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Outlook

Further reducing the wavelength: the use of charged beams

Basics of electron microscopy: TEM, SEM

Electron beam lithography: advantages and technological limitations
Other charged-beam techniques: SCALPEL and FIB

An approach based on atom optics: atomic nanofabrication

A few emergent techniques:

. Nanoimprint;

ii.  Multiphoton and direct writing of 3D (nano)structures;
iii.  The inkjet printer (!)
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1. Use of charged particle beams Microstruct, Charact,
4.1.1 Wave Properties of Electrons Vc\)/fiI'ZI;a E?gglg)

Matter waves instead of radiation

Basic components:
- electron optics;
- accelerated particles

First “peculiarities” of the implementation:

- Large kinetic energy (tens of KeV) -
possible sample damages

- Care required to fix the electric potential
-> typ. applied to conductive substrates

- Need for UHV environment

- Inherently serial (scanning) technique

Da Brandon Kaplan

The focusing of an electron beam is possible because of the dual, wave—particle
character of electrons. This wave—particle duality is expressed in the de Broglie
relationship for the wavelength of a particle:

A=h/mv 4.1)

where m is the mass of the particle, v is its velocity and 4 is the Planck constant,
Assuming that the accelerating voltage in the electron gun is ¥/ then the electron
energy is given by:

mit 2 = eV (4.2)

harge on the electron. It follows that i = h/(ZmeV)™*, or
en Vis in volts. This numerical value is approximate, since at
) g-wditages commonly used in the electron microscope, the rest mass
of thc electron myg, is appreciably less than the relativistic mass, m, and a correction
term should be included, in the equation:

1= 4 (4.3)

\/[‘ﬁz"”"“"y(1 * 2;:&)]

where ¢ is the.velocity of light. The relativistic correction amounts to ca 5% at
100KV, rising to 30 % at 1 MV, The electron wavelength at 100kV is 0.00370 nm,
which is nearly two orders of magnitude less than the interatomic spacings typical of
the solid state. At 10keV, which is typical of many applications of scanning electron
microscopy, the wavelength is only 0.012nm, still appreciably less than the

interatomic distances in solids.

de Broglie wavelength is much
smaller than radiation wavelength
-> diffraction has negligible effects
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Electron microscopy |

As in optical methods, microscopy (TEM, SEM) and lithography (EBL) are two faces of the
same topic also in electron-based methods

Before discussing electron lithography, electron microscopy must be introduced

As in optical microscopy, both “reflection” and “transmission” of the electron beam from the
sample can be acquired, leading to SEM and TEM, respectively

An electron passing through a solid may be scattered
* not at all

* once (single scattering) @
* several times (plural scattering ), or
* very many times (multiple scattering )

Each scattering event might be elastic or inelastic. The scattered electron is most likely to be forward
scattered but there is a small chance that it will be backscattered.

The probability of scattering is described in terms of either an "interaction cross-section" or a mean free
path. When the solid specimen is thicker than about twice the mean free path, plural scattering is likely.

The important features are the fraction of electron scattering forward and backwards and the volume of
the specimen in which most of the interactions (scattering events) take place.

http:// .matter.org.uk/tem
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Electron microscopy Il

There are four main processes by which a
high energy electron (red here) can lose
energy to an atom.

These are

1. The excitation of a plasmon -~
2. The excitation of a single electron
from the valence band (pale green) ~

3. The excitation of an inner shell
electron (from the K or L shell)
4. The excitatiorlv of a phb\non

http://www.matter.org.uk/tem

After an inner shell excitation an atOm has an
energy above its ground state. It can relax and lose
some of this energy in several ways, of which two
are described here. Both start with an outer electron
jumping in to fill the vacancy in the inner shell.

Characteristic X-ray emission. Energy is given off
as a single X-ray photon.

Auger electron emission. Energy is given off by one
of the outer electrons leaving. It carries a
characteristic kinetic energy.
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Reminders on Auger effect

Quando un atoro viene colpito da un elettrone di energia sufiicientermente elevata pud awenire che un elettrone degli strati pid inteemi
(elettrone di corel) venga espulso originando una vacanza elettronica. La configurazione risultante corrisponde ad un sisterma atomico di
tipo metastabile e accade che un elettrone appartenente ad un livello energetico pid esterno va ad occupare |a vacanza creatasi,
processo & cui corrisponde un conseguente rilascio di energia. Questa energia pud essere emessa in forma radiativa sotto forma di
onda elettrormagnetica: si avrd emissione di raggi X, in gquanto il fotone prodotto appaiene a tale parte dello spettro. Mon sempre perd
I'enerdia tilasciata wiene convertita nella produzione di un fotone in guanto pud anche accadere che guesta energia venga ceduta ad un
terzo elettrone, del guscio pid esterno, che riesce cosi @ raggiongere il livello divuoto e & fuoriuscire dalla materia. Guesto processo
rappresenta 'emissione Auger e 'elettrone espulso in seguito a tale fenomeno & detto elettrone Auger.

L'energia cinetica dell'elettrane Auger espulso dipende esclusivamente dall'energia dei 3 livelli energetici coinvalti nel processa:
Egu=E1 - Ey- Fz - Eyy

dowve

Fy & l'energia del livello atomico su cuivi @ la vacanza che determina o stato metastabile dell'atormo.

Fq & l'energia del livello energetico che occupava il secondo elettrone prima di andare a riempire il posto liberatosi.

Fs & I'energia del livello energetico del terzo elettrone che verra emesso per effetto Auger.

Ew & la working function, ciog una funzione che rende conto del lavaro necessario per poter espellere 'elettrone Auger.

L'effetto Auger & alla hase della spettroscopia Auger (AES), una delle maggior tecniche di analisi di superficie.

(b) Vac
————— - -
:] genence L.eut Figure 1. Two viewws of the Auger process. (&) o
—_—M iluztrates sequentially the steps invalved in Auger
deexcitation. An incident electron creates & care hole in
— et | .
% the 1= level. &n electron from the 2= level fillz inthe 1=
Electron collision . hole and the transtion energy is imparted to a 2p electron
which iz emitted. The final stomic state thus has two
S holez, one in the 2z orbital and the ather inthe 2p orhital.
Ean (bl illustrates the zame process using spectroscopic
il notation, KE1las.

Auger electron emission
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2. Components of TEM, SEM, EBL

Bright electron sources

Thermionic electron gun

=

Bias
resistor

—

10-1000kV

oo+

_—

earth potential

This is the type of electron
gun used in most electron
microscopes. It is robust,
relatively cheap and does not
require an ultra high vacuum.

In the thermionic electron
gun, electrons are emitted
from a heated filament and
then accelerated towards an
anode

A divergent beam of electrons

emerges from the anode hole.

Magnetic lens

Electron source
soft iron

pole pieces

Electron optics
(lenses, condensers, etc.)

copper coils

In the TEM, higher energy electrons permit the examination
of thicker specimens, but may cause specimen damage.
Higher voltage microscopes are also more expensive. Most
TEMs have a maximum HT of ~ 200kV. In the SEM, the

~
Image is inverted !
and rotated "I'
Lens C1 <_ : >
L
|  Demagnified mage
I of crossover
|
&

maximum HT is usually ~ 25kV and its choice is determined H.-rm c2
by a compromise between penetration (which increases with Aperture -*—

HT ) and beam diameter (which decreases with HT).

Penetration strongly depending on material and
electron energy (typ range 1-100 nm)

|
|
|
I
—
Spucilmm
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Field emission

Field emission electron gun

In the field emission gun, a
very strong electric field (10

Vm') is used to extract
= electrons from a metal
Field E_E_V filament. Temperatures are
emitting tip = lower than that needed for
— — okt thermionic emission.
Grid
This gives a much higher
[ | ——

source brightness than in
thermionic guns, but requires
a very good vacuum.

Ao/

AoV SpolHagn W Ewp F————1 wonm
S0k 40 B 103 31 ArCN04 CHII0O0E 0046180 T

This carbide crystalline Gip, with a radius of
100 angstroms, or 10 nanometers at the top
and 0.5 micron at the base, emits electrons

in a iny beam.

“Tip effect” can enhance field emission

Field and thermionic emission and photoemission

(From Lindquist et al, Research and Development, June, 91-98, 1990. With

permission. )

Electron emission in a water bucket

THE THREE MECHANISMS used by field
emission sources all basically involve
emitting electrons and ions from a
metal surface under the influence of
a strong electric field.

Understanding these mechanisms
is where the water bucket comes in.

In this analogy, the water level in
a bucket represents the Fermi level-—
the highest occupied energy level in
a cathode material. The work func-
tion is the energy required to get the
water droplets (electrons) from the
top of the liquid out of the bucket.
This is the distance equivalent to the
potential energy barrier.

In photoemission, photon energy
excites electrons at the Fermi Jevel of
the cathode material and can impart
enough kinetic energy to allow the
electrons to escape from the bucket.

In thermionic emission, heat ther-
mally excites the electrons, providing
enough energy to boil the electrons
off and out of the bucket.

In field emission a high electric
field can thin the side of the bucket
enough so that the electrons can tun-
nel through it.

e
P
Work
Fermi__ function
level
Photoemission
Work
function
Thermionic emission

Work
function

— micro/nanofabricated field emitters (also nanotubes??)
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Contrast mechanisms |

- in TEM electrons “transmitted” by the sample are analyzed;
- in SEM electrons “scattered out” (“reflected”) from the sample are analyzed

In case of TEM, sample must be thinned in order to be “semi-transparent”

Figure 16: Schematic precedure 1o piepare a pla- “ ﬂ _———-—

nar sample for TEM. A fter preparing the sample on 33
an substrate the \atter may be etched. The final . LY | —p e —> B T T "
thickness of some [0 nm can be achieved by ion - substrate Ll -
milling. The up pointing arcows denote the direc- elching ion milling

non of the TEM beam.

(...a complicated and destructive procedure!!)

Incident
beam
Mostly, cross-sections are imaged with TEM J Specimen
Since the electron wavelength is close to typical lattice Envelope of
. . . . amorphous elastic
spacing (or any other length of interest for a solid medium), scattering

Bragg diffraction by the sample microstructure do play a role

Da Brandon Kaplan
Microstruct. Charact.

(;tét;i;err;gv of Materials

i 1999

diffracted it )
beams

Y
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Contrast mechanisms Il

In TEM, where elastic interaction is predominant;
main contrast mechansims are: Incident beam

1. mass thickness (transmission depends on the
amount of mass crossed by the electrons)

2. diffraction (in crystalline materials Bragg
diffraction plays a role leading to high sensitivity
to lattice defects) P TS0 | SRSERANCN (s (USTSI, S W

Diffracted
beam

Lens
3. phase contrast (when collection optics has a
large numerical aperture, due to mutual
interference of many diffracted beams) Difaction
patiern
Aperiure S|
Imaga plane <& . Be———

o |
Morphological, structural, and i Lk
topographical information are TAYATAT LY & VN

som eh ow " CO nVOl u ted ’ b Ut Figure 4.15 I the objective aperture accepts 2 Bragg-diffracied beam as well as the direct

. transmitted beam, %> 24, then an interference pattern will be f d in the ima lane as a
space resolution can be excellent result of the difforence in path lengths of the fwo beams
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Bright and dark field images

Specimen Diffraction pattern

By inserting the aperture or tilting the beam,
different types of images can be formed.
The most common conditions are:

* No aperture - the diffraction pattern is e
centered on the optical axis.

* Aperture is centred on the optical axis.

* Aperture displaced, selecting a diffracted
beam.

* Beam is tilted so that the diffracted beam
is on the optical axis.

srantieldimes  (Local) diffraction

Diffraction pattern Specimen patterns can be
acquired with TEM

Specimen

Objective
lens

Objective
lens

Diffraction pattern

Low resolution dark field image
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Scanning TEM

(mostly) imaging

Source

Condenser  Aperiure
Condenser Leas

Ubjective  lens and
Objective  aperiure

- Szcuw aperfure
Sector  lens

Projectr  aperture dand
Projectoi  lens

N\

f’rr “"\
_ Sercen BOTEC

Need for UHV
Inherently serial technique
Sample preparation needed
(including potential control,

e.g., metallization, grounding)

(mostly) structural

Frequently, the electron beam is scanned

across the sample surface
(a relatively slow process!!)

(_t.icaenanlng_)
STEM

Specimen

A Bright Field (BF) detector is placed in a
conjugate plane to the back focal plane to
intercept the direct beam while a concentric
Annular Dark Field (ADF) detector intercepts
the diffracted electrons.
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Examples of high resolution TEM |

Figure 4.53  Trimsmission electron micrograph ol a0 WO particle Toeated ot o pram
boundary i polyerysialline alumima Phase contrast (ldtice fringes) and mass nekness
contrast vary Trom the alumma grain to the NbO priin

£l

® w '
“(1102)
:'l':#,,
-

Figure 4.55 Lattice image ol a SiC particle located within an alumina grain, The alumina
lies along a low-index-zone axis, and is the source of the lattice image. A moiré pattem
appears within the SiC particle due to overlap between the alumina and SiC (in the direction of
the electron beam)

b
P

LA B R Rl

L

Atomic resolution achieved along with
structural information
(in crystalline samples!)
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Figure 4.54  Lattice mmage of a thombohedral twan moalumima
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Examples of high resolution TEM Il

ZMH is a nanometric carbon tubes taking a horn or cone shapes at the tip, This material
has five five-rmembered rings on the extremity of the horn, As shown in the transmission
electron microscopy images shown in Fig, 1{b} and {c), some thousands of horn structures
are usually assembled into a spherical shape by orienting their extremities toward the
outside and this shape somewhat resembles a chestnut bur or a sea urchin, This assembly
has a diameter of from 80 to 100 nanometers, The CMH structure is distorted due to the
presence of some five- or seven-membered rings, but the assembly is stable because these
structures are bonded at the center,

Isolated nanostructures
(supported by suitable
substrates, hence duly
prepared) can be imaged as
well by TEM (or STEM)

Fig. 1 Transmission electron microscopy images of CHT (a) and
CMH (h), (), Inserted illustrations are CG images of CHT and CHH respectively.
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Examples of high resolution TEM Il

Transmission electron micrograph of a myelinated axon.
Generated at the Electron Microscopy Facility at Trindtsy
College, Hartford, CT

Different materials (including
biologics) can be imaged,
after suitable preparation

(e.g., cross sections,
metallization, staining, etc.)

100 nm

Two herpes virus particles are shown; they were prepared for transmission electron
microscopy by the negative stain technigue,

TEM brightfield image of N grains in thin fim
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Comments on space resolution

& new microscope developed by the TEAM Project (Transmission Electron
Aberration-corrected Microscope), supported by the U.S, Department of
Energy, has recorded the highest-resolution images ever seen (0.05
nanorneter and below), This is eguivalent to a quarter of the diameter of a
carbon atom, This microscope will be delivered to the Berkeley Mational
Laboratory in 2003 and will be fully operational in 2010, To achieve this
resolution, this microscope mixes two technologies, SEM (Scanning Electron
Microscope) and TEM (Transmission Electron Microscope), Such a
rmicroscope will allow to “study how atorms combine to form materials, how
rmaterials grow and how they respond to a variety of external factors,”

N
s s "...‘-

LTy
o?‘ﬁ'r !

Tou can see above “a high resolution TEM image of the dumbbell structure
(0. 14nm) of Germanium, which reveals that inter atomic distances can be
reasured with ultrahigh precision, The intensity profile {insert) brilliantly
proves that the contrast level in between the germanium durmbbell reaches
the base level of the larger distances of the structure.” (Credit: FEI
Company)

Specimen
Chiective
lens

Back focal Aperture

plane e D1ffra|:t1on

lens

“1stimage
plane

lens

Final Final
diffraction pattern itmage

In TEM, spatial resolution is not directly related to
the probe (the e-beam) size, but depends on the
highly local character of the contrast mechanisms

The transmitted e-beam, space-modulated due to
mass thickness, diffraction, phase contrast, etc., is
imaged having been magnified at a level
compatible, for instance, with intensified CCD
resolution (1 pixel ~ 5-20 um)
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Scanning electron microscopy

There are two types of electron microscopes: the transmission (TEM) and the scanning tunneling (STW) electron microscope. In 3
TEM, 3 manachramatic beam of electans is accelerated through a potential of 400 100 kilvalts () and passed through a strang Typ_ Filament source (ddp 10-100 kV):
magnetic field that acts as a lens. The resalution of a madern TEM is abaut 0.2 nm. Thig is the typical separation between two W: j~5X1 04 A/mZ

atoms in & solid. This resolution is 1,000 times greater than a light microscope and ahout 500,000 times greater than that of

. 6 2
hiuman eye. The STh is similar to the TEM except for the factthat it causes an electron beam to scan rapidly over the surface of the _aBG' J _1X1 0_ A/m 10 9
sample and yields an image of the topography ofthe surface. The resolution of a STM is about 10 nm. The resolution is limfted by field emitter: j~5x101° A/m=!!
the width af the exciting electron heam and by the interaction volume of electrons in a solid,
Electron
SEM gun LVJ Probe lens
Source Focus onto the sample

. Condenser
ondenser
lens
Scanning
coils |

Probe j
deilecting cul jl lens

A - Specimen :
stage
Objective Collector
Dreecy ] .
scanning coils
o scanning stage
Sample

In SEM inelastic scattering is predominant: backscattered and secondary
electrons as well as X-ray photons emitted from points at the sample
surface (or slightly beneath) are collected and analyzed
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SEM basics |
(a)

Incident SEM does not require sample to be crossed

beam

by electrons:

—> Thick samples can be analyzed
—> Strong dependence on conductivity
(dielectric samples must be metallized)
- Backscattered electrons are collected
- Secondary electrons and X-rays
photons are produced (inelastic scattering)
—-> Space resolution is lower than in TEM
Incident | (contrast is based on less sensitive
°nereY | processes) and is directly associated with
the (focused) beam size

Secondary
electrons
Increasing
path length

N(E)JE

Inelasticdlly

stattered efergy
distributipn

Ey
Electron energy —

Figure 4.29 (a) The electron beam is inelastically scattered within an envelope bounded by
the condition that the average energy has reached the thermal kinetic value &7 (b) The encrgy
spread increases and the average energy of the electron falls as the path length within the solid
increases (channelling effects and lattice anisotropy being ignored). (c) Random scattering
models for individual electrons (Monte Carlo simulation) provide a vivid image of both the
energy distribution and the spatial distribution of the electrons in the volume of the material
beneath the beam. as well as the origin of the back-scattered electron signal Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 4 - pag. 18




SEM basics I

43.1.2 INELASTIC SCATTERING AND ENERGY LOSSES

The calculation of inelastic scattering paths can be accurately simulated by Monte
Carlo methods, providing that some specifically crystallographic effects are ignored
(for example lattice anisotropy and channelling processes along preferred
directions). The electrons in the beam entering the crystal follow an irregular
scattering path, losing energy as the path length in the crystal increases (Fig. 4.29). It
is not possible to calculate any average trajectory for multiply scattered electrons, but
it is possible to define (and measur s well as to estimate the
envelope which defines the boundaries of the electron trajectories for any given
average energy. Thus, the diffusion depth xy, is defined as that depth beyond which
the electrons are randofly scattered in all directions, so that an electron is equally
likely to be scattered in any direction. At depths below Xp, there is a net drift of
electrons towards increasing depths. The penetration depth or range, xg, is defined
as the depth at which the electron energy 15 reduced to the thermal energy k7. Both
xp and xg decrease with increasing atomic number Z and decreasing incident beam
energy E,, but whereas the change with beam energy is more or less self-similar, that
with atomic number is not. The shape of the envelope of scattered paths changes
markedly with the atomic number, primarily because the lateral spread of the beam is
roughly proportional to the difference (xp—xg), while xy is less sensitive to Z than
xp. These effects are summarized schematically in Fig. 4.30.

Figure 4.30

Da Brandon Kaplan
Microstruct. Charact.
of Materials

Wiley (1999)
Increasing
incident energy

Xg

Increasing
atomic
number Z

The inelastic scattering envelope for an incident beam of energelic electrons

depends on both the incident energy and the atomic number of the target, and is qualitatively
characterized by the two parameters, ditfusion depth, and penetration depth (or range)

Scattering cross sections depend on the
atom number Z = penetration length
depends on Z, i.e., on the material under
investigation

Electron penetration into
the sample depends on the
material properties
(basis for a contrast mech.)
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Microanalysis through X-ray emission

4.3.2 Electron Excitation of X-rays

If the incident electron energy exceeds the energy required to eject an electronfrom
an atom in the specimen, then there exists a finite probability of such af ionizaton
ev.ent occurring. Jonization of the atom occurs by an inelastic scattering event which
raises .the energy of the atom above the cround state hv an amonnt saal ta the
pmzatlon energy. The energy of the atom can then decay by an electron transition
Ae-now.yacant state. All such transitions are accompanied by the emission of a
photon, and if the excited state of the atom corresponds to the ¢jection of an electron
from one of the inper shells of the atom, then this photon will have an energy in the

-ray region of the spectrum.
general, deCay of an atom trom the excited state 1aKes place I MOre wan VLK

stage, with the emission of several photons of different wavelengths, eacl
corresponding to a transition of the excited atom back towards the ground state. I
follows that the energy lost by the incident electron must exceed the threshold energ}
for the ionization state if that particular ionization state is to be achieved, while th
energy of the most energetic photon which can be emitted will always be less thai
this threshold for excitation. Furthermore, if we consider a particular inner shell o
electrons (for example the innermost K-shell), then, as the atomic number increases
the ionization energy for electrons occupying this shell must also increase (since th
inner-shell electrons are more deeply embedded in the atom for the higher atomi
numbers). An approximate representation of the situation is shown in Fig. 431.
The X-ray spectrum generated when an electron beam hits a solid target contain
all wavelengths, starting from the minimum wavelength derived from the relationshi
Ao = hc/eV, where h is the Planck constant, ¢ is the speed of light, e is the charge o
the electron and V is the accelerating voltage applied to the electron beam (se

Section 2.3.1).
The wavelengths of th€ characteristic lines Which are emitted constitute
fingerprint for the elements present 1 the Sol1d and provide a powerful method ¢

__e__xci?t_i_c_nﬂ___;__________ ket § | . (R Fi'gure 4.33 : X-ray spectra obtained from a porous alumina specimen partially infiltrated
Energy | s 'Oeﬂr:?;hon _— with magnesium, showing the presence of oxygen, magnesium and aluminium in different
o Ke |Ks £ gy —— regfoqs of the microstructure via characteristic lines superimposed on a background of white
atom 3 Photon raaiation
L states | ) / energy
| LL' . .’; A H .
| Microanalysis methods can be readily
— M states 1 1
implemented in SEM
Ground || Valency electron band
mr—— (e.g.: X-ray Photoelectron Spectr. - XPS,
Figure 4.31 (a) An inelastic electron scattering event involving ionization of an inner-shell i
Slsctmn rairi]s:s the cm:r:_::y lult: t;: atom 1Lol t;:lup;:&::ri:tt U:iu\r:ilutlif:i‘/:ill:::j :'it;:] "I:;::uiql’cnl RUtherfo rd BaCkSCatterlng - RBS’
ecay to a lower energy being accompanied by photon emission. The photon emitted is 1
characteristic of the energy difference between the two energy states, b st always be les Se = )
than that required for \:s-ﬂiym inn‘.- [b’}t'['hcl-i:ni;r:ltiri:l tr.'\;::r;:l-:;:;u;;::;:n crlc;‘_[t.l?ll]:tu]l{]_‘:t::; ];‘rml; : CO n d a ry Io n IZ ) M aSS S peCt r- S I M S o

particular inner shell increases with the atomic number isi i
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Electron backscattering

4.3.3 Back-Scattered Electrons

A proportion of the incident electrons will be scattered bylangles greater than 7 and
may escape from the surface. The proportion of these back-scattered electrons, R,
will depend on the_average gtomic number of the specimen but is almost

independent of the incident beam energy. The back-scattered electrons originate in a

surface layer corresponding to the diffusi i and come from an area beneath

the beam which is also proportional to this distance, but significantly less than the
diameter of the envelope of inelastically scattered electrons.

The average energy of the back-scattered electrons is of course less than that of
the primary incident beam, but neverthelesscoT the same order of magnitude>These
electrons are usually detected in an annular region close o the probe lens pole-

pieces. The collection efficiency is high, but the back-scattered electron current is
only a fraction of the incident beam current.

4.3.3.1 IMAGE CONTRAST IN THE BACK-SCATTERED IMAGE

Contrast in a back-scattered electron image may arise from either of the following
two sources;

(a) Any region of the specimen surface which is tilted fowards a back-scattered
electron detector will give rise to an enhanced signal, while the signal will be

reduced if the surface is tilted away from the detector. A segmented annular
detector can therefore be used to obtainG@ fopographic image »f the surface in
which the signals collected from diametrically opposite detectors are first

subtracted and then amplified, thus enhancing differences in contrast from
regions tilted in opposite directions.

(b) On the other hand, collecting a backscattered image from a conical detector
surrounding the probe lens pole-pieces (or equivalently, summing the signals
detected from all of the segments) will effectively decrease contrast associated
with changes in surface topography. Most features detected in the image are then
due tg atomic-number conttast, and reflect variations in the density (usually the
compositior ple.

The resolution in the back-scattered electron (BSE) image is typically an order of

magnitude better than can be obtained from an X-ray elemental map, but not nearly
as good as that available in the secondary electron image (discussed below). The
direct relationship between the BSE image and the diffision distance in the material
typically results in a resolution of the order.
The BSE image can give very useful information on tt
present, providing that they differ sufficiently in density (see Fig. 4 36), if the
secondary electron image is lacking in contrast.

of T0-20 nm when worklng at 10-20kV.

Figure 4.36  Back-scattered electron—atomic number contrast image showing a niobium-rich
intermetallic phase (bright contrast) dispersed in an alumina matrix (dark contrast)

(Convoluted) topographical /
compositional images can be achieved by
collecting backscattered electrons

Typ max space resolution ~ 10 nm (due to
the “buried” origin of the backscattered
electrons) at 20 keV electron energy
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Secondary electrons

4.3.4 Secondary Electron Emission

Most of the electron current generated in 3 e—impact of a high-
: the surface.
sec " number of secondaries
released per incident high energy electron, is always greater than one and may reach
values of several hundred. All of these se ies haverather similar energies, up to
100 or 200 eV, but typically in th& range 10-50eV, and they are therefore readily
deflected by a low-bias voltage and collected—witlr very high efficiency (close to
100 %). Moreover, their low kinetic energy severely restricts their mean free path in
the sample, so that the secondaries escaping from the surface are generated very
close to the latter, typically within 1-2 nm, and are almost unaffected by beam
spreading beneath the surface.

Four factors directly affect secondary emission from the surface:

(a) Thf the surface, that is the energy which has to be supplied
an electron-in-thesolid which is at the Fermi level, in order to permit it to escap:
from the surface. Typical work functions are a few eV in magnitude, with th
work function depending on both the composition and the atomic packin;
(crystal structure) at the surface. The work function is sensitive to both surfac
adsorption and films of contamination.

(b) The beam energy and intensity. As the beam energy is increased, mor
secondaries might be expected to be created, but a high-energy beam i
inelastically scattered further beneath the surface, so that the proportion ¢
secondaries escaping from the surface is reduced. On the other hand, th
secondary electron current is directly proportional to the current in the incidet
beam.

sample has a relatively limited influence, and is usuall

€ d e

ct of surface films or surface contamination. Since highe
atomic-number materials have a smaller diffusion distance, the number of higl
energy electrons is higher in the surface region for any given beam intensity, tht
increasing the number of secondaries. This effect is most pronounced at lov
beam energies, when the diffusion distance is comparable to the mean free pa
of the secondary electrons.

(d) The most pronounced effect is that r more precisely, tt
local curvature of the surface. Any region protruding from the surface (positi

radius of curvature) improves the chances of secondaries escaping, while ar

rigure 4.38 A high-resolution secondary electron image of nano-sized TICN particles

Secondary electron
trajectories

Collector
(Ca+200 Volts)

Specimen

Higher space resolution (limited by the
electron beam size) can be achieved
with secondary electron collection
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Electron optics in SEM and EBL

Tight focussing of the beam (down to 1-5 nm) essential to achieve space resolution
in SEM (and EBL!) = electron optics rules the ultimate space resolution

Spherical aberration

(a) fa

Y

!

e input electron beam should be
small and well collimated

Disc of least confusicn

\

Chromatic aberratior
(b)

e
=

v "Hectron energy must be
well controlled

Figure 4.4 Spherical (a) and chromatic aberration (b) prevent a parallel beiam from being
brought to a point focus. Instead, a disc of least confusion is formed in the focal plane

Spherical aberration can be relevant
enhanced by Coulomb self-repulsion of
electrons (for bright beams)

spherical aberration
(see depth of focus...)

Figure 4.5 The diffraction and the spherical aberration limits on resolution have an opposite
dependence on the angular aperture of the objective, so that an optimum value of o exists

Charge acceleration (i.e., energy)
helps in achieving collimation of
the beam, hence to access a
more efficient optics

Obtaining a bright and well
focused electron beam, able to
approach the diffraction limit, is a
technical challenge
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Issues in EBL beam conditioning |

Spherical Aberration Coulomb Interaction
Boersch Effect

e Loeffler Effect

9
! Q0O

Electron Lens e e e

- Electrons repel each other in the
Beam blur « * beam direction
Causes energy spread among
electrons
= Result in chromatic aberration

+ Electrons repel/collide each other in the
radial direction

+ Causes frajectory change and energy
spread among electrons

+ Result in chromatic as well as spherical
aberration

Electron optics pose additional problems with respect
to conventional optics

High electron energy needed to achieve focusing
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3. Writing patterns with electron beams

5.1 Electron Beam Direct Write
In electron beam direct write electrons are formed to a beam and are accelerated to a

determined position on the wafer surface, where the resist has to he exposed 1o form the
pattern. An electron beam system consists of the electron source or electron gun, the
electron-optical system (the electron column}), a mechanical wafer stage and a controller
system. A schematic view of an electron beam lithography tool is given in

electrons are ermtted by heating the source matenal such as tungsten {(W)or lanta.num
hexaboride (LaB). While LaBy offers a higher brightness (10°(A/em?)/steradian)) and a
longer lifetime (~1000 h) than W {10*(A/cm?)/steradian; ~100 h), W has the advantage
that vacuum requirements are not as high as for LaBy. Nevertheless, LaBg has become
the standard source for thermionic e-beam sources.

In field emission sources the electrons are extracted from a sharp tip by a high elec-
tric field. Though these sources have a high brightness {10’ (A/cm”)/steradian)}, they are
unstable and require a ulirahigh vacuum. Therefore they have not been widely adopted
in electron beam lithography systems.

In the electron column the extracted electrons are formed to a beam with
Therefore different electron-optical elements as focusing and defo-
cusing lenses and apertures are employed. Further parts of the column are a beam biank
to switch the beam on and off and a beam deflection system, with which the beam is
positioned on the wafer.
Since the deflection system can only address a field of 400 — 800 pum (depending on

71 H.V. power supply

lens power supplies

glectron gun

blanking amplifier

R I A

|

| patiern generator
I

DVA converters
dellection amplifiers

colummn

firal lens
electron detector

reqistration uni
ki :

i lasar interferometer
stage controller

airlock

i chamber

spot size and tool), it is necessary to move the sample under the beam from cne exposure
field to the next by a mechanical wafer stage. The position of the stage is measured by
an interferometer, so it is possible to adjust the beam with an accuracy of

computer

The whole system has to enable the electron beamto b€ formed
and has to be isolated from vibrafions. Further requirements are low electromagnetic
stray field, because this would hamper the positioning of the beam,

The pattern, which is given as a CAD file, is translated into movements of the elec-

pattern data slorage

tron beam/wafer stage by a computer. During an illuminatien, the tilt of the sample is
measured continuously and the focus is adjusted. There are two exposure schemes: In
the first one, the raster scan scheme, the deflection system and the wafer stage address
every point of the sample, but the beam is switched on and off according 1o the structure.
In the second scheme, the vector sean scheme, only the points which have to be illumi-
nated are addressed. Hence the vector scan scheme is less time-consuming than the
raster scan scheme.

The time needed for the illumination of 2w
because the electron beam direct write is@
suitable for the industrial mass productidn-o Tonic eircuits. Nevertheless,
because the resolution is pushed to a few nanometers it has a high impact on research
activities and is the method of choice for defining the pattern on the masks used for opti-
cal lithography.

yibiration isolation table

vacuum system

The electron beam of a SEM can
be used to “write” an arbitrary
pattern onto a surface
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Electron Beam Lithography (EBL)

Accelerated charged particles can be used for:
- etching, milling etc. (better with heavy ions, see FIB)
- resist impression (true electron beam lithography)

ELECTRONS TABLE 1.6 Electron- and [on-Beam Applications

1
* Electron-Beam Applications Ion-Beam Applications

.: VACUUM : 3 G . —
Z MNanoscale lithography Micromachining and ion milling
H . Low-vo aning ¢lectron Microdeposition of metals
MICIoscopy
Direet write \\ ' // —

Critical dimension Maskless ion itnplantation
RESIST

measurements
7 SUBSTRATE 7.’ Electron-beam-induced metal Microstructure failure analysis
deposition
/// Reflection high-energy electron Secondary ion mass spectroscopy
Vs diffraction {RHEEDY)
() ELECTRON-BEAM LITHOGRAPHY Scanning auger mMicIoscopy Da Madou,

Fundamentals
of microfabr.
CRC (1997)

Excellent space resolution (similar to
SEM/TEM, i.e., below 10 nm)

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 4 - pag. 26



Pros and cons of EBL

Diffraction 1s not a limitation on resclution
Fesolution depends on beam size. can reach ~ 5 nm
Two applications:

« Direct Writing

. @ (step an@ ?7?

lssues:

« Throughput of direct writing is very low — research tool or low pattern
density production

« Projection stepper is in development stage (primarily by Nikon). Mask
making is the biggest challenge for projection method

« Back-scattering and second electron result in proximity effect — reduce
resolution with dense patterns

« Operate in high vacuum (10-6 — 10-10 torr)
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Space resolution in EBL

A Bragg-Fresnel lens for
x-rays exposed in
continuous path control
mode and etched into Si.

This is an SEM image of a lifted off wire that has a width
of ~12 nm. The line was written in 70 nm PMMA and
metallized with Ti(10 nm)/Au(20 nm). The work was
performed at the Centre for Quantum Computer
Technology, UNSW, Sydney, Australia.
Note that when making features on this size scale, the

ey s grain size of the metal using during liftoff becomes

| extremely important. For example, if the line width is
L2400 smaller than the grain size of the metal, it will be
impossible to produce a smooth line.

Ti/ Al gate structures for a SET device generated
by e-beam lithograph and lift-off.

The resolution of an electron lithography system may be constrained by technological
factors other than diffraction, such as electron scattering in the resist, resist swelling, and
by various aberrations in the electron optics system

http://Imn.web.psi.ch/mntech/ebeam.htm
http://www.siliconfareast.com/lith_electron.htm
http://www.jcnabity.com/ Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 4 - pag. 28



Issues in EBL beam conditioning Il

B Si d The angular spread o of the beam plays a

eam Size (d) d = .Jr:a’;' +d+d; +d; role similar to the acceptance angle
(numerical aperture) in convenitional
microscopy

2 ‘N P Il ¥ i’ s l: J - - v
dg (Virtual Source J—,l—‘! {d, - Source size, M — demagnification)

:.-’_f (Spherical Aberration) _l{ -ﬁi (C— spherical aberration, o — beam convergence angle
2 C, « f {focal length) )
:.-’:' (Chromatic Aberration) = (, gi (C.— chromatic aberration, AE - electron energy spread,
Iy V, — electron acceleration voltage) i
Resolution vs. Convergence Angle
; , 1.2
:.-’j ( Diffraction Limit) = D.Di A ==y (1) (electron wavelength
vy i' B 100
E
£
For High Resoclution 5 I
FOF AN RESOTILION. s
What about ««? 8 -
AM, A "u'rb. SNAE, uf = —Dd
[=
E N D
@
o0
1
0.1 1 10

a (milli-radians)

Typically, minimum beam size is
in the few nm range

DOF=d/a
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Resist issues in EBL

Advantages:
* Computer-controlled electron beam
* No mask is needed
* Can produce features well sub-1 um (for instance, masks for optical lithography!)
* Diffraction effects are minimized
* Electron beam can detect surface features for very accurate registration

Disadvantages:
* Swelling occurs when developing negative electron beam resists, limiting resolution
* Expensive as compared to light lithography systems
* Slower as compared to light lithography systems

* Forward scattering in the resist and back scattering in the substrate limit resoution
http://web.cecs.pdx.edu/~jeske/litho/electronbeamlitho.html

Resist swelling occurs as the developer penetrates the resist material. The resulting increase in
volume can distort the pattern, to the point that some adjacent lines that are not supposed to touch
become in contact with each other.

Resist contraction after the resist has undergone swelling contraction can also occur during rinsing.
However, this contraction is often not enough to bring the resist back to its intended form, so the
distortion brought about by the swelling remains even after rinsing. Unfortunately, a
swelling/contraction cycle weakens the adhesion of the smaller features of the resist to the
substrate, which can create undulations in very narrow lines. Reducing resist thickness
decreases the resolution-limiting effects of swelling and contraction.
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Resists for EBL

Organics (e.g., PMMA) or inorganics thin films (e.g., fluorides,
amorphous caichogenides, AsS, AsSe,... acting as negative resists)

When electrons strike a material, they penetrate the material and
lose energy from atomic collisions. These collisions can cause the
striking electrons to 'scatter', a phenomenon that is aptly known as
'scattering'. The scattering of electrons may be backward ( or back-
scattering, wherein electrons 'bounce' back), but it is often forward
through small angles with respect to the original path.

During electron beam lithography, scattering occurs as the electron
beam interacts «ith the resist and substrate atoms._This electron
scattering has two major effects: 1) it broadens the diameter of the
incident electron beam as it penetrates the resist and substrate;
and 2) it gives the resist unintended extra doses of electron
exposure as back-scattered electrons from the substrate bounce
back to the resist.

Thus, scattering effects during e-beam lithography result in wider
images than what can be ideally produced from the e-beam
diameter, degrading the resolution of the EBL system. In fact,
closely-spaced adjacent lines can 'add' electron exposure to each
other, a phenomenon known as 'proximity effect.’

Technological problem of EBL:
Resist material (especially negative)

Fui. 3. Single pass lines etched into Si using the two step ECR ewch. for
KRS resist exposed at | keV {a) and a 20 keV (b} with line_doses of || and
175 plem, respectively.
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Backscattering problems

Scattering Energy Distribution

Forward Secondary elecirons . . . .
Scattering (small angle) Secondary electrons Double Gaussian Distribution

1000 Blur written pattern
100 \\\ /
Back Scatierin 3: o
Substrate (large angle) . b 1 Forward Scattering Expose adjacent area
L
=
0.1
o ' '
g oo
L 0.001 Back Scattering
The scattered electrons also expose the resist! ' |
0.0001 e e e
o 0.01 0.1 1 10
Proximity Effect
Range (um)

Resist impression difficult to
control (completely) because of
high electron energy

MTF is greatly reduced at high pattern density

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 4 - pag. 32



How to achieve the best resolution: a vivid example |

TFHETRARMSACTHINS O8N WA RTTRCHARTCHGY S0 4 WY 7 RIAY STHB

High-Resolution Electron Beam Lithography and

DNA Nano-Patterning for Molecular QCA

Wenchuang Hu, Member TEEE, Koshala Sarveswaran, Marya Licherman, and Gary H. Bernstein, Sewior Member, (1EEE

Abstracte=Electron  beam  lithopraphy (EBL} poaflerning of
pelyimethyimetbaory late) (PMMAL is a versatile fool for defining
l1.-|.||.-rn|.lar :Irl.ll:lurl.:i on thie sule 1 m.al-: C

ILLhnl.q_ur. ]'_lflul'l' ol suh- thm Au manaop - .
limes proves that cold development completely clears the I'MMJ‘L
resitloe on the exposed areas. Molecular Ll s performeed o
pidlern INA rafis with high fidelity ol linewidihs of alwat 1)
nme. Higheresolution EBL and molecalar E0ofl can be applicd o
palterm Creste=Taabe molecules on the scale of o lew nanomelers
For yuaniumedat celluliar sulamasta.

In general, top-down hographic metods have  diifi- |
culties in sausfving the requircments of both resolution and
throughput. On the ather hand, self-assembly has shown the ca-
pabality for paneming nanocompenens, such as nanoparticles

EBL is performed using owr 30-kW cold-cathode field emis-
sion Hitachi 5-45080 scanning nmicroscope converted m
EBL [12). The spot size s o w ne advantage of using
this svstenn 3 the ease of achiddng egfiimum beam panimelers
prior o exposure, assacing that the best possible lithography
resulis can be reliably achieved. We have wsed this svsiem o
investigate the effects of varving the developer wemperature on
ultimate lithograghic resolution, and found that coeling the de-
wveloper vields moticeable advantag

For EBL. 30-T0 nm. 950 K as used as a posi-
tive resisl. Lopropyl alcohol: methyTrsebdiy] ketone (3 D with
L 5 '.u] e methyl ethy] ketone was used as develoger becanse of
ast [ 13]. Dairing development, [0 ml of develoger
s e desived emperataee of 4 5C w & *C with a
prach | *C. Development time varied from 30-90 s de-
perding on the I:"I'."".I.!l-'l thickiess 3080 nm) and developer tem-
perature (450 to & C). Resist paterns were coated with [=2-nm
Cr o AuggPdyg by an Emitech model 60 plasina sputter coater
o @ Vaan thermal evaporator for SEM examinastion,

14

R
i Ok

ai

Fig. I, PMMA comirast corves al dovelopmenl termperadures of 4 " 2T
and 42 "L, meemared by AFS metnsdogy,

4 nm

Fig. 2. 4T-nm PMMA renches spofler-ooaled will 2-nm Or developed by
il gevelopemenl
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Fig. 4 Lufied-odf ling with oz 3-nm Au sanoperncle inche width.
of nanoparicles io the edges of menches caused the spreésding ol line

Nanolines formation

The Haw

A vivid example Il

Liftoff is nearly the only way to transfer high resolution of
EBL from PMMA due to its poos eich resistance. For sub- 10-nm
LifbedE, the most important issae is that the botrom of the narmow
trenches must be clean of resist residue. To test the existence
of pesiat residue in the renches after cold development, we de-
posited S-mm negatively charged gold napopanicles [15] oo
the positively changed wenclwes (el bogom was comied with
polylysine after development). PMMA was then removed by
dichloromethane FCHgClgh [16]. As can be seen in Fig. 4, a
line of single pamicles 15 obained. which would not be pos-
gible without a clean oxide surface at the bottom of the wench
since the particles do ot stick w PRMMA residae. This result
also demonatrates an example apglication of EBL 10 paitem
sub- 10-nm structures, These nanogarticle stroctuses can be wsed

for single electron devices [17], [158].

(Regular) nanoparticles formation

[e=Ttn b A
‘1:11:1::‘"‘ gy

&

-y
2
T

i
2

v

- l:}l i

The (targeted) final
resullt: “molecular lift-off”

Fig. 3. AuggPdgs lmss (5 nmootsxck) with 5-Hknm widih formed o
dienim-dszp PRAA irenches alter PMMA remevel. Formanes of S.mm

ling= prowes complese developement ol sarmos PMMA trenches by the
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The SCALPEL technique
5.2 SCALPEL

The drawback of electron beam direct write is th the method, In mass
production, where throughput is concerned, exposure—tirmes of several hours are not

acceptable. Though there are electron optics which could enable projection lithography | I

analegously to optical projection lithography, this method suffers from the huge penetra-
tion depth of electrons, The masking layers have to be thick to stop a significant past of
the electrons.

Omne method of circumventing this problem is the SCALPEL method (scattering
with angular lumtatlon in prol ectmn e]ectron bga.m l]];thIa,pbx:- In SCALPEL a broad

of a sili-

Attempts to overcome the

g o115, Whic only strike
the membrane layer, w111 pass thls layer mostly unscattered while the electrons, which imi i i
strike the scattering layer, will be distracted strongly from their path. The unscattered I Im Itatl ons Of a scannin g
electrons are focused through an aperture and projected onto the wafer, while the scat- I I t
tered electrons will be blocked. So a high contrast image can be achieved. tec h ni q ue wit h a b eam
As a projection lithography method, SCALPEL offers the advantage of image p rOJ eCt| on ” ap p roac h

reduction thus making mask fabrication easier. The mask itself consists of silicon struts,
between which the membrane layer is clamped (Figure 20b). The width of the mem-
brane cotresponds to the diameter of the electron beam, while it is a few ¢m in length.
By means of the projection optics behind the aperture the electrons coming from two
different membrane areas separated by a silicon strut can be stitched together at the
wafer, 50 circuits of 2 cm times 3 cm can be exposed.

Figure 20:
(a) Electron path through a SCALPEL tool. A
and Scatterer parallel beam of electrons passes through the
- mask; a scattering layer in which the pattern is
1 E'E?l“;“ Ritg inscribed scatters the electrons, so that they are
" ff;g; not focused through an aperture by the electron
optical system; only the unscattered electrons will
‘ ) pass the aperture. These electrons are projected
Y — el Nitride onto the sample [16], [43].
{b) Top view of a mask and
{c) cross-sectional view of the mask. The masks
are strips and separated by silicon struts. The
masks are illuminated in series and the pictures of
the masks are projected onto the adjacent sample .

%) | Mask: 9

paspasaamat  SiN, Membrane

Silicon strut ooy membrane

Projection
on sample

Adhesion
layer

Scattering
layer

Wafer frontside
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“Maskless” electron

PML2 - Projection Mask-Less Lithography

APS l«—— Electron Source

programmable
Aperture Plate
System

- ——— Aperture Plate
<+ Blanking Plate

_/'IHHH'I

200x reduction
Electron Beam
Projection Optics

o

RIMANA European project / www.rimana.org

IMS Nanofabrication m

<+— Condenser Optics

Deﬂectlng
E lectrodes

15t Lens

___ Stopping Plate at
Beam Cross-Over

2nd Lens
Substrate |/ Stage
B PML2 proof-of-concept system

Magnified 35,000 Times

Optimistic forecasts!!

rojection

|

32nm hp

32nm I'Il:l (limags rawersal}

Figure 2. The PML2 proof-of-concept system resolved Nnes with a half-pitc
(hed sz small a5 22, using poly-rethpl-rathacryista (PMMA) rasist,

16nm hp
45mm hg /

32nm hp

22nm hp

P_DGHN_pouid-od_sSnee-Zonre_29 0, 508, Seb VU ¢ #30 m — TN _ kil faraieiiwan_ S 1108 faw, W - B e —

Figqure 3. The system prinked lnas in S0nm-thick bydrogen-silsasquiorana
(HEQ) raxizs with & half-pitch a5 srmall 35 16nme.

Full chip projection?

The tiny lines on this silicon wafer were created using
Lucent's SCALPEL electron beam lithography, The Hght-
leaning lines are .08 microns wide, it wauld take 1,250

of them to equal the width of one human hair, [Image
courtesy of Lucent Technologies.)
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Focused lon Beam (FIB)

6.1 Focused Ion Beam
The setup of a focused ion beam (FIB) tool is similar to an electron beam lithography
tool, but instead of an electron beam a focused ion beam is used either fo expose a resist
locally, as in electron beam lithography, or to modify the subsifate directly. The heavy
- ions impinging on the surface will sputter the material or, depending on energy, will
intermix the layers at the surface of the sample. By means of this so-ca]l .
the properties of the material at the surface will be aktered. Another possibi ity is the Focused ion beams
al deposition of an additional layer_The impinging ions can induce the decompaosi-
Wosiﬁon (CVD) process, where the decomposi- ‘ ‘ (aC celerated ) can be used
tion of the process gasses is induced globally by thermal activation {Low Pressure CVD) |
of by a plasma (Plasma Enhanced CVD}, this local decomposition leads to a local depo- as Wel I (ty p "y fO r
nanomachining)

sition of the materia],

Besides a certain impact on the structure definition in the research environment, the
direct modification of the surface, the sputtering as well as the deposition, enables the
method to be used in the most important application of FIB in industry, namely mask
repait. Mask production is very expensive and due to some failure in the processing {e.g.
dirt sticking on the mask or a mistake in the electron beam pattern generator) a mask can
be faulty. Either some parts of the masking layer, which should have been removed, are
still present, or some parts of the masking layer are removed in excess. These faults can

be cured by FIB.
Stencil Mask Resist .

. S Figure 21; Schematic
lon e S g e O view of an ion projection
Source .~ : i 8 lithography tool.

i | i .
N 31 A (R [ AL -1
Electrostatic Silicon
Lens Wafer
\ ~ AT L ST v -

lon Radiati Electrostatic

M SNRRIRIER Reduction lon Optics

System
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Secondary
electron
detector

Electron

shower .

Realization of FIBs

Focused lon Beam Laboratory

FIB-System IMSA - Orsay Physics

The FIB system IMSA-100 was developed in 1988, in arder to abtain extra high current

densities of mare than 10 aﬂ-.flc:rn2 for different ion species. The ion aptical column
cantained a liquid Ga metal or a metal alloy ion source (LMISILMAIS), twa

electrostatic lenses, a double octopole deflector, an ExXB mass filter, a blanker, two
stigmators and a secondary electronfion detection system for imaging.

lon Optical Column
CANION 31Mplus

Condensor lens

Beam defining aperture

E x B mass filter

internal Faraday cup

Double prelens deflector
Objective lens

Gas injection system

Las er interferometer controlled

Sampie contacting:
-in-situ tests
-heating

-cooling

-rotation

Complex and cubersome setups

Liguid Metal {Alloy) lon Source Module

After 3 12-vear successful operation the equipment was modernised, hecause of the
insuffiicient beam resolution of about 200 nm. The IMSA-100 column including the
control unitwas replaced by a8 CANION Z31Mplus column from Orsay Physics, whereas
a lot of features of the old FIB tool can be futher used. The new ion calumn is also
equipped with an ExB mass separatar to apply LMAISS.

Qptions

Eneray 10-30 keV {sinaly charged)

lon species Ga, Co, Md, Ge, Au, Bi, Er, Mi, Fe, Cr, B, In ...
lan current 0.001 - 22 nA

Spot size min 14 nm {Ga)

Current density | =20 aipm<

Mass resolution |35

® Special sample halders

= Heating targets up to 500°C (2" and up to 700°C 1/2)
» Cooling dowen to 240 K {Peltier-element)

¥ in-situ electrical contacting, 5 pins

» Sample tilting (1 cm2) 360 % increment: 0 28°

» FIB assisted etching (HeF2)

w FIB azsisted metal deposition 00 A

® Charge neutralisation by low energy electron shower

Sample stage

Laserinterferometer controlled -y stage
160 160 mm?
Repraducihility: = 50 nm

Scan field

max. 500 x 500 |.|rn2 (enerdgy dependent)
far larger structures: stitching

————— e m g —m—— - - R —

_5- 38

>



Defect formation and
dynarnic annealing during
FIE irmplantation

¥
-

R RO AT B M

1 um (micron)

Ga+t FIB implantation and
zelective wet etching for
30 nanostructures

BR800

)| a
Norsam Technologies, Inc.

Resolution below 10 nm
Patterns with arbitrary shapes
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Pros and cons of FIB

« Like EBL, FIB is used as direct writing exposure
* |tis in its early development stage

FIBL and EBL Comparison

Less prone to backscattering (larger mass than electron)
Resist for FIB lithography is more sensitive

Energy higher than electrons

Better resolution and faster exposure speed than E-beam

Lack of reliable ion sources

Harder to be focused

Shorter penetrate {(absorption) depth in resist (~ 30 = 500 nm) -
multilayer resist process

Unexpected ion implantation on substrate beneath resist
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See
http://www.df.unipi.it/~fuso/nanolito

4. Alternative approaches based on atom optics

Basic idea: use of a neutral particle beam
--> sub-nm (A 45 ) diffraction without the problems of electron optics

Further potential advantages:
- use of “optical masks” (non obtrusive, species-selective, defect-free...)

- possibility of direct deposition (bottoms-up at the atom level) or resist-assisted
- parallel character like in optical lithography

PP TICAL £ TTHOGRAPHY A FOM L TTHOGRAPHY
Fadiation MNegerahatom
beam beanm
)
H "Optical mask”
(standing
J e m. wave)

Mechanical _Ah

mask ol ey

Substrate Substrate
and photoresist (and particle-sensitive resist)

Main ingredient:
Atom optics, i.e., laser manipulation (cooling) of neutral atoms
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Atomic beam A few words on atom optics
L]

o 960

Mitror

o ¢ l-dimensional
© 00 standing wave

&

f——

Optical mask (standing e.m. wave)
—> dipolar forces (conservative)
along a direction transverse to atom beam

Meschede Metcalf
_ JPD (2003)
The optical dipole force acting on an atom with resonance frequency w4 in a laser

}JQ ! b field of detuning 6 = wy — w4 is derived from the spatial variation of the light shift
substrate wie(r) [1]. For a single laser beam traveliing in the x-direction with Rabi frequency
0, the light shift is given by

wie = [VOETE - 4] /2. - (1)

For sufficiently large detuning § 3 (3, approximation of Eq. 1 leads to wy, =2 {12/46 =
+25/85, where s = I/l,q, I is the laser beam intensity, l,.x = mwhe/3)3T is the
saturation intensity, and r = 1/ is the atomic excited state lifetime.

In a standing wave with § > (Q, Wi = wig(x) varies sinusoidally from node to
A il antinode and also spontancous emission is inhibited so that fuu,(z} may be treated
e T as a potential U{z). The resulti force is

FEEL l:lll".

Figure 3. Lefi: Numerl'caﬁyl calculated trajectories of a laser -caoied bearn of
atoms focussed to the center of ¢ Guussian envelope standing wave light fleld
fihick lens limit}). The focussed laser beam forming the optical stonding wave is
clipped by the substrate. Note the different scales in z- and z-directions. ;

Right: Analysis [25] of fluz concentration for a realisitic beam of thermal cesium . % H
atoms with 0.1 m/s transverssl rma velocity ot the focal plane 2=0. The dotted where [ (E) = mawf (SB) is the total intensity ion of the Bt'andmg wave hght

line shows the flur distribution without the standing optical wave. ﬁEId of period (\/2, Imax is the imum intensity, and f(ﬂ?) deSCI'iBES the normalized
modulation of the light field. For such a standing wave, the optical electric field
(and the Rabi frequency) at the antinodes is double that of each travelling wave that
composes it. and so the total intensity Imax at the antinodes is four times that of the

The standing wave behaves like an array of

microlenses for the atoms (in terms of atom optics)
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Atom trajectories

Figura 3.5: Ilustrazione del vari regimi di focalizzazione a cul possono essere
sottoposti gli atomi interagenti con un'onda stazionaria: (a) regime di lente sottile, =
(b) lente spessa e (¢) channelling. Le ascisse sono in unita di lunghezza d’onda,
mentre le ordinate in unita di waist del fascio laser panssiano. I colorn sullo sfondo
riflettono la ditribuzione di intensita del fascio laser (il massimo & rosso).

I

v,= 120 hk/m (10 mrad)

I =20 mW/cm? (Q = 80T)
82n=1GHz (30T) P2
5] :
1w =50um’] o
£ o] g
0 —
N 1 substrate 3
] )
i 3 2
2 - y
] standing #H |
4 ] wave < S

S5 4 3 -2 -1 0 1 2 3 4 5
XIA

Atom flux density

YRV

e e ety e

atombeam

v =120 hikim (10 mrad)
I= 2 mWiem?® (Q=381)
8 2x=1GHz (30T)

“aa =] a7 cid LE | el 1 g

S:tﬂndingm: N.Porfido, Tesi di Laurea (2008) _ ‘&l



Beams for atom lithography

1 Intancitv __S ranennahla AavnAaciira fimance Wthh atom source fOI ANF
1. 1INernsit <~ 1€doUriduiC CTAPLUSUIT UITICS ~
Area
2. Collimation --> reduce aberration effects 10mmx10mm—
Substrate
—re— Standing
M[m:wl 4 o
Laser Cooling o ) .
Collimation 10 10" Flux [s-1] 10
E B | Atomlaser  2D+-MoT _ Lasercooled
ﬁr_um'lr:.'
Coll imation - 2 3 o

Optical molasses

Laser cooling technologies enable a suitable beam conditioning
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Applicability of atom lithography
Atnrm cnnrnine Mmiict ha laear maniniilatad MhaavalanAath Alaend trancitinne \
M\LWUI ] DIJCbICD 111UOL VT 1AOoCTlI1 111Adl IIPUIGLUU \VVGVUIUI |HL||, LIUOTU Llalioiuvilio, .’

Materials to be employed in resist-
assisted atom lithography

. Atom nanofabrication realized

— S| [l Leser cooling reaiized alkanethiols self-assembling
' Laser lines above 300 nm .
= Laser lines below 300 nm monOIayerS (SAM) —we WI”
“““ discuss more on them later!
" i Laser - - -
[Tims2] ecosy | | Element Wavelengths (nn resist - technique with
ﬁn? %423 j“?}Ge As 1Se iBr S, 7 o ' —
241 | | | __ self - assembling - monolayers
! R e 589 CH, = —
Mrso ﬂuﬁ J“n}Sn 'Sb iTe |y m ® i S
323: (C A’_-']:%: \ /
. NN | . \ | |
gsgz Esy Msg5 P_E_“_DBIBI IPO '_At [T|m92] !—H |. 4]— SADICL,S nm) -'.'* [ -__-;‘i
. _g ,. +— gold 30nm) — :
Reference for (Au) - .
ANF or = / cesium=
Laser Cooli -
[McC93] aser-ooing / ﬂt01111c beam dilute gold-
e silicon - wafer / ' R B
ﬂssﬂ Em M Mmz ﬂ Emi Cd . etching solution
—_ e S,
Atom Ts A T W 6; bfwe 2r F &p ©r Panr ;
K nm 107/s m/s mrad s mm mW mrad mrad wmW preperation exposure development
‘Hes 300 1083 L0 17 15 10 003 003 036 011 040
BN, 630 589 62 58 18 32 018 10 089 0.09 012
WA 1640 309 82 40 40 10 004 6 044 007 095
WA 300 812 3.6 48 17 105 048 05 068 005 0.15 . )
s.Cc 1825 426 30 21 35 37 008 24 026 003 20
F, 1920 372 16 10 13 31 003 L5 . 018 004 :f The teChnlque can be app“ed Only to
™ 9 3 2 45 014 43 035 003 1 .
Co 1855 48 343 31 % £ 02 78 o0 o003 0% a few atom species
WA, 1435 328 14 72 15 46 033 18 061 0.08 046
us : ; 29 60 040 003 083
W40 53 2 W B 0888 oH 8RR o8 (at least, so far)
mC 410 852 33 45 20 383 17 33 055 002 021
BTAy 1800 268 167 7.1 19 57 040 32 059 004 060

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 4 - pag. 45



Gallery of examples

Onm

Timp et al. PRL 69 1636 (1992) 1D standing wave 2D standing waves
McClelland et al. Gupta et al. Drodofsky et al.
Science 87 262 (1993) APL 67 1378 (1995) Appl Phys B 65 755 (1997)
3 - beam Holographic lithography
atomic beam Interference - reglon

Regular nanostructures built
by either resist-assisted or

) S direct deposition with
9 E < feature size below 20 nm
o
£ results with Ceslum
laser bears atomic beam
substrate Miitzel et al. PRL (2002)
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x Position [nrgh]

Our “own” results (resist-assisted)

Standing wave space profile wy = TOFkim
: I = 25 miwicmé (@ = 1087

12 & =1GHz 119210 | Due to the use of a “laser-

5 cooled” atom beam (speed ~
10 m/s), atoms are expected
to be “channeled” instead of
focused by the standing wave

200 ;
'1D'|j' b

=

-1o0

" Height romalized]

2200 -3

-SIZIIZI I:IIIIII I-1IIIIIIII I III: I I1IIIIZII IEIIIIII 4 s o e M4
z Position [pon ) :
. I I L]
3 Ll g
- - < AFM line profile
i ¥ nl‘_l ! [ A {
“new" 5 |_l-._'. 110 A s | _ _
o st | ] Detail of a single trench
L] E‘ ¥
. I, - » -0 II (M| S -
! - " ' , | 426 nm 1
= 30
. L I| A2
.|| ket it i _
[ o D D2 0408028 | 13 L4 W —8 " !
-

.
i § jubeaw

1 ]

- - W] » ' - 0
i E I I l . [x a ...II

AFM image —plan view
Sputtered gold 20 nm thick
2h deposition and 132 min etching
E=timmated dose: 2 atomsfSAM rmolecule
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Our “own” results (direct-deposition, low coverage)

UHV-STM 3D current map €
HOPG substrate (peeled off) - 1.0 nm
1.5h deposition — detuning 3 GHz -
estimated local surface coverage ¢ ~0.15
Standing wave intensity 15 mW/cm?

Low substrate coverage regime interesting for isolated
nanostructures (e.g., precise doping, molecular electr.,...)

Feasible, but substrate features and surface processes
start playing a dominant role
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5i. An emerging simple nanotechnology: n

9 Nanoimprint Lithography

There are several approaches for patterning structures without lithographic methods, e.g.
a silicon surface can be medified by depassivation by the tunneling current in a
UHV-8TM (Ultra High Vacuum Scanning Tunneling Microscope [20], [21], or the sur-
face can be modified by the movement of an Atomic Force Microscope (AFM)-tip . A

certain interest has been focused on the nanoimprint lithography (NIL), which is
described in more detail in this section

With the NII¢amold is processed by conventional technology, i.e. e-beam liiBagra-
phy and etching techniques; i i ~The structures

in the mold are transferred into the resist and can be utilized after removing the mold.
There are two different kinds of NTL, the hot embossing technique and a UV-based tech-
nique. A sketch of both techniques is given in Figure 29.

Hot Embossing Technique
Here the sample is heated above the glass transition temperature of the resist, which

is a thermoplastic polymer. Above that temperature the polymer behaves as a vicous lig-
uid and can flow under pressure. The mold itself can be made of different materials, usu-
ally a silicon wafer with-athick SiO, layer is used~Jhis SiO, layer is patterned and
structured by e-beam lithography-and-anisetrepicTeactive ion etching, The aspect ratio
of the featyresare3+] to 6:1, and the mold size is several em®. As thermoplastic poly-
mers eithe g well known e-beam resist) or novolak resin-based resists are in
use. PMMA Tasasmall thermal expansion coefficient of ~5x10° K! and a small pres-
sure shrinkage coefficient of ~3.8x 107 psi”!. To ensure a proper removal of the mold,
the resist is modified by release agents, which decrease the adhesion between mold and
resist. Resist Tayers befween 50 and 250 nm thickness are used. The imprint temperature
and pressure are dependent on the resist. For PMMA the glass transition temperature is
about 105°C, so the temperature at which the sample and the mold are heated is between
140 and 180°C, Then the meld is pressed onto the sample with pressures of about
40 ~ 130 bar. The temperature is then lowered below the glass transition temperature
and the mold is removed. The features of the mold are now imprinted in the resist, The

residual resist layer in these features is removed by anisotropic reactive ion etching,
Afterwards, the structures can be transferred to the substrate either by-directetehid

:' by metal deposition and lift-off. Structures down to a feature size of 10 nm for holes
" 45 nm for mesas are imprinted with a high accuracy [22]-[24].

Heating:
T}Tglass

(140°-180°C)

Imprint:
40-130 bar
Cool down
I_ e TchIass
remaon

Fisica delle Nanotecn

anoimprint

Thermoplastics

The range of potential materials avail-
able for hot-embossing techniques is very
wide. Much of the development of ther-
mal NIL methods has been done with
poly(methyl methacrylate) (PMMA) as
the molded material'”#*2* PMMA is a
readily available, relatively cheap, and
well-studied polymer system with an eas-
ily accessible glass-transition temperature
(Tp) of 110°C. Molding temperatures are
typically 20-50°C above T,. Other simple
polymers such as polystyrene,”*?" poly-
carbonate,? and poly(vinyl alcohol)”
have also been used in hot-embossing
Drocesses.
Non-Thermoplastic Materials

Another option available for thermal
NIL processing is thermosetting poly-
mers. “Thermosets” begin to cross-link or
cure upon heating above some character-
istic temperature, which complicates the
choice of imprint conditions, as the initial
molding temperature should be below the
curing temperature but still hot enough to
allow sufficient thermoplastic flow to fill
the mold. Thermosets have the processing
advantage of not necessarily requiring a cool-
down step prior to mold release, poten-
tially speeding processing. Many thermoset
systems also have very good mechanical
and thermal properties once fully cured.
Some thermosetting polymers used in
nanoimprint have been reported as poly-
benzene-dicarboxylic-diallylesters.”

Other interesting materials molded
with NIL methods include hydroger
silsesquioxane (HSQ) and spin—on-glags
(tetraethoxysilane) compounds.® In  this
case, the materials were able to be printec
at room temperature using relatively low
pressures (100-500 kPa) due to the pres
ence of a solvent in the material. Patternec
HSQ and spin-on-glass materials have
potential applications as optical compo
nents. Also reportedly molded in a room
temperature NIL process were severa
commercially available low-molar-mas
thiophene derivates.* These thiophene 49
based compounds are 1organ1ig semicon



UV-assisted nanoimprint

UV-based NIL
Heating and cooling of mold and sample is time-consuming, Therefore to achieve a
somehow higher throughput, curing of the resist by UV irradiafion is used. The thermo-

plastic resist is replaced b mold has to be fabricated of a
UV-transparent material, e.g, quariz. The features are transferred to the mold by e-beam

lithography and a TYPMMA resist stack. The patterned PMMA is used to transfer the
features into the Ti, and the Ti is used to structure the quartz mold. The resists are
acrylate- or epoxide-material systems, which can be modified with respect to low vis-
cosity, UV curability, adhesion to the substrate and detachment from the mold. The low
viscosity is essential for using low imprint pressures of 40 mbar — 1 bar. After pressing
the mold on the sample, the sample is irradiated by UV-radiation through the mold and a
baking, and hence a polymerization of the resist is initiated. This step lasts only about 90
seconds, Afier detaching the mold, the residual resist is removed by RIE and the further
pattern transfer can be done. Again mold areas of several square centimeters can be
imprinted in one run, and one imprint step takes about 10 minutes. The minimum feature

size reported in the literature is 8¢ nm for dots. [25].

NIL offers the opportunity to rather simple man-
ner, at least in comparison to the advanced lithography methods described above. The
field size of ~2x2 cm? is comparable to a die which is illuminated by a stepper. On the
other hand, this method is time-consuming (>10 min for one imprint) and up to now
only structures on a plain surface have been investigated, while advanced lithography is

able to define structures on textured substrates. Nevertheless, because of its technologi-
cal simplicity, the NIL will be an alternative for research and small series production.

Termomechanical or UV-assisted
methods can be employed to
replicate a master pattern with
nanosized features

Alignment
of mold
and wafer

Imprint:
40 mbar-
1 bar

UV-bake
of resist

1ove

old

El

|—|
|
i

u
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Photosetting Materials

Using already formed polymers allows
for a great variety of potential imprint
materials from which to choose, but as
already mentioned, there are several prob-
lems related to the molding of high-
viscosity materials. Because of these
problems, more attention has been fo-
cused lately on the development of UV-
NIL. While UV-NIL definitely has
advantages, it makes for a more complex
materials challenge. In addition to the re-
quirement of low viscosity in the precur-
sor material, the precursor must be
photosensitive or sensitizable with addi-
tives. The low-viscosity requirement rules
out high-molecular-weight polymers, and
the photosensitive requirement rules out
materials that strongly absorb at the in-
tended actinic wavelength (the wave-
length of activity/sensitivity). The final
cured material must adhere to the sub-
strate while not adhering to the mold. This
challenge is usually solved by treating the
surface of the mold and/or substrate as
required, but the suitability of potential
surface treatments must be evaluated for
each proposed precursor formulation.
Also to be considered are photocuring
rates and the possibility of cure-induced
shrinkage. The first UV-NIL processes
used free-radical curing of acrylate
monomers,” and much of the early work
with UV-NIL has been with variants of
acrylate chemistry, with new classes of
materials only more recently being pursued.



Examples of nanoimprinting |

Figure 2. Scanning electron microscopy
72 Herning results from a
UV-NIL process/step and flash imprint
Iitograpiy varant). (a) 50-nm-diameter
raised pillars/posts, fine lines flanking
one post are measurement bars from
the SEM screen. (b) 30-nm lines on
semi-isolated pitch. (c) 100-nm lines on
150-nm pitch. All features are still in the
molded resist.

May nanomprint be an alternative
to conventional lithography?
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Examples of nanoimprinting Il

Circuit Fabrication at 17 nm Half-Pitch
by Nanoimprint Lithography
Gun-Young Jung,'* Ezekiel Johnston-Halperin,' Wei Wu,! Zhaoning Yu,'

Shih-Yuan Wang,! William M. Tong,!' Zhiyong LIt Jonathan E. Green,!
Bonnie A. Sheriff. Akram Boukal,” Yuri Bunimovich,S James R. Heath,” and

R. Stanley Williams*'
Euperiamica with )
perbodac ity od 14w P
angle
ﬂ

Dapeaaiud
Pl Heii e

EMAP proces provedure For transferning nanoscale features from a cleaved supedattice to a flal subsirate

Mald
Undier-aynr —
LETTERS
2006 =
Vol. 6, No. 3

351354

NANO

- -

Figure X Schematic diagram of process flow: (a) application af
muld 1o rexist; (b mald separation from the impranted resists ()
residual layer etching; (d) pattern transfer to the underlaver; (2]
metal depositson: () metal Lift-off.

...maybe, but mask preparation is quite cumbersome!  Frure . 8 scamine clection meagrgh of the s e

gemeraled by carrying oul bwo conseculive nancimprinding pros
cesses, The same mold was emploved far bath. The inset shoas
an AFM image of 1 magnified region of the cross bar

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 4 - pag. 52



5ii. Direct laser writing and 3D holographic lithography

to 3D structure fabrication

La focalizzazione del fascio genera emissione nel range UV- visibile da parte del
mezzo in seguito all'assorbimento di due fotoni. Tale radiazione stimola la
polimerizzazione della zona esposta tramite la formazione di radicali.

G e
— _.-—/
.\\.--' e
Ondie A = £ .
u_:..‘.l-131 \i_—_—/ ) o
axis | \ / 2 2
X = =
LN 5 g
= i, o 3 |
L= " - '
S
M e r !
Focused laser beam
T L mhy !
initiation : S§—&§-..—I"—=R (1)
propagation R+M-—RM = RMM -+ — RM;, (2)
termination RM,, + RM;, — RM,, R

which describe the interactions of the photosensitizer (S),
photoinitiator (1), radical (R’), and the monomer (M). §* and

tiator after absorbing the photon energy, respectively.

I* are the excited states of the photosensitizer and photsini-

Integration of the Integration of the square

Intensity of laser beam  Intensity of laser beam
——

-

La probabilita di assorbimento a due fotoni risulta
proporzionale al quadrato dellintensita della luce
pertanto questo processo puod essere attivato solo
in un ristretto volume (“voxel”, volumetric pixel)
attorno al fuoco.

Si ottiene cosi una alta risoluzione spaziale al di
sotto del limite diffrattivo (sono state ottenute
strutture dalle dimensioni laterali di 120 nm
lavorando con lunghezza d’onda di 780 nm).

K.-S. Lee et al. Polym. Adv. Technol. 17,72-82 (2006)

Materiale tratto dal seminario di Christian Martella, 2006
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Examples of 3D (hano)structures

SIS

= 500 nm

Direct writing of inorganics performedx A\ =
during the growth process (CVD-like) 3 a

Scheme . Structures of two-photon chromophores, (1) D-n-A-n-D~type chromophore
U f t h t h h f {Amax = 448 N, sr:swsox 10-% gnr;: s pholur‘“;; g; g.-::—w (c::hhromophom
- = 430 nm, 5 = 2850 x 10~ cm*s photon™); —type chromophore
o O' /OPROTON ENTOMOPROTES Tor %s%ﬂ.&-eﬂ&dﬂ)( 10-%cm* s photon™); (4} fiuorene-based chromophore
Organlcs (Amax = 414 nm, &= 1300 102 cm* s photon™). D = danor;.A=&ocepiar:
Amex = Wavelength of maximum absorbance, andé= algsomﬁoncmsssectnon.
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5iil. Towards ease of use: inkjet lithography

Polymer-Relief Microstructures by Inkjet Etching**

By Berend-fan de Gans, Stephanie Hovppener, and Ulrich 8 Schuber

Ay, Mater. 1086, [2, $10-914

Inkjpet printing 15 developng at a rapid pace. The last de-
cade saw conbmueus improvements moqualily and resolulzon,
and the technology has now armived ot the pomnt where 11 chal-
lenges conventional salver bhalsde photopraphy. Bul ainkjet
technaelopy 15 ool anly a printme lechnology. A ot ol ellor =
being pul mbo termemg mkjel prnling mbo g versalile tool for
various industral processes for accurately depositing mmule
guanhbees ol materals m delined spols on surfaces in parhicu-
Lar in plastic electronics and polvmer hght-emittmg diodes.*
Inkjel prnling may alse become a cosl-saving allernalive Lo
photalithography Lo the prodection of nexl-peneralion ace-
uve-malnx lguid-crystal Ijl!l-]!'hl'!.‘hll- (M particular inlerest s
the use ol mkjel ponting i the helds of liodechrology and
combanatonial chemsiry as a ool lor the preparation of ink-

jet-prnted polymer microarrayvs or libranes)!

Le., arravd of
madbvaduadly addressable dots or reclangles wath well-known
compasiinans on subsirales

Father than deposilong & [unctional component, an ankpet-
prnted solvenl droplel can also b used o ate-selectvely
remave mulersal that was depoaiied previously by a dillerent
l|.'-.'||||||.|U|.'.|:'UI Via holes were elched moan insulimg layer of
pulvivinyl phenol) {FVE) by kel prntmg droplels ol etha-
nol, which s Enown Lo be g good solvent for FYE The ethanal
loally disselves the PV As o resull, a cratechke hole 15
formed by redepisimon of the desolvied polymer at the con-
tact bine. The mechanism behimd the [ormation process ol the
hole 1% commonly known as the collee-nng effect. I8 relers Lo
the formation ol a nnghke depoed ol solule rom a drving
droplel by msumme 3 maximum m the evaporalion rale at
the outssde ol the droplet and pinmng <f the three-phase con-
tact boe!"™ " The potential of this “inkpet-ctehing” lechnigue

15 evidenl Lo any area ol lechnology that uses polymer-relizl

Wi

B B
- § " M IS
e e ——
i . e .

Flgure 1. &) Confocal scanmng microsoopy image of a kale etched into a polystyrene flm by a
100 pm droplet of isopropyl acetate (shown to scale as the white circle i the upper nigha)
Bl Groove etched in polybenzy methacrplate] laver by a lire of 30 pm o n-buty scetate droplets
|oorcle, upper right) with a spacing of 120 pn

Inkjet direct printing of material (or etching,
as in this case) proposed as an ultra-flexible
and ultra-cheap technique:

- liquid or semiliquid materials must be used;
- slow process;

- difficult to produce nanodroplets
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Conclusions

v' Many efforts have being devoted to develop techniques able to
overcome the limitations of optical lithography in terms of space
resolution

v The use of charged particle beams offers direct access to
extreme resolution (at the expenses of technological issues and
limitations)

v Atom beams might be used as well (in an optimistic and
perspective view)

v' Emerging techniques are being proposed with the primary aim
of ease-of-use, cheapiness, efficiency (more than high resolution)
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