Micro & nanofabrication methods for nanoscience
applications

Subtitle: toward 3D fabrication, manipulation and characterization
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Figure 3.19: Schematic of an X-ray Lithography system based on a synchrotron.
Notice the synchrotron, beamline and mask arrangement as well as the changes in

the spectrum of the radiation.
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INTRODUCTION

® X-ray source
)
\

Obijectives:

» Achievement of 3D
resist microstructures
in only one shot

* Modulation of the

x-ray dose by using / \Grow T
\Grey Tone

a grey tone mask = Mk

4 i

Resist and
Substrate
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Simulation of illumination effect

By computer
simulation, we
obtain this shape
for the developed
resist exposed by
the x-rays passing
through the
described mask

TASC - INFM

MASK FABRICATION

Picture of the mask

X-RAY EXPOSURES
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SEM image of 3D shaped resist
dose of 7000 mJ/cm2, and gap of 13 um.
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Combination of
EBL and X-ray lithography
(see Poster #BM-P03 F. Romanato et al.
Patent pending June 2003)
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Nanolmprinting

Anti-adhesion
treatment
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Patterning by Nanoimprint
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Imprinting & X-ray litho
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Two Photon Absorbtion (TPA) induced
Microfabrication

2hv

»

D-n-D TPA dye

Maruo, Nakamura, Kawata, Opt.Lett. 1997
Wu, Webb et al., Proc. SPIE 1992
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FIGURE 13-1 Hustration of excitation-light path in wide-ficld epifluorescence or confocal (4}

py and two-phot it i Py (8). Inid), the illumin 1 oceurs throughout the
field of view, whereas in two-photon-exeitation fluorescence microscopy limited 1o a spot at the
focal of the infrared laser beam.

Nanotechnology Laboratories

Two photon Ithography

FIGURE 3-8  Spatial extension of the fluorescence emission from a solution containing Muorescent
maolecules under one- and two-photon excitation. In the case of TER the ¢ tion phenomenon,
small spots in the lower part of the cuvente, takes place only within a diffraction-limited volume, T
volume can be roughly g ied wsing the i of the system, In the ¢
ional or photon excitation, the doubl 2 ry (the upper bright area in the
cuvette) is evident, The main implications of this behavior are an inherent confocal effect and
consequent optical sectioning property, and ph g amd pl icity

femtoliter volume, (Picture courtesy of John Girkin from Biorad web homepage. )
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Two-Photon Lithography

3d Lithography

some chemistry
(polymerization)
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...dissolve unchanged stuff
(or vice versa)
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3D photonic crystal:
“direct writing”
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System Features:

e Super Eucentric 6-axis stage
X102 mm, Y 102 mm

¢ Gas injection system

e 4" Airlock (optional)

e Automated aperture change
on FIB column

» Enhanced vacuum system

Options:
« EDS

e CAD
¢ Lithography
e SIMS

ICTP winter college 7-18 Febbraio 2005 Trieste




Beam deposition and gas assisted etch LE(‘)

Deposition _
Focused ions .
Metal atom 1.  Adsorption of the precursor
spultered avway . molecules on the substrate
‘ & Gas molecules
Dissociated K * ,@ ’ 2. an begn"_l / e-beam induced
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. ‘ (3 desorption molecules
9
Deposited e 2 Adsorbed gas 3.  Deposition of the material
metal atoms I "‘““ “ @ ) - [nolcculcs atoms and removal Of the

““‘.‘g‘ ‘? o 9 4 organic ligands
R 200 1 A A A 1 A0 T seme oene

/

Dissociated elements
remaining as impurities

Available on LEO CrossBeams:

Metals: W, Pt
Insulator: SiO,
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Tungsten wall
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Motivation

- Fabrication of the highly efficient mechanical device
such as Nano- and Micro-Machine

Manipulator, Actuator, Sensor
MEMS, NEMS...

g

+ Manipulation and Inclusion of nano parts
+ Cell operation in Bio experiment

_45-”/

3-D Nano-Electrostatic Actuator Fabrication Process

Glass Capillary | II. 3-D Structure Fabrication by FIB-CVD
§ |
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Nano-Tweezers

Nano-Manipulator Fabrication by FIB-CVD

A SIM Image A Movable Principle

A SIM Image A Movable principle
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Acc.V  Spot Magn Det WD ——— 2um
5.00 kv 2.0 16000x SE 21.2 Nanopunta A 80deq tilt Au-supertips

Ace.V gput Magn Det WD 1 m
5.00 kV 20 32000x SE 213 NanopuntaB 80deq tilt Au-supertips
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Focused Ion Beam - microsculpture

1.0 micrometer
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3D manipulation et al:Optical Tweezers, Two Photon lithography,
two photon microscopy

) beellulare.
ta, che dovrebbe
tro una decina d’anni,
fungono da pinze (in rosa)
tengono strettamente la cellula.
fascio forbice (in blu chiaro) penetra
ellula per eliminare un gene difettoso
(in rosso). Un secondo fascio forbice
- (in blu scuro) crea nella membrana
ulare un foro attraverso il quale potra
€ una sequenza genica appropriata
neri). Si potranno poi ottenere cloni
della cellula modificata che saranno
trapiantati a scopo terapeutico.
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Two regimes of operation:
Rayleigh regime (size of particle << A)
Mie regime (size of particle > 1)

Ashkin, A.; Dziedzic, J. M.; Bjorkholm, J. E.; and Chu, S., "Observation of a Single-Beam Gradient Force
Optical Trap for Dielectrical Particles", Optics Letters 11,
pp 288-290 (1986) - ray optics model

Rayleigh regime

Two main forces:

Scattering force, Fg

Gradient force, Fg

=I5
S - Poynting vector
d - size of particle
¢ - dielectric constant of particle
g, - dielectric constant of medium
k- wavenumber

_ L
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Implementation of multiple optical tweezers
using diffractive optical elements

2D arrays imaging
illumination

optical
trap(s)

objective —

imaging
optics

Eric R. Dufresne, Gabriel C. Spalding, Matthew T. Dearing, Steven A. Sheets, and David G. Grier, ‘Computer Generated
Holographic Optical Tweezer Arrays’, Rev. Sci. Instr. 72, 1810-1816 (2001).
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Implementation of multiple optical tweezers
using diffractive optical elements

3D arrays

Fabricated DOE,
detail~ 500 pm

Collimated DOE iffracted pattern
lasers 1 )V 3&'
bC“r/Y / L%

10

Intensity
distributions:

D. Cojoc, E Di Fabrizio, L. Businaro, S.Cabrini, F. Romanato, L. Vaccari, M. Altissimo, “Design and fabrication of

diffractive optical elements for optical tweezer arrays by means of e-beam lithography”, Microelectronic Engineering, 61-
62, 963-969, 2002
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Implementation of multiple optical tweezers
using diffractive optical elements

Spherical wave approach
PDE (Phase Diffractive Element)

N; point sources =

Winouty™ Lsig) Asig) €XPLiKT )]/ 1o

®ppe= {arg[Wou] - arg[Win]}2x array of Ny spots
Pe

To estimate the phase function ®ppg, we assume that the light source which illuminates the PDE and the

intensity distribution produced by the PDE can be described by point sources generating spherical waves
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Optical Setup

P — polarizer

L1, L2 - convergent lenses
Lens Spatial Filter

Collimator L, M1, M2 mirrors

Laser — >~
] 1l . . .
i I 7 DM - dichroic mirror
D L,

P LC]

Inverted microscope Nikon TE2000-E

I i 0 '

LCD Spatial Light
Modulator

LC2002 Holoeye

[Pixels  [Pixel Pitch [Fill Factor [Panel Size [addressing [signal Formats
[832xe24[szpm  [es5% |21 x 26 mm [8 bit (256 values) [vea, svea, Mac, Pcas
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Experimental results

2 D — Array of optical tweezers

T 3 e T P8 T A
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Microspheres of silica (diameter: 2 um )
immersed in water

The microscope stage is moved during the
movie to show the stability of the traps

10 microns
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Experimental results

TASC - INFM

Independent movement of trapped particles (2)

2 microspheres are trapped:

1 — on a circle (diameter 18 um ),
rotating clockwise

1 — on a circle (diameter 13 um),
rotating anti-clockwise

10 microns
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Experimental results

3D displacement (2)

3 microspheres are trapped and
moved in X-Y-Z
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Experimental results

Generating doughnut beams

Helical mode beam: E(r,0,z) = E, exp(il0)exp(-ikz)

u = exp(—ik, x - ik ,z)

Uniform plane wave:

Interference pattern: 1=1+E,” +2E, cos(k,x -10)

A
The radius of the doughnut: Ry = a —}zc (l + —) f— focal length; a, %, lo - constants
T

£
o

|

J.E. Curtis, D.G. Grier, ‘Structure of optical vortices’, PRL 90, April 2003

Intensity of the diffracted pattern
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Experimental results

Transfer of orbital angular momentum with doughnut beams

Intensity dstribution in
the sample’s plane

-1 0 +1
-1 0 +1 order order order
order order order 10 microns ——
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External Force Gradients and Cell Polarity
(Collaboration with V. Emiliani- Jacques Monod Institute)

Cell Polarity: Cells organize functionally distinct sub-cellular domains to get into
different processes

Unpolar cell

' l Migration

Cell Division/
3 '

Differentiation

Dendrites

Polarity is usually initiated in response to extracellular cues
(chemical or mechanical)
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...a key role is played by the cell capability to sense mechanical gradients and
tensions in the environment

® Durotaxis: cell movement can be guided by
physical interactions at the cell-substrate
interface

Lo CM, Wang HB, Dembo M, Wang YL,
Biophys. J 79, 144 (2000)

»
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® Tensile stress: stimulate Microtubule outgrowth,
RAC (GTPAses) activity, axons growth

via micro-needles and flexible substrates

I. Kaverina et al. J. Cell Science 115, 2283 (2002)
S. Chada et al. J. Cell Science 110, 1179 (1997)

equi-biaxial stretch device

A0 e rnsion)
_ _ . '?""W"I{\"'
Akira Katsuni et al. J Cell Biol. 158, 153 (2002) 4
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Adherent cells will be plated on suitable arrays of ECM ligands coated beads

ECM ligands coated beads
2-6 um

Non adherent
substrate

Via the manipulation of the array we can induce controlled tension and/or mechanical
gradients on the cell cortex in a low intensity range of forces
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Force gradient

The trapping force is proportional to the laser intensity:
by making an array of laser spots with a gradient in intensity we can mimic a gradient

in the substrate rigidity

=
(=)

Force (pN)

Intensity
N A OO

" 2.5 3.0 3.5 4.
Position »
Position
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Mechanical stress

The all array can be deformed in a symmetric or asymmetric way:
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- Microtubules and Actin network or

anization

Cells close to in vivo conditions lI‘ reduced cell spreading

good axial resolution
+

fast acquisition time

|-

Multi foci two photons Microscope
TriMScope, La Vision Biotec Gmbh, Germany

principle of operation

rom laser
- /

1) Attenuator

@

Telescope

@ Prechirp
@) Beamsplitter

& xy-Scanner (7) CCD-Camera

(&) Microscope (B) Eye
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Imaqging: Microtubules and Actin network organization

bottom
Tau GFP

intermediate

ND7 Neuronal type cell
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‘ We want you! A call for young scientist.
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LILIT 20nm

EHT= 100 k% Mag= 9759 KX FIB Lock Mags = No  FIB Imaging = SEM

INFM-TASC H WD= 4mm FIBMag= 287X  FIE Probe = 5 pA

Signal A= SEZ2 Date :17 Jun 2004
Signal B = SE2 System Vacuum = 4.33e 006 mBar
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