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Advanced Scanning Probe Lithographies
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#® 2016 KAVLI PRIZE NANOSCIENCE

Recognized “for the invention and realization of atomic force microscopy, a breakthrough in
measurement technology and nanosculpting that continues to have a transformative impact on
nanoscience and technology.”
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o et oot Atomic Force Microscope:
Use mechanical forces to build a atomic resolution microscope

G. Bining, C. Quate, C. Gerber (1986)

_ _ |
Integrated microcantilevers | Optical beam deflection

T.R. Albrecht, C. Quate (1990) F.
J. Greshner (1991) ~+ G. Meyer, N.M. Amer (1989)

2L dz(L)
3 dx

Z(L) =
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Dynamic AFM:

Forces:
amplitude, fxedyency, phaseg, Shift Short and Long range
(1988-2007) Conservative and dissipative
i Irep-ulsilve- )
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Contact : static deflection, F=kA4z

Binnig, Quate, Gerber (1986)

dissipation




A force acting on a vibrating cantilever changes its
resonant frequence and reduces its amplitude

204 dissipative
Dynamic AFM: | interactions

amplitude,
(1988-2007)

edyency, phase Shift

Amplitude (nm)

096 098 100 102 104

frequency ratio

Two main dynamic AFM modes
Frequency Modulation AFM feedback on the frequency

T.R. Albrecht, P. Griitter, D. Rugar, JAP 69, 668 (1991)

Amplitude Modulation AFM feedback on the amplitude

Martin, Williams, Wickramasinghe JAP 61, 4723 (1987)



Amplitude modulation AFM (tapping mode AFM):
an image is formed by scanning the tip across the surface at a fixed
oscillation amplitude.

distance
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Forces in AFM
40 ! ! ! o Restoring force cantilever
F.=-kz
] R
1% !
40 “ PM - :
o ) - van der Waals forces
-80 1 1 1 | :
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\ vdw = 2
Separation (nm) 6d

Excitation force

F,cos wt
\
I \ S .
N\ Capillary forces
Hidrodynamic forces I \
I  Adhesion forces
_Ma, dz I F=amR |
h Q dt I Adhesion forces
] 1). Unspecific
Short range repulsive forces (DMT) ii). specific

Four = EVRS*"?

R. Garcia, R. Pérez, Surf. Sci. Rep. 47, 197 (2002).

R. Garcia, Instituto de Microelectrc
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STM 1982
AFM 1986

Garcia, WSe, (1992)

Quantum corral, Fe on Cu(111)
Crommie, Lutz, Eigler (1993)

Lyo and Avouris, Si(111)7x7 (1991)

Review atomic-scale manipulation by SPL: O. Custance, R. Perez, and S. Morita,
Nature Nanotechnology 4, 803-810 (2009). I C M M
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Nanolithography: Requirements

Nanometer-scale motives
Reproducibility

Compatible with technological
environments

Scalable

Throughput

ICMM
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NanoLithography:
Throughput versus Feature Size

10° 3
GEB, E-beam Gaussian beam lithography
EBID, E-beam-induced deposition
0?4 CAR, E-beam chemically amplified resists
1 3 VSB, E-beam variable shaped beam
E
=
5
. 1
E 10 3
= 3
4
= 4
10° 5 DUV, deep ultraviolet
. EUV, extreme ultraviolet
NIL, nanoimprint lithography
107 -

107° 10° 10° 10"
Throughput (um? k™

R. Garcia, A.W. Knoll, E. Riedo, Nature Nanotechnology 9, 577 (2014)
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SPM based Nanolithographies

'\Ga\ ning Probe

anos a\.‘\'llr @ m-SPL t-SPL

mechanical

thermal
physical
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bias induced

o-SPL

oxidation

G. Liu (1997
R. Garcia, A.W. Knoll, E. Riedo, Nature Nanotechnology 9, 577 (2014)

R. Garcia, Instituto de Cieng




OXidation SPL ForceTool

020Ye’®
(X

N.f

M+nH,O —»MO,+2nH*+2ne"

P1 P2, P3

Hygromete

Garcia, Calleja, Perez-Murano, Applied Physics Leters (1998)
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Oxidation SPL: basics

STM oxidation of surfaces
e ,-._Jl"-i-,,s,, m SIS ]
8 D'*"___}_s'ziL

LOCAL .OXIDATION

NANOLITHOGRAPHY
200 nm

1st observations with STM (serendip

J.A. Dagata et al. Appl. Phys. Lett. 56, 2001 (1990)
T. Thundat et al. J. Vac. Sci. Technol. A8, 3527 (1990)

0-SPL with AFM (contact mode)
H. C. Day and D. R. Allee, Appl. Phys. Lett., 1993, 62, 2691.

0-SPL in AFM non-contact mode (extended tip lifetime)
R. Garcia, M. Calleja, F. Pérez-Murano, Appl. Phys. Lett. (1998)

Role of humidity
P. Avouris, T. Hertel and R. Martel, Appl. Phys. Lett., 1997, 71, 287.

Liquid meniscus
R. Garcia, M. Calleja and H. Rohrer, J. Appl. Phys., 1999, 86, 1898.
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SPACE CHARGE MODEL FOR LOCAL OXIDATION

Silicon case

Water Electrolyte: 2H,0— 2H*+2(OH)
| meniscus ; ?‘u Anode: Si+2h*+2(OH") —»SiO,+H,
T D . Cathode: 2H*+2e" —H,

current

su bstrate

2Na =1L

The local oxidation process
negative space charge build-up

Negative Space
charges

. M. Chiesa, R. Garcia, APL 96, 263112 (2010)
IMM
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Water saturated

N2
.z

Field-induced
formation of water
bridges

E=2 GV/m=2 V/nm
time=75 ps
Meniscus height 3 nm

MD by F. Zerbetto and
T. Cramer, UBologna
1014 molecules

Cramer, Zerbetto and Garcia,
Langmuir 24, 6116 (2008)
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Nanopatterning Nanoelectronic devices Molecular Architectures

A JOURNAL DEDICATED
TORANDSCIENCE AND .
NANDTECHNOLOGY
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Nano Letters 11, 3636 (2008)

Pattarning Polymeric Structures in Ambisnt Conditions
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silicon

CAPITUL O PRIMERO

Qe trata de la condicibn y e jercicio del Famosae
yvaliente hidalge don Quijote de \a Mancha

En un lugar de \a Manchs,

¢ cuyo nombre no quiero acordarme,

no he muche tiempo que viviz un hidalge
de los de lanza en astillero, 2derga antigua,
rocin slaco ¥ gqalgo correder. Una olla

de algo mis vaca que carnero, salpicén

las mis noches, duelos ¥ quebrantos log
sibados, lente jas \os viernes, algGn
pilomine de aRadidura los dominges,
consumian las tres partes de su hacienda.

1000 nm

Ta

0-SPL.:

Direct Nanppatterning a large variety of materials

Niobium

SAM templates

World Without Weapons
P. Picasso, 1962

nM

2508

2888

1588

16688

588

588 1880 1560 2688 2588 nM
Friction (monolayer)

Metals, semiconductors, Organosilanes...

ForceTool
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'Don Quixote' paragraph fits on a chip

Thursd ay, April 7

MADRID, Spain (AP) -- Physicists
in Spain are celebrating the
400th anniversary of publicatich
of "Don Quixote™ in a very small
way: they wrote the first
paragraph on a silicen chip in
letters so tiny the whole
1,000-page book would fit on the
tips of six human hairs.

CAPITUL O PRIMERO

Qe trata de \a condicidn y e jercicio del Famose
yriiente hidalge don Quijote de \a Mancha

En un lugar de \2 Manchs,

4 cuyo nombre Ao quiere acordarme,

n0 ha muche Siempeo que vivia un hidalgoe
de los de lanza en astillero, 2darga antiqua,
rocin slaco y qalgo correder. Una olla

de algo mis vaca que carnero, walpicén

s mis noches, duelos ¥ quebrantos los
sibados, lente jas \os vierngs, algin
palomine de aNiadidura los domingos,
consumian las tres partes de sv hacienda.

Ja Mancha,

C 4;5114[0 Primero. Que trata de la cond-
cion, ) exercicio ded famofo hidalgo don
. Quixotede la Mancha.

=1 N'Vnlugar de la Mancha, de
4§ cuyonombreno quieroacor-
darme; no ha mucho tiempo
queviviayn hidalgo de los de
lancaen-aitillero,adarga anti-°
gua,rozin flaco,y galgo corre-
doivVnaolladealzo masvaca
que carnero, falpicon las mas
~noches,duelos y quebritos los

$abados,lantejas los Viernes,algun palomino de aias
diduralos Domingos:confumian las tres partes de {u
hazienda, El refto della concluian, fayo de velarre,
calcas de velludo paralas fieftas,con fus pantuflos de

cm A lo
| :
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Local Oxidation  parritin deposition

R.V. Martinez , J. Martinez, M. Chiesa, R. Garcia, E. Coronado, E. Pinilla- Ferritin isoelectric point 4.5
Cienfuegos, S. Tatay, Adv. Mater. 22, 588 (2010)

R. Garcia, Instituto de Microele
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Controlled positioning at neutral pH

Ferritin

o neutral
depos|t|0n OTS +

@ neutral

ferritin <_|_'_’
1 ; G 17

PH —ff

APTES
Local :

Oxidation

R. Garcia, Instituto de Microelect
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Protein patterning with 10 nm feature size

T TR N TP =538
Paeiai ) ass aa LE R R LS B e
sndanlag g 5 5 angy

et ie satan agnm 00a,,

R.V. Martinez , M. Chiesa, R. Garcia, Small 7, 2914 (2011)
R.V. Martinez et al., Adv. Mater. 22, 588 (2010)
R.V. Martinez et al., Adv. Mater. 19, 291 (2007)

Instituto de Microelectronic



Creation of guiding patterns for directed self assembly of block co-polymers by O-SPL

1. Brush grafting + 2. Chemical surface 3. PS-b-PMMA deposition + 4. BCP directed self-
Annealing modification by AFM Annealing assembly

. si. > PSOHbrushlaye 0 PS-b-PMMA \ PS-OH modified \ PS domain \ PMMA domain

=» Sub-10 nm guiding patterns
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in-situ nanofabrication of metal-semiconductor-organic interfaces

OTS= n-octadecyltrichlorosilane CH3-(CH2)17-SiCI3)

I\§<3 I\§N3 NH3
S| o— Sl o- Sl—O S|
H OH OH

€H3EOOH€OOH£OOH fOOHfHB

R. Maoz, S.R.Cohen and J. Sagiv. Advanced Materials 1 (1999)
J. Berson, A. Zeira, R. Maoz and J. Sagiv. Beilstein Journal of Nanotechnology 3 (2012)
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0-SPL on self-assembled monolayers:
Interplay SAM vs. Silicon oxidation

Regimes of oxidation:

Larger and longer pulses:

; T T | % Oxidation of Si substrate
1007 | - e
! | \ QTS monclayer octro-0dzed OTS monoiayer
0 | S MTHEE =
E 'lﬂ- i | | — - . o 3 SO0OH COCE-
c [1]]] L s silicon
S K= &\—% oxide
ol HHITH Smaller and shorter pulses:
-E 1 [ [ < Oxidation of OTS monolayer '
D - ", ® ®
L] |
E 0,1 | ﬂun
! 0 e ]
0,01 +—
-9.,0 -6,0

T.Druzhinina, S. Hoeppener, N. Herzer and U.S. Schubert.
Journal of Materials Chemistry 21 (2011)

Sio2
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Mask Fabrication

|: substrate lll: Etching
SOI: Silicon on insulator
lI: 0-SPL e Nl i et
) . £
Si layer Si0, mask : SINW
///BOX:SiOz/// £ , 7
Sil /
717, 5ox 777
| _ ._ RIE Parameters Value
Si buffer :
rf-power 10 W
Chamber pressure 90 mTorr

SF¢:0, proportion 12:3 sccm
Etching time 126 s

Y.K. Ryu et al. Appl. Phys. Le

Instituto de Ciencia de Materiales de Madrid I C M M
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SiNWs after pattern transfer

$iO, masks

(c) v Ne h(nm) w(nm)
1 2 3 4 5 6 7 Sio,mask  SINW  sjOo, mask  SiNW
£ J‘M—A—M‘Av
=], che 1 1.1 12.7 24 27
” R n A n ﬂ 2 1.1 13.0 24 34
n 3 1.3 13.0 34 35
4 1.4 13.1 33 30
5 1.2 12.9 35 33
£
£ 6 1.1 12.7 29 24
el WL LN W
isEEEE= @2
SiNWs

ICMM
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SINW thickness as a function of the thickness of the mask

Section of the SiNW= 3x30 nm? (a)

Si0, mask

SINW thickness (nm)

0.0 05 10 15 20 25
Si0, mask height (nm)

The oxide mask height is controlled by the voltage amplitude

Y.K. Ryu et al. Appl. Phys. Lett. 104, 223112 (2014)

Instituto de Ciencia de Materiales de Madric
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Silicon Nanowires by Oxidation SPL

Steps:
1. SOl wafer, 2: Intitial metallization, 3: Oxide mask; 4: dry etching; 5: 2nd metallization

electrode

[

| nanowire

Y.K. Ryu, M. Chiesa, R. Garcia, Nanotechnology 24, 313205 (2013)
- SiO, R.V. Martinez, J. Martinez, R. Garcia, Nanotechnology 21, 245301 (2010)
J. Martinez, R.V. Martinez and R. Garcia, Nano Letters 8, 3636 (2008)

ICMM

Instituto de Ciencia de Materiales de Madrid




Source electrode

CS l C ForceTool

Drain electrode i

> 3 4 6
V. (V) V(M)
subthreshold swing is close to the theoretical limit for device of this geometry

electron mobility 230 cm?/Vs ICM M

O
l_\-
o_

Instituto de Ciencia de Materiales de Madrid
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Transistor: three terminal device SiINW biosensors
Field-effect transistor: The current is general sensing principle
modified by the electrical field of the gate

the current measured is

affected by the molecular

interactions

conductance

time

Instituto de Ciencia de Materiales de Madrid




M. Chiesa et al. Nano Letters 12, 1275 (2012)
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NANO.. -«
L. ETTERS pubs acs.org/ManolLett

12, 1275-1281 (2012)

Detection of the Early Stage of Recombinational DNA Repair by
Silicon Nanowire Transistors

Marco Chiesa,* Paula P. C;n'dena_‘;ft Francisco C.'ftc’)n,§ Javier Martinez,T Marta 1'\/[:15—"['01'rf:nt,§
Fernando Garcia,* Juan C. Alomo,:r Concepcid Rovira,§ and Ricardo Garcia™"

4 T T T T T

=N
"

{d I ]
_8 L 1 1 L 1 1
no solution buffer RecA +dATP +DNA +SsbA

Analyte

RecA forms a polymorphic right-handed helix around the DNA with
approximately six monomers per helix turn

SsbA is a protein that competes with RecA for the binding sites
along the DNA chain

RecA: M,, = 38 kDa, d=27A
SsbA: M,, = 18.8 kDa per subunit

ICMM
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Biosensing Principle

2 o ®SiNW measures changes in the resistance
g - . ® The resistance of the SiNW is sensitive to changes in
“l - ] the charges in the nanowire-liquid interface

-8 1 1 ! I 1 1
no solution buffer RecA +dATP +DNA +SsbA
Analyte

e The minimum in R is due to dATP hydrolysis (dAADP+ Pi) This
reaction reduces the negative charge surrounding the SiNW (like a

positive gate)
N negative charges ij;fff"‘x
H are reduced L
> (]
Pi+ A ¥

'l_., z - H
T 7
—0—F O—II‘—{:I—II"—EI -
oo

ICMM
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Direct fabrication of 2D Transition Metal Dichalcogenides devices: MoS,

Electronics and optoelectronics of two-dimensional
transition metal dichalcogenides, Qing Hua Wang,Kourosh
Kalantar-Zadeh, , Andras Kis, Jonathan N. Coleman and Michael .

S. Strano. Nature Nanotechnology 7, 699 (2012)

icmm ForceTool gg!g
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0-SPL barriers

00 02 04 06 08 10
VDS(\/)

F.M. Espinosa et al. APL 106, 103503 (2015)
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A. Knoll, tSPI 2015

Thermal Scanning Probe Lithography: The set-up

0,002 mm

41 0,00005 mm =50 nm © 2009 IBM Corporation



A. Knoll, tSPI 2015

Thermal Scanning Probe Lithography: Method

Silicon cantilever Writing Force control

- Microheater: 2x4 pm? Heated tip evaporates resist - electrostatic actuation
- > upto 1000 °C heater T

D. Pires et al., Science, 328, 732-735 (2010) (~1 ps pull-in time)

capacitive platform  tip heater

High speed patterning
880x880 pixels in 11.8s

* Resonance frequency 150 kHz

* Stiffness ~ 1 N/m /

Thermal sensor for height signal
Wear less imaging:

: X
_ AC modulation >1 MHz S
ReS‘ISF A. Knoll et al., Nanotechnology, 21, 185701 (2010) O
Unzipping polymer PPA o)
(polypthalaldehyde) =2
Cl E
H 0o 0
Q{O ° OYN%C T = 150°C ' " ~<
"o o ° ” 8
self-ampllfl.etd Lo
decomposition
Coulembier et al., Macromolecules, 43, 572-574 (2010) —

- ©.2009 | i
A. W. Knoll et al., Adv. Mater., 22, 3361- 3365 (5610}



A. Knoll, tSPI 2015

Thermal Cascade

heater 700°C Theater
tip
interface
Tpolymer
polymer ~350°C
silicon
RT

Limitation in heater temperature:
Dopant diffusion vs. Silicon diffusion
- Phosphorous

Thermal bottleneck:
Assumptions:
5 nm silicon tip, opening angle 30...60°
Result:
T
T

~0.3...0.6 Tyoner
~ 300-400°C

polymer

polymer,max

Chemical reaction:
thermally activated process <->
time temperature superposition

1stolpus - AT ~200°C!

Thermally sensitive material required !

Toony ~ 150..200 C

conv

43

© 2009 IBM Corporation



A. Knoll, tSPI 2015

Molecular glass

Unzip polymer

Polyphthalaldehyde (PPA)

« Efficient thermally
activated process

— Thermal process
active at ~ 150 C

M, = 715 g/mol

* physical inter-
molecular bonds

e« complete molecules
are removed

 thermodynamically
unstable backbone
 synthesis at -78 °C

e UNZIpS into monomers
upon bond breakage

« Stability
— Imaging and etching

44

* H-bonds: Tg 126 °C

A. De Silva; J. Lee, X. André, N. Felix, H,
Cao, H. Deng & C. Ober
Chem. Mater., 20, 1606 (2008)

 Tg = Tunzip =130 °C

H. Ito, C. G. Willson,
Technical Papers of SPE
Regional Technical Conference
on Photopolymers, 1982, 331

© 2009 IBM Corporation



A. Knoll, tSPI 2015

Features of tSPL

Resolution: 10 nm HP

Depth: 4 nm Corresponds

to tip shape:
Features:

Resolution: ~ 10 nm

Speed:
- 500 MHz imaging (2 us pixel time)
- 666 kHz imaging (1.5 us pixel time)

Resonance frequency : 150 kHz

45

500 kHz patterning

Fractal pattern
Size 13x13 pm?
7.5 mm/s
880x880 pixels
Write
duration:
11.8 s

» Size: 1500
x 1500 pixels
* Imaging
duration:

27 s

Deconvoluted
image

Paul et al., Nanotechnology 22, 275306 (2011).



Molecular Glass: Patterning Results

MG
, SiOx
Transfer >
by RIE Silicon

S A Bl e T b b i s e

Pattern in Si after transfer:
400 nm depth (50x)

Tip after patterning
several fields:
same scale:

1um

100nm

Pitch 29 nm
8 nm depth
Parameters: 4
# Pixels: 4 10

Heater temperature: 300°C
Load force: 80nN
Pulse duration: 5.5us

SEMf the tip
after 2-10  written pixels




A. Knoll, tSPI 2015

Half Pitch Resolution after Pattern Transfer: Progress since 2013

Transfer stack: . [s0
20 nm PPA g
4 nm SiO2 = Not yet
50 nm HM o transferred
5
- I 6 20
) 1itit s <
BT b —"— .
E=l 3 nm Si02 T
© 10
ww
Hm: —
— E
5 5
% 2 nm SiO2 % o - ?
c - 30 nm HM — oo nnsssgsa
e £ SE83558833
< = HP (nm) —@=LER (30, nm)
- O
o | T T
S 1
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Molecular Glass:
Complex 3D-Structures

Matterhorn (Swiss Alps)

Topographical data from geodata © Swisstopo

Multilevel patterning
120 levels
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20nm
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2um
in Silicon

D. Pires et al. , Science, 328, 732 (2010)



3-D Direct Writing Using Unzip Polymers

Adapted from GTOPO30, U.S. Geological Survey, http://eros.usgs.gov
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AW. Knoll et al., Adv. Mater., 22, 3361, (2010)



A. Knoll, tSPI 2015 Scanning probe lithography pattern
and image: Area= 12x108 cm?

Photo portrait Area= 6 cm?

Richard Feymann A W. Knoll
R. Garcia, A. Knoll, E. Riedo, Nature Nanotechnol. 9, 577 (2014)
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ThermoChemiecal Nanoal ithaaraphy (tc-SPL)

L

ThermoChemical Nanolithography (tc-SPL):
Local Thermal Activation of a Chemical Reaction

Elisa Riedo,
Georgia Institute of Technology

» High resolution control of topography (from nm to mm)
» Unprecedented control of chemistry and function at nm-scale



Wetting and Chemical Functionality

Polymer




Nanoscale Chemical Gradients
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Thermal activation leads to cleavage of tetrahydropyran
and carbon dioxide to expose amines

Carroll et al. Langmuir 29, 8675 (2013).



tc-SPL to perform Nanoscale tunable reduction of graphene oxide

E. Riedo
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Variety of approaches

eDirect nanopatterning of
materials 5

- F

- eApplicableto many materials:

sémiconductors, metals,
organics, biomolecules

el ow-costapproach for _
nanoscale device ff;\brication,_
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eExtensive patterning requires
the use of several tips (slow)

Research friendly
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