 <
1E18 <
1E17 4 S __
. 20nm
1TE1G 4
T I T I 1 ] ! ]
0 50 100 150 200

Field of View Diameter (nmy)
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J CAMECA Field evaporation with LASER pulsing

m Rate of evaporation given by Arrhenius

relation:
PULSEL
_QI.) 70 | femto Laser mode o

kT 2
v
: . . 2 60 il
m Field required for constant evaporation ~ \
rate depends on temperature 9
m Get ~10% enhancement per 200K g sol _
temperature rise for tungsten
m Rate can be increased by or
raising Field (decreasing Q . : . : L
g ( 9 Gn) 405™0c 200 300 400 500 600
TEMPERATURE (K) n
Copied from G.L. Kellogg, J. Appl. Phys. 82 (1981) 5320
Nanosecond laser (Tsong, 80s): but prohibitive thermal effects,
Picosecond laser: = Thermal evaporation mode (IMAGO mode),
Femtosecond laser: + raising Field = reduced Heating with Optical Rectification
(CAMECA mode)

The red arrow is an visual rendition; the electro-magnetic field induced by the fast light pulse
Cameca LA-WATAP nov2009 does not increase the potential of the fip surface but decregses the evaporation barrier. 3

SCIENCE & METROLOGY SOLUTIONS
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Ultrafast Manipulation of
Single Spins in Diamond

G. D. Fuchs

" Center for Spintronics and Quantum
-~ Computaton

University of California, Santa Barbara

3 ._-,,,_-l;"'-_‘-‘r;.el,‘h '.:
] i & :_.ll_""rﬁ,l 5y

Oultline:

1. Introduction to diamond NV centers

2. Gigahertz dynamics of a strongly-driven single spin
3. Nanofabrication of single spins in diamond

ITRS workshop: Deterministic Doping
November 12, 2010

TR,
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Spin: a quantum degree of freedom

Stern-Gerlach experiment: 1922

Classical
dicti
preciciion What was Silver atoms
actually observed
(spin-1/2)
Image credit: http://
\ Furace  €n.wikipedia.org/wiki/Stern—
\ Gerlach_experiment
Inhomogeneous

magnetic field

« Quantized states: when measured, can be only one or the other
+Z

» Coherent superposition is possible

=)@y "

* Repeated preparation & measurement allows you to measure ¥

G. D. Fuchs: ITRS deterministic doping 2010



Quantum vs. Classical

Quantum Classical

A ‘coordinate’ on a surface ‘ON'’ or ‘OFF’
Limited time (T,) Unlimited time
Probabilistic information Definite information

What technology could come from quantum bits?

» Secure communication * Quantum simulation
* Rapid factoring * Quantum-limited sensing
« Database searching

+Z

—— ON

+Y

OFF

G. D. Fuchs: ITRS deterministic doping 2010



“Wish list” for (any) single quantum system

Single NV spins in diamond:

« Coherent control, long coherence Optical initialization and read out,
long spin coherence (T, ~1 ms)

» Operate under ambient conditions YES!
« Solid State YES!
» Coupling to light Optical transition in the visible
» Engineerable & scalable High quality synthetic diamond

lon implanting technologies
Optical cavities

G. D. Fuchs: ITRS deterministic doping 2010



Properties of the nitrogen-vacancy center

Negatively charged NV center: spin-1

+T
S 1}\ quk,
o Nl I spin
selective
N ‘%\ relaxation
+1
1)@
BA =t
R @
Orbital  Spin

Room temperature operation of a quantum 2-level system:
 Optical pumping into m,=0 ground state (UK effective temperature)

» Optical spin read-out

 Millisecond duration spin coherence at room temperature is demonstrated

G. D. Fuchs: ITRS deterministic doping 2010



Spin levels of the nitrogen-vacancy center

Electronic ground state is a spin triplet,
with spin Hamiltonian (z-axis // [111]):

Hw=DS,> + gugB S + SAI

D =287 GHz (~12 ueW
Hamiltonian is tunable with
static magnetic field

Zero-field splitting along symmetry axig

Spin levels
A S:+1
- |
2
iergy, g&actor:Z.OO: _
| Zeeman shift ~28 GH/T = 2.8 MHz/G ms=0

>

—__Magnetic field :
Hyperfine interaction with N nuclear spin;
2-3 MHz

G. D. Fuchs: ITRS deterministic doping 2010



Confocal microscopy to image single spins

Zum gy ¥ NV
' NV2

50/50 BS APD1

15

i 1

5 | Y
o 05 .-

0L 0 4O
Confocal microscope Time ksl

» Spatial imaging of single centers and thus single spins

» Precise control over angle and amplitude of magnetic field

Hanbury-Brown & Twiss detection of photon correlations
 Detection of single photon emission

G. D. Fuchs: ITRS deterministic doping 2010



Spin resonance: basic idea

4 mg=+1
>
3 h
chj IHO — _f mS:'l
e Me=0
. . >
Magnetic field
‘Rotating’ field ~ Larmor
V —H pi2nft field
0—-1 1 HO
A
Rabi
frequency
QRabi — gIJ-BHl

(on resonance) Coherent manipulation or spectroscopy

G. D. Fuchs: ITRS deterministic doping 2010




Measuring spin resonance in the time domain

tInitialize 1 Manipulate {Read
i ms=0 E i out i
: ] I ON!
Laser | ] | OFF ‘_1> '
Microwave | ! i |
e ————-.
Photon ! : 1 | oFe 0) @
detector——————  t--——--=-

Can only measure final states
Calibration of I, using adiabatic passage

m,=0 ?
o
m,=-1
0

Pulse width (ns)

G. D. Fuchs: ITRS deterministic doping 2010



Dynamics of a “strongly-driven” single spin: motivation

. : _ H,
Traditional spin resonance: A
Hye>>H,

“Strong-driving” = large H,~H,
 Fast (GHz) spin manipulations —
what is the practical limit?

Fundamental physics:
« Different regime of two-level dynamics
* What new behavior can we observe?

Quantum information: (T,/ty, is a figure of merit)

* How fast can you manipulate the spin? (time-optimal control theory)

* What is a problem and what can you live with? (this is an experiment)
« Quantum error correction

NV spins are a model 2-level system!

G. D. Fuchs: ITRS deterministic doping 2010



Coplanar waveguide: design and implementation

= r.. ‘.’
" wl* & 8 8N w e e e w z
) — SRR i

Cite CANA

Example: 630 MHz Rabi oscillations
In conventional regime

0 2 4 6 8 10y magnetic fields B,;~350 G
Pulse width (ns)

G. D. Fuchs: ITRS deterministic doping 2010 G. D. Fuchs et al., Science 326, 1520 (2009)



Pushing the limits: strong-driving dynamics of a single spin

H, is static splitting (0.49 GHz)
H, is microwave drive field
0 B,=850G
> 1
9 1
) 1
c 1
i . '
© I
x 20 30
Bq@th conppongnts are important! B >

ower increase| ksl
“fast” flips “stalling” E——)

All data is reproducible
(average of ~10°> measurements)

Pulse width kash G. D. Fuchs et al., Science 326, 1520 (2009)





Comparison with simulations

H, Experiment

Simulation
e — — — g —— — *\We measured every pulse

in the experiment for the
20 40 60 80 100 20 40 60 80 100 simulation

57 MHz M M « No free parameters

20 40 60 80 100 20 40 60 80 100 .Qualitative agreement

109 MHz i g 3 { E f &, f » Extremely sensitive to

10 20 30 40 10 20 30 2o  Pbulse shape at large H,

___________ o e — (from theory & experiment)
223 MHz ‘\ W 5/?”' W

2 4 6 8 10 2 4 6 8 10

2 4 6 8 10 2 4 6 8 10
Pulse width (ns) Pulse width (ns)
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Gaussian pulses - optimize fast manipulation

Long Gaussian pulses — smooth oscillations ﬂ

Short Gaussian pulses — fast spin-flips!

Microwave
ulse

0 5 10 15 20 25
Time (ns)

Why is this interesting?
Tap~1ns

T, ~1ms

Coherence/operation ~ 106

... > 1 million operations possible!

G. D. Fuchs: ITRS deterministic doping 2010

Gaussian Square

Y AVAVAYARL YAV Tans

10 20 30 40

168 MHz
5 10 15 20
223 MHz
298 MHz |
440 MHz
2 4 6 10 2 4 6 8 10
Pulse width (ns) Pulse width (ns)



Spatially-controlled ion implantation

* Mask ion implantation with electron beam lithography resist
» Fabricate single NVs with high throughput

« Scalable to ~10 nm aperture diameters

G. D. Fuchs: ITRS deterministic doping 2010 D. M. Toyli et al., Nano Lett. (2010)



Shallow implanted nitrogen: SIMS studies

~ 10"t — SRIM .\ /.\\ 7 ’/?
I m y®e o <
E = SIMS, Sample C | ﬁ‘;\ /b))\ |
R 17 / \'\ \ I
y 107 | o
: RIS
N\ o ) > 5

S I". @K v
& 107 1 PV ® ATANE
- 5 | = \\

0 50 100 150 100

Depth (nm) ( )

® SRIM accurate for primary ion peak
e Channeled ions penetrate deeper than expected
® Mitigate channeling with screening oxide

D. M. Toyli in collaboration with
G. D. Fuchs: ITRS deterministic doping 2010 T. Schenkel’s group (LBNL)



Summary and acknowledgements

High-speed coherent manipulation of a single spin
« Sub-nanosecond manipulation

« Faster than expected from conventional approach

« Perform millions of operations per coherence time!

Nanofabrication of single spins

* lon implantation to engineer NV centers
« Spatial control using resist apertures

» Depth profiling using SIMS studies

Collaborators:

UCSB Lawrence Berkeley National Lab
Prof. David Awschalom (PI) Thomas Schenkel
D. M. Toyli Christoph Weis

F. J. Heremans

Ames Laboratory
V. V. Dobrovitski (theory)

G. D. Fuchs: ITRS deterministic doping 2010
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