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1. RE#R (deterministic) R—E>J &b

R—I\> b 5E

B A E R U TR E
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Variability in
Channel region device properties
Dopants TR N :o e e N S o
YEAR OF PRODUCTION 2010 2012 2015 2020
Physical gate length:
L, [nm] (HP/LSTP) 27/132  22/27 17/17 10.7/10.7
Channel doping [cm™3] 4x1018  5x1018  7.5x1018  weeeses NOT known
Ave.No.ofdopants: N 55,01 9308 16/16 <1

(Assumption: t=x;, W,=L,)
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2015
hp21

2012
hp32

2010
hp45

2020 2030

O O O

Random dopant

fluctuation

Ultimate doped channel
(Limit of traditional transistors)

> Single dopant devices

Bulk planer Si MOSFET *

Work function
control

Single dopant

control New device concepts
DEt?rmHm'St'c Quantum computing devices
doping with atomic states within

Si or diamond

Nondoped channel

Bulk FinFET
®

A\

FD SOl MOSFET

FD Multi gate devices

> Ultimate non-doped channel

>
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Nanowire, Ill-V, Ge, Graphene
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Ordered dopant arrays Transport through single dopant Atomistic transistor
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Shinada, Nature 2005 Persaud, Schenkel Lansbergen, Rogge _ im) Simmons,
JVSTB 2005 Nature Physics 2008 Tabe, Phy. Rev. B 2010 Nano Letters 2009
Low temperature P.atternlng & doping Single donor spin readout
anneal via DSA

00—

Topside Backside

Faly sidsem
Bulksi =
.....

1 fw 1 Bosworth, |
3t " Ober, ACS NANO 2008

|
\\\\\

Temperature (C')

20 00
Anneal Time (sec.)

Lee, IEDM2009

Morello, Dzurak, Nature 2010

Ho, Javey, Nature Materials 2008

Single NV
3D simulation 3D atom probe NT ‘p’ spin readout
*
”

TR

Nuemann, Jelezko
Science 2010

n-MOS

Nitrogen

Nitrogen-
vacancy
colour centre

Hanson, Awschalom Carbon-13
Nature 2008

Carbon-12 Pan Stanford Publishing
(2013.4)

Roy, Asenov
Science 2005 Inoue, Ultramicroscopy 2009
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Ohdomari, Proc. 1st Int. Symp. Control of Semiconductor Interfaces, 223 (1994).
Matsukawa, Appl. Surf. Sci. 117/118, 677 (1997).
Shinada, J. Vac. Sci. & Technol B 16, 2489 (1998).

Key technologies:
(1) Extract single-ion by chopping focused ion beam;
(2) Detect single-ion by detecting secondary electrons and drain current change.

Liquid Metal . L
lon Source
_ Focused lon
"""""" Beam
Chopping ~._ als —

Single lon
Counter
Single lon

2y

e 7Y i
—_— TN X
St 15 g [ SR

Secondary Electron
Detector = =
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3. B— A > E AR

ANRY Y

T. Shinada, et al., J. Vac. Sci. & Technol B 16, 2489 (1998).
T. Shinada, et al., Jpn. J. Appl. Phys. 38, 3419 (1999).

T. Shinada, et al., Jpn. J. Appl. Phys. 41, L287 (2002)

T. Shinada, et al., Nanotechnology 19, 345202 (2008).

M. Hori, T. Shinada, et al., APEX 4 (2011).
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Atomic force microscope (AFM) image
of etch-pits created
by single-ion incidence

Work in Progress - Do not publish

lon species B, Si, P, Ni, Cu, Ga
Ge, As, Pd, Pt, Au
lon source type Liquid metal ion source
Energy 30keV (single charge)
60keV (double charge)
Beam diameter <20nm
Aiming precision ~ 50nm w/ probability of 50%

Controllability of dopant atom number

Detecting secondary electrons 100%
by applying substrate bias

Detecting the transistor 100%
channel current
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4 1 Beyond CMOS : 2UdVEA TEH—R=)\> NSO RS

e #EFEHDBeyond CMOS

I)AVADRERBIR—ELFICEZEF I
Deterministic-doped Silicon Devices and
Their Quantum Transport

T. Shinada'’, M. Hori!, K. Kumagail, F. Guagliardo?,

G. Ferrari?, Y. Ono?, E. Prati4

1 Waseda University

2 Politecnico di Milano

3NTT Basic Research Laboratories,

4 Laboratorio MDM, IMM, Consiglio Nazionale delle Ricerche (CNR)
*takahiro.shinada@aist.go.jp, **enrico.prati@mdm.imm.cnr.it
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T. Shinada, et al., Nature 437, 1128-1131 (2005)

4.1 Beyond CMOS : SUIVEA TH—R=)I>O RSO RS

Control of not only dopant atom “number” but also “its position” is essential.

Drain

8
8 — = |
a Ave. ALIm= -0.4v C ‘E' High b , d
iy — | =
Q.
6 i % I 6
a‘ 5 % Low E 5
: “ S 4t | E
t% il i g :‘L
II 3 — w 3 -
2 2
1 1
0 0 |
2 ! 0 L 2 - 2 2 e,
AVy V] Souree AV, [V] Source
ORDERED distribution RANDOM distribution

B Features: (1)V,, fluctuation of devices with ordered dopant array become narrower than
that of random doping. (2) Average V,, of ordered array is lower than that of random
dopant distribution.
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‘4.1 Beyond CMOS : ZUYVEA [H—R—=/{Z NS5 IR5

. JOtzI0—

O Fabrication of samples
P-doped n-type (100) silicon-on-insulator (SOI) substrate

Initial channel doping concentration: <1x10> cm-3,
Lg:200, 500nm, W=100nm, t55,=90nm

Highly P-doped n-type source/drain
Accumulation-mode n-type transistor

operation

O Single-ion implantation
Phosphorus, 60keV
Number of dopants: 2 per dot

O Rapid thermal anneal
at 900°C, 1min

O Vgl measurement at 4K — 20K

Work in Progress - Do not publish STRIWS: March 7,2014 45BIs&&E | 13



4.1 Beyond CMOS : SUIVEA TH—R=){> NSRS
- " Cn sy — J
R—I\> B 1LIRSTEES

T. Shinada, et al., IEDM 2011
E. Prati, T. Shinada, et al., Nature Nanotechnology 2012

Sample 1 Sample 2 Sample 3

Single dot device Three dot device Five dot device

Total no. | 5 6 10
of donors:

Probable distance .
between donors:  solated Overlap ~ 80nm Adjacent~100nm

Note: Aiming accuracy of 50nm with probability of 50 percent.

Work in Progress - Do not publish STRJWS: March 7,2014 45BIEEE | 14



4.1 Beyond CMOS : U XItH [H—R—=)O MRS RS

2 F—=I\> )\ R

T. Shinada, et al., IEDM 2011

D Second charged state

Dl D2
ﬁ 107 —‘ \/\/ r * |Isolated Coulomb blockade
(2]
S

1 Dot (2 donors) DO peaks;

10 * No other peaks above the
fourth
®] poorer * Number of the peaks
5mv-4 j— H . 1
] : T=4K coincides with double of
_ » Linear scale | ————————— number of dopants.
g 1 0 1 2 3
;8 x 20 ."I‘
101 ;__.‘"‘ Vg (V)
I R N Vo v,
3 2 1Vg(Vc)l 1 2 3
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4.1 Beyond CMOS : U XItH [H—R—=)O MRS RS
a SRR IE
=y IIIII. 2

T. Shinada, et al., IEDM 2011

LLYE « Charging energy:
' 20 K i 22 meV
— 16 K D> o
_ 12 K _ ‘1',@”’ (between D,° and D;’)
< - o¥ D‘l'l /\ 25 meV
= : 4 K /.
E Do / (between D,?and D,)
— 2 /. -
3 Do, & /] « The effect of isolated
14 v/ ¥4 V=1mV electron is broadened by
: NI the temperature.
1 /25 mev
] 22 meV l T |
0 1 2 3

Gate voltage (V)
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4.2 More-than-Moore : 51 VE> RibA TH—RFEZ>Y]

g ERZEFI2More-than-Moore

F1YE/RANDRERBPR—EVICLZEFERIE
Fabrication of the ordered array of optical centers
In diamond by low energy ion implantation

A. Komatsubaral, S. Tamura?, T. Taniil, T. Teraji?,

S. Onoda?, T. Yamamoto3, T. Ohshima?,

C. Muller4, B. Naydenov 4, L. McGuinness 4, F. Jelezko 4,
T. Shinada>", J. Isoya®™

1 Waseda Univ., 2 NIMS, 3JAEA, “UIm Univ., 4AlIST, Tsukuba Univ.
*takahiro.shinada@aist.go.jp, ** isoya.junichi.fw@u.tsukuba.ac.jp
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=Single-photon sources in diamond:

- agenerator of qubits for qguantum information processing at

room temperature

- atool for interacting with individual spins

*The conventional methods:

- arraying quantum dots of Ill-V compounds
- forming optical centers in diamond

-Si-V centers:
- high brightness and narrow peak

- compatible for the near-infrared optical communication

Optical center as a ZPL [nm] Lifetime [ns] Debye-Waller
single photon source factor
11.6 0.04
5 1.2 0.8

(NV)
(Si-V) 738
(Si-V)° 946

C. Kurtsiefer et al., Phys. Rev. Lett.85 290(2000)
A. Beveratos et al., Phys. Rev. A 64 061802(2001)

Work in Progress - Do not publish

More-than-Moore : 51/ VE> RIiGH TH—RFE>Y]
ﬁﬂ:w:bg

LA =3

C.Wang et al., J.Phys. B: At. Mol. Opt. Phys. 39 37(2006)
T. Gaebel et al., New J. Phys. 6 98(2004)
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re-than-Moore : 51/ VE> RIGH B—RFE> Y]

. MERDNVE > 5 — 2Rk

Conventional method

gas (CH4+H2+target gas)

® Optical center
® o (Si-vacancy)
@ cvpfilm SN
Diamond substrate | -||- A |
| Sl ‘\J ,
|I | | C f
during CVD After CVD ' o P
— * :_:Jl
The conventional methods utilize \_—
individual Si-V centers incidentally formed during the CVD process.

-> poor controllability in the position of the formed Si-V centers
-> low applicability to device fabrication and quantum operation

Work in Progress - Do not publish
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i lon-induced

® = = 0 o = @ O o
- = e—O

Diamond substrate

4.2 More-than-Moore : 51/VE> RiGH H—RFE> Y]

Annealing |
Low energy Optical center ™\
single-ion implantation (Si-vacancy)

1. Substrate:
homoepitaxial diamond (100) grown on HTHP crystal (100), 1b
by microwave plasma CVD

2. Single-lon Implantation:
lon species : Si Acceleration Energy : 60 keV
The number of ions per spots 2, 10, 50, 100, 1000
Distance between spots : 500 nm, 1, 2, 5um

3. Annealing at 1000 °C for 30 min in 10% H, forming gas

4. Photo luminescence measurement by conforcal microscopy
Excitation laser : 532 nm

Work in Progress - Do not publish STRJWS: March 7,2014 45BIE&E | 20



1 um deep the surface

Work in Progress - Do not publish

: MV EVRBA TH—FEFE> Y]

Sive> 45—
(Nv)° (Si-V)-
575 nm 738 nm

SR i

O | | :

o 2000 1 | : The array of luminescence

.E 3000 - : . .

= ! - (Si-V) induced

S 2000 -

o by the ion implantation
o 1000 -

_8 0 T T T T 1

(a R

500 600 700 800 900 1000

Wavelength [nm]

(NV)° (Si-V)-
575 nm 738 nm

The randomly distributed luminescence
- (NV)? in the background

I
|
|
|
2500 - ;
I
|

Photon counting [CNT]

0 T T T T 1
500 600 700 800 900 1000

Wavelength [nm]
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re-than-Moore : 51 VE> RIiGH H—RFE>Y]
Si1 A > E#HIKRFIE

The number of implanted Si ions per spot

1000 ions per spot 100 ions per spot 50 ions per spot 10 ions per spot

1pum 1pum

1um 2 um
The photoluminescence intensity decreases with decreasing number of implanted ions.

— This indicates that
the number of Si-V centers decreases with decreasing number of implanted ions

—> This suggests that

the single-photon sources can be created by reducing the number of implanted ions
= Future work
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4.3 EHS : THIRHEEESER ]

BREGIGESH

HE1-HRADR—E JIC & 24l Bk RE IS i
Functional modification of live cells by

deterministic 1on irradiation

T. Shinadal %7, Y. Sakaguchi3, H. Goke?, T. Akimoto*

1 National Institute of Advanced Industrial Science and Technology (AIST)
2 Consolidated Research Institute for Advanced Science and Medical Care,
Waseda University (ASMeW)

3 Graduate School of Science and Engineering, Waseda University

4 Graduate School of Medicine, University of Tokyo

* takahiro.shinada@aist.go.jp
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4.3 EHS : THRTIHENEDF)

5 SRR BE (SR

Key technologies in cell biological studies:

Introduction of membrane-impermeant substances into living cells

cell placed in substance X
between two electrodes and

glass subi
; . jected to a very short
— micropipette electric shock g
= containing
substance X

(@) |

| |
microinjection of
substance into cell

transient pores made in the
membrane allow substance
to enter the cell before resealing

Microinjection Electropolation

Source: Molecular Biology of THE CELL, 5th ed.
Work in Progress - Do not publish

Micro beam with MeV energy
C, Ne, Ar

Induce mutationsand chromosomal
aberrations based on the assumption
that bombardment with high-energy
ions disrupts the deoxyribonucleic acid
(DNA) structure

High energy ion beam
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4.3 EHS : [HIRISAEIEE]

TEA=]

Develop the ion implantation method for modifying the function of
live cells

Investigate the influence of dopants on cell viability quantitatively

Explore for an element that is effective for therapy and diagnosis

Pinpoint doping

Scanning

Work in Progress - Do not publish STRIWS: March 7,2014 45BIsEE | 28



4.3 EHS : THRRSMLEEIEEN)

O Cell culture

Myoblasts(C2C12) cell, HelLa cell

Ave. number of cells:30,000 / Well, Ave. cell density: 25,000cm-2
Dulbecco’s modified Eagle’s medium

(20% fetal bovine serum, 1% penicillin streptomycin)

(Y) Cell freezing at -80°C in serum-free cell-freezing medium (BanBanker )

(Y) Control (Y) lon implantation
at -190°C, in Vacuum 10kV, Au?*/As2t/Si2*
(105 Pa) 1,000 - 50,000 ions/cell

-190°C, in Vacuum (10° Pa)

CY) ATP Assay {T——Comparison—) CY) ATP Assay
CellTiter-Glo® CellTiter-Glo®
Assay Assay

Work in Progress - Do not publish STRJ WS: March 7,2014 45RIEEE | 29



HS : [HlRataeiSan

i e S TEAND

T. Shinada, et al., Biotechnol Bioeng 2011

22488
5!5

1.4
Au implantation

Increase of 10-20%

1.2
1.0
0.8 —
0.6

1,000 2,000 5,000 10,000 20,000 ' 50,000
Dose [ions/cell]

Cell viability normalized by control data

As implantation

Decrease of 10%

1,000 2,000
Dose [ions/cell]

- Myoblast cells (C2C12) Cancer cells (Hela)

ATP: 2 — 2.5 times higher

Si In progress
As ATP: Decrease of 10 — 20%
Au ATP: Increase of 10 — 20%

Work in Progress - Do not publish

ATP: Decrease of 10 — 40%
ATP: Increase of 20 — 40%

STRJ WS: March 7, 2014 45R:&&E



5.F&H

STRI

= Yall. )

O ERM DeterministicR—E>2 >t OB

O Deterministic R—E>20EE U TOE—A A FARMDOIRIRZRBNN. B—1 A A
SR ER100%ERK . BEBED IV RIL—T v hIENRRE.

O Beyond CMOS : PEKXUAs R —ZF v+ R)LHA(C1RIT(CHESS U fzdeterministic < —
JT7 )1 Rz . BRICBVLWTCEFEXRIRRZEH ., SREMECHERE.

O More-than-Moore : SiA A2 ZEITRIL Eyolution of Extended CMOS CSTRI Y
F-THAVED REREA (TR (CEEET, ements
S| V%ﬁ‘lﬁt /g @%EE\IJ @E@J (L_ﬁﬁnu\o J-Iy Existing technologies .

25l <16 VR e

D ESH . 4%)&7\%(:3:5%535@1‘%%@5 I%ﬁﬂi . E’ Mor}e’ThanN\Wf?— l-n
iR . METROMIEADEREAD] ~ &
ﬁg (Co More Moore T°p'd°w"1 g

B

O B—R—/){(> NFIA RDOREEFE. 4 J / erond I

A TES RO —Fk 7> 5 — T, ay
A SENED) A ATSE Hif gl
| ERD-WG in Japan | I Beyend CHIOS

year

Work in Progress - Do not publish STRJ WS: March 7,2014 45RIEEE |



