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The Laboratory

IMM activities extend from basic research
(innovative materials and processes) to
technological concern (prototyping and/or
technological transfer to enterprises).
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1. Introduction

In nanoscale transistors, the channel region contain few
dopant atoms and the assumption of uniform dopant
distribution is no longer feasible.

2014
14 nm
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2008 1. Introduction

45 nm
Statistical fluctuation in dopant atom number into cthe
2010 . . . o
channel causes serious fluctuation in the device’s
32 nm o
functioning
2014 TS
14 nm =

LETTERS

Enhancing semiconductor device performance using
ordered dopant arrays

Takahiro Shinada’, Shintaro Okamoto?, Takahiro Kobayashi’ & lwao Ohdomari'?

nature Vol 437120 October 2005
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Ordered Dopant Array Random Dopant Distribution
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1. Introduction

Fabrication of scalable qubit arrays constitutes one of
the most stringent barriers in the field, even for the most
promising platforms.

$904n0g uojoyd 9|buis

Deterministic doping technology is required to
effectively control matter at the atomic scale 3



www.imm.cnr.it

Outline

1. Introduction

2. Deterministic Doping Strategies

2.1 Hydrogen-resist Lithography
2.2 Deterministic lon Implantation
2.2 Alternative Doping Strategies

3. Detection of Isolated Impurities

3.1 Scanning Probes
3.2 STEM Techniques

4. Conclusions




www.imm.cnr.it

week ending
VOLUME 91, NUMBER 13 PHYSICAL REVIEW LETTERS 26 SEPTEMBER 2003

2.1 Hydrogen-Resist Lithograph

Atomically Precise Placement of Single Dopants in Si

UNSW
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Conventional Stochastic lon Sources
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Impurity Distribution
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2.2 Deterministic lon Implantation

Decreasing the implantation energy it is possible to
control the depth position of implanted impurities with sub
S Nm accuracy
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LETTERS 2.2 Deterministic lon Implantation

Enhancing semiconductor device performance using
ordered dopant arrays

Takahiro Shinada’, Shintaro Okamoto?, Takahiro Kobayashi* & lwao Ohdomari'*

Control of lateral position of implanted impurities is
possible using focused ion beams or broad beams
through a focusing template

nature Vol 437120 October 2005
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2.2 Deterministic lon Implantation

Effective confinement of silicon atoms in localized
> nano-volumes by implanting Si*t ions at ULE in
Si0O2 through a mesoporous polymeric template.
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www.acsami.org Forum Article

Periodic Arrays of Dopants in Silicon by Ultralow Energy
Implantation of Phosphorus lons through a Block Copolymer Thin
Film

Stefano Kuschlan, Riccardo Chiarcos, Michele Laus, Francesc Pérez-Murano, Jordi Llobet,

Marta Fernandez-Regulez, Caroline Bonafos, Michele Perego,™ Gabriele Seguini, Marco De Michielis,
and Graziella Tallarida

I:I Cite This: https://doi.org/10.1021/acsami.3c03782 I: I Read Online

Block-copolymer thin film _ 420 nm
3 keV P+ lon Implantation
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lateral distribution of dopants in silicon.
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P+ ions @ 3 keV 2.2 Deterministic lon Implantation

According to Poisson statistic, maximum
Mesoporous probability of success in implanting one single
lemplate ion (n=1) per pore is 36.8%

i Mean value 1| |
0.35 - \ . B -1 i
_ _ AT Far
0.30 - Px(k) A =;=5 :
0.25 - .= |
= 0.20- :
g |
Poisson’s Tiranny & 0.15- .
n Probability il )
L 36.8% s )
2 13.5% BB, , '
"""""""""""""""""""""""" 3 48% o 1 2 3 4 5 6 7 8 9 10 11
"""""""""""""""""""""""" 5 066% True number k of implanted Ions
"""""""""""""""""""" 10 00045% Chains or arrays formed by n single implanted

atoms can only be produced via deterministic
implantation of counted single ions
J. van Donkelaar et al., J. Phys. Condens. Matter 27, 154024 (2051) 15
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lon implantation for deterministic single atom devices

J. L. Pacheco, M. Singh, D. L. Perry, J. R. Wendt, G. Ten Eyck, R. P. Manginell, T. Pluym,

D. R. Luhman, M. P. Lilly, M. S. Carroll, and E. Bielejec
Sandia National Laboratories, Albugquerque, New Mexico 87185, USA

IOP PUBLISHING NANOTECHNOLOGY

Nanotechnology 19 (2008) 345202 (4pp) doi:10.1088/0957-4484/19/34/345202

A reliable method for the counting and
control of single ions for single-dopant
controlled devices

T Shinada', T Kurosawa?, H Nakayama?, Y Zhu?>, M Hori’ and

10P Publishing Journal of Physics: Condensed Matter
J. Phys.: Condens. Matter 27 (2015) 154204 (9pp) doi:10.1088/0953-8984/27/15/154204

Single atom devices by ion implantation

Jessica van Donkelaar', C Yang', A D C Alves' 3, J C McCallum!,
C Hougaard!, B C Johnson', F E Hudson?, A S Dzurak’, A Morello?,
D Spemann! and D N Jamieson'
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2.2 Deterministic lon Implantation

Data demonstrate the successful creation of a non-
Poisson distribution imposed by the ion detection
system,
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www.MaterialsViews.com www.advmatinterfaces.de

Large-Area, Nanometer-Scale Discrete Doping of
Semiconductors via Block Copolymer Self-Assembly

Bhooshan C. Popere, Boris Russ, Andrew T. Heitsch, Peter Trefonas, and Rachel A. Segalman*

Adv. Mater. Interfaces 2015, 2, 1500421

_EM acro-
olecular
Materials ana Engineering

www.mame-journal.de

RESEARCH ARTICLE

Discrete, Shallow Doping of Semiconductors via
Cylinder-Forming Block Copolymer Self-Assembly

Yuanyi Zhang, Scott P. O. Danielsen, Bhooshan C. Popere, Andrew T. Heitsch, Mingqi Li,
Peter Trefonas, Rachel A. Segalman,* and Reika Katsumata*

Macromol. Mater. Eng. 2022, 2200155

2.3 Alternative Doping Strategies

Ordered Thin Film on
Semiconductor Substrate
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PS -b- PMMA

By properly matching pore size and molecular
weight of homopolymer random coils, it is possible
to achieve single file diffusion condition

/ Random Coil
/// Y »"’ 4 \\
Y 182N
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2.3 Alternative Doping Strategies

Control lateral distribution of P-terminated
homopolymers by means of a mesoporous
template to direct the grafting process

Homopolymer
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Moiety

19



www.imm.cnr.it

Outline

1. Introduction

2. Deterministic Doping Strategies

2.1 Hydrogen-resist Lithography
2.2 Deterministic lon Implantation
2.2 Alternative Doping Strategies

3. Detection of Isolated Impurities

3.1 Scanning Probes
3.2 STEM Techniques

4. Conclusions




www.imm.cnr.it

NANO REVIEW Open Access

3.1 Scanning Probes
Atom devices based on single dopants in silicon

Using our low-temperature (LT)-KFM technique, the

nanostructures . J Do . P ( ) % .
discrete distribution of P donors in the channel of thin

Daniel Moraru', Arief Udhiarto', Miftahul Anwar', Roland Nowak'*?, Ryszard Jablonski?, Earfan Hamid', _ , ,

Juli Cha Tarido', Takeshi Mizuno' and Michiharu Tabe' SOI-FETs is observed as electronic potential maps
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M. Ligowski et al., Appl Phys Lett 93,142101 (2008)
M. Tabe et al., Thin Solid Films 518, S38-S43 (2010)
D. Moraru et al., Nanoscale Research Letters 6, 479 (2011) 21
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3.2 STEM Techniques

Aberration corrected STEM techniques achieved
elemental compositional maps and profiles with atomic-
column resolution

D.Hernandez-Maldonado et al., Microscopy and Microanalysis, 17 (4), 578-581, (2011)
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Michelle A. Smeaton et al., Nano Leftt. 2023, 23, 6393-6398
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4. Conclusions

Deterministic Doping Strategies

The development of deterministic doping techniques

. represents a big chance for material scientists and
engineers to develop a new generation of atomic
scale devices

Scanning tunneling lithography and single ion
implantation technologies have been demonstrated
to guarantee control of dopant position

New doping strategies based on self-assembling
. materials have been proposed as an alternative
approach to achieve deterministic doping

Homopolymer
Random Caoill

Dopant

o Metrology Challenge

Detection of impurity atoms within a
» semiconductor with atomic resolution represents a
formidable challenge for metrology

Morphology Contact Potential 24



