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Part 4:
Single nanoparticle printing

TOP-DOWN MEETS BOTTOM-UP
ELECTRO-TOPOGRAPHICAL TRAPPING

COFFEE RING EFFECT
TOPOGRAPHICALLY-TEMPLATED FLOW COATING
APPLICATION TO MICRO/NANOSYSTEM ASSEMBLY
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Single nanoparticle printing
Assemby of chemically synthesized NPs

V. Flauraud, M. Mastrangeli, G. Bernasconi, J. Butet, D. Alexander, E. Sharabi, O. Martin, J. Brugger,
Nanoscale Topographical Control of Capillary Assembly of Nanoparticles
Nature Nanotechnology 12, 73-80 (2017)
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Confinement & templating

» Dimensionality

= From suspension... (3D)
to substrate... (2D) /@ﬂ
to trap... (1D—0D) --
» Degrees of freedom 200
= From6to 0

Assembly as

» Non-interacting particles spatial search
s AH ~ 0 » AG ~ —TAS / problem

Localization
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Electro-topographical trapping

Krishnan et al, Nature467, 692 (2010)

Localization
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Electro-topographical trapping
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Electro-topographical trapping
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Ruggeri et al, Nat. Nanotechnol. 12,488 (2017)

Localization
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Rocking Brownian motors

Camera
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Cover slip (x,y,2,6,,6,) Electrode
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Suspension
PPA Silicon

Holder (}n:,mz,ex,ey)

N\

Fringes et al, J. Appl. Phys. 2016
Fringes et al, Bellstein J. Nanotech. 2018
Interferometric scattering detection (iISCAT)
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Rocking Brownian motors
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Create patterns that Use Brownian motors to Immobilize Dry sample Evaporate
define the energy (selectively) drive particles to particles resist
landscape target position

Knoll et al, TRANSDUCERS 2019
tSPL-based topography




Rocking Brownian motors
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3D asymmetric ratchet topography




Rocking Brownian motors
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Working principle
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Rocking Brownian motors
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Demonstrations
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Rocking Brownian motors
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Particle sorting
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Rocking Brownian motors
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Nicollier et al, Phys. Rev. Appl. 15, 034006 (2021)

Particle sorting
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Rocking Brownian motors
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Knollet al, TRANSDUCERS 2019
Fringes et al, Nano Letters 19, 8855 (2020)

Particle placement



Rocking Brownian motors

Normalized contrast
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02k ’ ] 1.[cover-giass h . Deposition pathway
" — weS d.EuI $ = First contact with glass
03 o iump o PA (still mobile)
0.4 . contect = Jump into contact with polymer
2, -g
o NMW Ehn (5109 nm)
| = = Elastically compressed system
06— 50 Bﬂ 3. __40nm, 20U = Final particle height:
Gap distance d,s, (nm) PPA ' 10 nm above substrate su rface/

Knollet al, TRANSDUCERS 2019
Fringes et al, Nano Letters 19, 8855 (2020)

Particle placement
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Rocking Brownian motors
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Knollet al, TRANSDUCERS 2019
Fringes et al, Nano Letters 19, 8855 (2020)
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Localization

 Error sources
» Placement
= Lithography accuracy

= Particle motion upon
resist evaporation

= SEM distortions
(non-linear drift)
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From 3D to 2D: Capilllary cristallization

Evaporation

Water surface
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From suspension to substrate

Single nanoparticle printing |
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From 3D to 1D: Coffee ring eftfect

Still et al, Langmuir 28, 4984 (2012)

From suspension to substrate

Single nanoparticle printing |
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From 3D to 1D: Coffee ring eftfect

e 4 : Deegan et al, Nature 389, 6653 (1997)

- R
From suspension to substrate
Single nanoparticle printing |
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Drop casting

Li et al, Langmuir29, 782 (2013)
From suspension to substrate

Single nanoparticle printing |

(1)
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From suspension to substrate
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Drop casting

Surface-adsorbed polymer

Thokchom et al, Langmuir30, 12144 (2014) Ethanol + water Ethanol + wate; + surfactant

Marangoni effect driven by surfactant

Kim et al, PRL 116, 124501 (2016)
v" Resource efficient

x Limited control

From suspension to substrate
Single nanoparticle printing |
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Dip coating

Evaporation-driven Moving substrate

. jw : -
t‘f.ﬂ\ suspension

v Uniform deposition over large areas

x Limited control on meniscus geometry Dimitrov & Nagayama,
\ o Langmuir 12,1303 (1996)

From suspension to substrate

29
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Blade coating

ﬁ

~optical microscope

colloidal suspension

topographical template

v" Control of meniscus
v" Resource efficient

From suspension to substrate

Single nanoparticle printing |

Top view

substrate

meniscus
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Blade coating

I T
e

a)

Born et al, Langmuir 27, 8621 (2011)

From suspension to substrate to traps
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Blade coating

meniscus movement

evaporation

From suspension to substrate to traps

Single nanoparticle printing |

Ni et al, Soft Matter2018

32



cPrL

2

TUDelft

Blade coating

wetting

convective assembly

evaporation

non — wetting

no assembly

From suspension to substrate to traps

Single nanoparticle printing |
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Top-down meets bottom-up

iff \
v'Stable colloidal suspension

v'"Control of substrate
wetting & patterning

then

Capillary assembly
does notdepend
on specificities

of particles or substrates /

Top-down meets bottom-up

Single nanoparticle printing |



Capillary push
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(a)

microscope objective

| r— hydrophobic glass |
<_ air SLI'I."'-III:IH" I = : | i
f _colloidal solution =~ PDMS

air + wp-:nr

Evaporation 3 - L resist/ITO/glass
L ;;}m;;;aa;;aiﬁg;;;;
TI:} H L=2D+d : 3
{F:g FmWﬁ.é “ﬂ_.EL
m] Evaporation

Cui et al, Nano Lett. 4, 1093 (2004)

P4 AN

Pinedo Rivera et al, Microelectron. Eng. 86, 1089 (2009)

Prior wisdom
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Prior wisdom
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Density-driven phas

Kuemin et al,
Aav. Funct Mater. 22,702 (2012)

Bulk
colloid

Ordered
domains

Template
surface

AT
—

Domain
boundary

Contact line Contact line

Accumulation zone Phase bolndary ol
e_________________________________________________J
Prior wisdom
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Topographical template fabrication
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EBL / RIE / Silanisation E-Beam lithography

« Features 30nm= 5nm
Silicon/Glass RIE

« Multilayer processes
* Chlorine-based RIE

- ewater CA: ~110°
- J

Surface silanization

Gold NP assembly

] W W w w v ¥ 7

W W W W V¥V ¥ |

Template

WEVEVEV V"

20 pm
200 nm 200_nm Flauraud et a/, Nat. Nanotechnol. 2016 H

Fabrication

Single nanoparticle printing |



Stralght edged traps

Trap depth

N -0

30-70 nm

Width [nm]

. .
. Trap width

' ' ' ' - : I 70nm
" Orientation 1 @ B -0
N o | ' ' ' ' ' B S0

B - | | | | | | | | |
00| ] | E;Ej ;

55 65 =15 0 45
Depth [nm] Angular offset [°]
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Particle accumulation and entropy

Meniscus

DR\ AT MRV RN W

L. Onsager

Density-induced phase transition
« Rotational entropy traded for translational entropy

« Net entropy gain

Flauraud et al, Nat. Nanotechnol. 12,73 (2017)
What would Lars think?
40
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Insight 1. Non-uniform accumulation
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Flauraud et al, Nat. Nanotechnol. 12,73 (2017)
New insights
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Insight 1. Non-uniform accumulation
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Insight 2: Stages of capillary assembly

Meniscus motion

;

- B - |

Li. | ‘ meniscus
o — S ;

L\ Insertion Resilience

g !

g Temperature control
= 2

Flauraud et al, Nat. Nanotechnol. 12,73 (2017)
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Limitations of straight-edged traps
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Trap cross-section
needs to accommodate
effective NPs size...

...But dry NPs are smaller

Loose positional control
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Etch > Resist facet

; InS|ght ” 3D trap geometry
\
.

l \ T Py

r
» .
EBL — RIE — Sllanlsatlon

« Cl,/BCl; chemistry

« Progressive resist faceting

« Low roughness transfer to Si
« Compatible with SIO, & Si;N,
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Single auxiliary sidewall

Auxiliary sidewall

« HSQ (SIO,) EBL resist
« Alignment < 10 nm

« Counteract NP removal
« Symmetry breaking

cPFL
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Flauraud et al, Nat. Nanotechnol. 12,73 (2017)
Capillary assembly of nanoparticles




Straight-edged trapSW|h uxllary S|dewall
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Deterministic positioning
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The ideal trap

Exploits all three

150

stages of assembly ||| . * e
« Upto 100% yield :
for all orientations | | e crentaton 5

« Absolute positioning
control

Yield [%]
Yield [%]

M Pinning
M Trailing
1 No wall

Yield [%]

B Pinning
M Trailing
No wall

M Pinning
M Trailing
[ No wall

70 40 50 60 70 40 50 60 70
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A tool for arbitrary designs
ﬂlﬂﬂ_ Bl

'AVYAYAYAY,
\YAYAYAYA'

AXAXA"
L\ EAYAXAYA'

Flauraud et a/, Nat. Nanotechnol 12,73 (2017) Scalebars: 250 nm



3D orientation of Ag nanocubes

-é-%.

Y

- A@A‘f‘& _é‘.“..n

200 nm

TUDelft

Flauraud et al, Nat. Nanotechnol. 12,73 (2017)
3D orientation of anisotropic nanoparticles 51




Funneled traps in reusable template

E-beam lithography SiO, wet etching Si RIE etching € 100 Trap shape
B Funnel
V 80+ B Cone
d
g 60-
ko]
2 40+
AuNPs on PDMS/ i =] Si0, PECVD o
OrmoComp 20+

i \
1 \
\

— Single particle Multi-particle Empty

AuNP assembly
f 35 Trap shape
30 B Funnel
I Cone

Transfer by Silanization
Al wet etching

Probability [%]

0 10 20 30 40 50 60
Position offset [nm]

cPrL

PDMS/OrmoComp curing CAPA

s Wsio, [ zeP [2vsio, [NNAI MM PFOCTS PONIS or

OrmoComp

]
TUDelft

Yu et al, Part. Part. Syst. Charact. 39, 2100288 (2022)
3D orientation of anisotropic nanoparticles
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1. Contact line

— Boundary
— Drags particles across substrate
— Last push

2. Accumulation
— Width facilitates injection
— Confinement dependent

3. Particle trajectory
— Advection, immobilization, drag
— Injection: pressure, entropy

4. Assembly stages

— All impact assembly yield
— Tailored trap geometry

Updated wisdom

Ni et al, Farad. Discuss. 181, 225 (2015)
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Trap design: t-SPL-based sculpting

Cl
0

Q0
Ve - -

10ps ~350°C |, ]

305 ~200°C

&M

substrate

Tevap =215°C
© 4 © o ®
o)

DRI, o e 1

Holzner et al, Nano Letters11, 3957 (2011)

Further trap designs
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Single nanoparticle printing |
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Trap design: Trap-to-particle ratio

Henzie et al, Proc. Natl Acad. Sci110, 6640 (2013)

Yin etal, . Am. Chem. Soc. 123, 8718 (2001)

Further trap designs
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Trap design: Shape matching

1st 2n 3ri
— — >

55nm Au Sphere 90x40nm Au Rod 35nm Ag Sphe

Greybush et al, ACS Nano 9, 9482 (2014)

Chen & Reinhard, Adv. Mater. 28, 3522 (2016)
Further trap designs
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TUDelft 2PL

Trap design: Shape matching

Azsambly direction - @
-
After first run
dll '. o8 &8

After second run

'.'.-.-"':a.......

Thiird run

Ni et al, Soft Matter2018

Kuemin et al, Adv. Mater. 22, 2804 (2010)

Further trap designs
Single nanoparticle printing |
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Biomolecules & cells

———)> Mov
.-‘-r s "

ing direction of the stamp
50 SR o )
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{,||| 2 2 ___’__‘_ ___________ transfer

Manual process

Automated process

Cayron et al, Microelectron. Eng. 135, 1 (2015)

Living cell

..( . Convective and
.z :zp v capillary assembly
l } ~ PP
-~ .K-— *o e
o>
R
Formosa et al, Nat Protoc. 10, 199 (2015)

Further trap designs
Single nanoparticle printing |
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Non-topographical traps

Meniscus

Triple line

Dielectric

DEP electrodes

= InAs NW g7

cPrL

250 pm

Collet et al, Adv. Mater. 27, 1268 (2015)
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Further trap designs
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Wirth et al, Langmuir31, 1632 (2015)

Single nanoparticle printing |
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Non-lithographical traps
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Further trap designs
Single nanoparticle printing |

A Template Fabrication Nanoparticle Assembly Transfer Printing
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| H,0 \
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Hanske et al, Nano Letters 14,6863 (2014)
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ithographical traps

Steiner et al, ACS Nano 11, 8871 (2017)

a 0% strain

—
particles &=
L__B =
4pum

o

0% strain

oo

10% strain

oo

o o

20% strain

Mg Mg NMg NMg
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Surface plasmon polaritons
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Localized surface plasmon resonances in NPs
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Nanogap tuning in nanorod dimers
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Flauraud et al, Nat. Nanotechnol. 12,73 (2017)
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Electron energy-loss spectroscopy: plasmon maps
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Fabrication of TEM compatible substrates
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From weak to strong plasmonic coupling

FEM simulations
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Plasmonic dolmens
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Crystallinity & edge roughness

Flauraud et al, ACS Photon. 4, 1661 (2017)
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Monocrystals from nanocube epitaxy
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