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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:

I.  Nanoimprint;

ii.  Multiphoton and direct writing of 3D (nano)structures;
lii.  The inkjet printer (!)
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. don Kapl
1. Use of charged particle beams Microsituct Charact
4.1.1 Wave Properties of Electrons V?/fillt\a/lj1 t(igglg)

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

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 ‘.10

where m is the mass of the particle, v is its velocity and % 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
hen Vis in volts. This numerical value is approximate, since at

: : g-rOltages 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:

A= h (4.3)

\/[‘ﬁz"”"“"y(1 * 2;:&)]

where c 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://www.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 ph‘qnon

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

After an inner shell excitation an atdom 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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2. Components of TEM, SEM, EBL

Bright electron sources

Thermionic electron gun

=

Bias
resistor

—

10-1000kV

o+

_—

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.)

000
000

copper coils

N

Image is inverted

and rotated
LensC1 <_

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

v

1
!
3

maximum HT is usually ~ 25kV and its choice is determined Lens 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)

—
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 S_E_V i filament. Temperatures are
emitting tip = lower than that needed for
—  — ﬂ_iﬁv thermionic emission.
Grid
This gives a much higher
[ | ——

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

Ao Spol Magn WD Exp
SO0V A0 B0 103 31

LTG0 CHFRCE SR A - 61080 T

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

in a tiny beam.

“Tip effect” can enhance field emission

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 level 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.

— micro/nanofabricated field emitters (also nanotubes??)

e
P

Work
Fermi function
level

Photoemission

Work
Fermi__ function
level

Thermionic emission

— Work
ermi function
level — e-

Field emission

Field and thermionic emission and photoemission

(From Lindquist et al., Research and Development, June, 91-98, 1990. With
permission. )
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Contrast mechanisms |

Basically:
- 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: Schemitic procedure © prepare a pla- | e — ———

nar sample for TEM. After preparing the sample on

an substrate the latter may be etched. The final —p Yo —f T T

milling, The up pointing arrows denote the direc- etching ion milling

tion of the TEM bea . H
i " (...a complicated and destructive procedurel!!)

thickness ol some 100 nm can be achieved by ion

Incident
beam

Mostly, cross-sections are imaged with TEM Specimen

Since the electron wavelength is close to typical lattice Envelope of
spacing (or any other length of interest for a solid medium), Sestiering

Bragg diffraction by the sample microstructure do play a role

Da Brandon Kaplan
Microstruct. Charact.

(;?:z;at?rggy of Materials
diffracted Wiley (1999)
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 Specimen
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) S| S TS . S .

Diffracted
beam

Lens
3. phase contrast (when collection optics has a
large numerical aperture, due to mutual
interference of many diffracted beams) T
Aperture [T
Image plane =
Morphological, structural, and = b
topographical information are PN e
some h ow - convo I u ted ) b Ut Figgrc 4:I15h ..ll' the ul",:_i.;:cli\-'c aperture accepts a Hl'.'igg-dim':lc‘lc-.! hL‘-;{.I'I‘I as well as the dircct
SR O NGRS N RSN ccociof the diftranee s pats Jengihs o i s by 7 e mago Pl as
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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 Oblective
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.

srantiedimes (Local) diffraction

Diffraction pattern e T 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 (mostly) structural

| e

S0

)} Condenser  Aperture
Condenser  Lens

Ubjective  lens and
Objective  aperture

Seclor  aperiure
Sector  lens

Frojectin  aperure and
Projector  lens

L
. oo Screen

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

e.g., metallization, grounding)

Frequently, the electron beam is scanned
across the sample surface
(a relatively slow process!!)

(_Sca:anlng -
STEM
Specimen
BF
| T ] [
l./

STEM image formation:

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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Figure 4.53  Transmission electron micrograph of a NbO particle located at
boundary in polycrystalline alumina. Phase contrast (lattice fringes) and mass—thickness
contrast vary from the alumina grain to the NbO grain

Lattice image of a rhombohedral twin in alumima

- (90065”

Figure 4.55 Latlice 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 moir¢ pattem
appears within the SiC particle due to overlap between the alumina and SiC (in the direction of
the electron beam)

Atomic resolution achieved along with
structural information
(in crystalline samples!)
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Scanning electron microscopy

Typ. Filament source (ddp 10-100 kV):
SEM W: j~5x104 A/m?

Source aByg: j~1x10°8 A/m?
. — field emitter: j~5x101° A/m?!!
Condenser
Electron

an V]

| Probe lens
\l Condenser Focus onto the sample
lens
detlecunyg col ]\l Sﬂannlng
I § SE—— coils -
Probe
Objecove lens
| f Dewer  Specimen
| __ ' ~ stage
Sample - Collector

sca nlng coils
scanning stage

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 films 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

eneY | processes) and is directly associated with the

(focused) beam size

Secondary

electrons
Increasing
path length

5

Inelastically

stattered efjergy
distributipn

Eo

N(E)YJE

Electron energy

Figure 4.29 (a) The clectron beam is inelastically scattered within an envelope bounded by
the condition that the average energy has reached the thermal kinetic value 477 (b) The cnergy
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
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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 traje

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 randoffily 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, xy, 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 Eo, 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 x 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
_—

Increasing
atomic
number Z

The inelastic scattering envelope for an incident beam of energetic 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
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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 electron from
an atom in the specimen, then there exists a finite probability of such a
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 amannt saal ta the
pmzatlon energy. The energy of the atom can then decay by an electron transition
he-no 'Vacant 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 inner shells of the atom, then this photon will have an energy in the

X-ray region of the spectrum.
general, deCay of an atom from the excited state 1aKes place Im MOIe wial VL

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. 4.31.
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). 1

The wavelengths of th€ characteristic lines Which are emitted constitute fiianer oy -
fingerprint for the elements present ift the solid and provide a powerful method ¢ sal

T T — -

__‘“:_"Ci?‘_i_‘?f__:___________ L e § I o R Fig;:re 4.33 : X-ray spfactrg obtained from a porous alu.mir}a specimen partially infiltrated
oy | . I 2 lonization /f___,f— - with magnesium, showing the presence of oxygen, magnesium and aluminium in different
o K, K, £ energy — regions of the microstructure via characteristic lines superimposed on a background of white
atom | 2 Photo radiation
n
L states | y / energy
: L(,- | "/ . . .
| | Microanalysis methods can be readily
— M states 1 1
) | implemented in SEM
round | | Valency electron band
RCeT—— (e.g..: X-ray Photoelectron Spectr. - XPS,

Figure 4.31 (a) An inelastic electron scattering event involving ionization of an inner-shell Ruth erfo rd BaC kscatte ri ng = R BS’

clectron raises the energy of the atom to the appropriate ionization state, with subsequent
decay to a lower eneérgy being accompanied by photon emission. T i i
y to. eI gy g s nps y nission. The photon emitted is H
characteristic of the energy difference between the two energy states, but must always be less SeCO nd ary IO n IZ . M aSS S peCtr - S I M S
than that required for ionization. (b) The ionization energy required to eject an electron from a i T

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 bnd
may escape from the surface. The proportion of these back-scattered electrons, R,
will depend on the_average atomic 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 diffusion distance 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 neverthelessof 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 obtaif 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 tgatomic-number conttast, and reflect variations in the density (usually the

composition)of thesample.

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 diffusion distance in the material
—20 nm when working at 10-20kV,
[Stribati € phases
present, providing that they differ sufficiently in density (see Fig. 4.36), if the

typically results in a resolution of the order
The BSE image can give very useful information on 0

secondary electron image is lacking in contrast.

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

released per incident high energy electron, is always greater than one and may reach
values of several hundred. All of these se ave
100 or 200 eV, but typically in thé range 10—50 eV and they are therefore readlly
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 1-2nm, 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-inthesolid 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 incider

beam.

W sample has a relatively limited influence, and is usuall
st-by-theeffect 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 pal

of the secondary electrons.
(d) The most pronounced effect is that 6f surface topography, or more precisely, tl
local curvature of the surface. Any region protruding from the surface (positi

radius of curvature) improves the chances of secondaries escaping, while a1

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) i

8y

v

diffraction _
aberration

j

e input electron beam should be
small and well collimated

|

|

Disc of least confusion :
*, |

LY o
Chromatic aberratioh\ Figure 4.5 The diffraction and the spherical aberration limits on reselution 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

v V_ﬁectron energy must be
well controlled

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

Obtaining a bright and well

Spherical aberration can be relevant focused electron beam, able to

enhanced by Coulomb self-repulsion of
electrons (for bright beams)

approach the diffraction limit, is a
technical challenge
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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 be exposed to form the
pattern. An electron beam system congsists 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 teol is given in

The two types of electron guns which are commonly used are
on the one hand, a a the other hand. In thermiomics
electrons are emltted by heating the source material, 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”Y/steradian)}, they are
unstable and require g 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

'_"rlfgistla!inn uriit

L lasar interferometar

stage controller

airlock

i chamber

H.V. power suppl v
s il e PRy | electron gun
1 H
'~ |lens power supplies
‘ - |
i blanking amplifier T 1:
. | ; column
| pattern generator :
I :
DiA converters ik
dellection amplifiers ! final lens
i - electron detector

spot size and tool), it is necessary to move the sample under the beam from one 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 bearto 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-
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 scan 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 aw
because the electron beam direct write is@
suitable for the industrial mass production-o lectronic 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.

pattern data storage

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 Ion-Beam Applications
1
{ Electron-Beam Applications Ion-Beam Applications
3 VACUUM : : g
% @ Micromachining and ion milling
} e Low-vo ning electron Microdeposition of metals
\\ ' // MiCIoscopy
Direet write Critical dimension Maskless ion implantation
RESIST i measurements

P SUBSTRATE . Electron-beam-induced metal Microstructure failure analysis
deposition
// Reflection high-energy electron Secondary ion mass spectroscopy
P diffraction {RHEEDY)
& RAPH Scanning auger microscopy Da Madou,
o ?LECTRO" lEﬂA“H.LITHM ¥ Fundamentals
of microfabr.
CRC (1997)

Excellent space resolution (similar to
SEM/TEM, i.e., below 10 nm)
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Pros and cons of EBL

Diffraction i1s not a limitation on resolution
Fesolution depends on beam size. can reach ~ 5 nm
Two applications:
« Direct Writing
« Projection (step and repeat)
|ssues:

« 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

« QOperate 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.

Ti/ Al gate structures for a SET device generated This Is an SEM image ofa !ifted .Off wire that has a width
by e-beam lithograph and lift-off. of ~12 nm. T_he I|_ne 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
= '*"'" T grain size of the metal using during liftoff becomes
extremely important. For example, if the line width is
1 smaller than the grain size of the metal, it will be

impossible to produce a smooth line.

124 1

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 2007/8 - ver. 6 - parte 4 - pag. 23



Issues in EBL beam conditioning |

Spherical Aberration Coulomb Interaction
Boersch Effect

e Loeffler Effect

e
} Q0

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 repelicollide each other in the
radial direction

« (Causes trajectory 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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Issues in EBL beam conditioning Il

Beam Size (d) |4 = (Ja? +d}+d}+d]

D«
dy (Virtual Sowurce) 7 (d, - Source size, M — demagnification)

2 i \ I L | - i | -
d?(Spherical  Aberration) _?,5 @ (Cy— spherical aberration, o — beam convergence angle

2 C, o f (focal length i
» o f(focal length) ) Resolution vs. Convergence Angle

D gy ) . AL — i i =
Eu'rl__ (Chromatic Aberration) = ( cE— tcc chromatic aberration, AE - electron enen

I VW, = electron acceleration voltage) -
Fi . 1.2 -
:.-’ju'i'!'._fﬂ':.rc-n'rm Limif)=0.6— A = =0} (electron wavelength) E
o Vi e —0Dg
£
% Ds
£ 10 ——Dc
For High Resolution: - ——
> aan What about «? a bd
AM, AV, NAE, Nf E N D
@
1]
1
0.1 1 10

o (milli-radians)

DOF=d/a

Typically, minimum beam size is
in the few nm range
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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/~jeskel/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.qg., fluorides,
amorphous calchogenides, 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 with 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)

Fii. 3. Single pass lines erched into 51 using the two step ECR erch. for
KRS resist exposed at | keV {a) and a 20 keV' (b) with line doses of || and
175 pliem, respectively.
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Backscattering problems

Scattering Energy Distribution

Forward Secondary electrons : : : :
Scattering (small angle) Secondary electrons Double Gaussian Distribution

1000 Blur written pattern
. 100 \\ /
Back Scatterin 3 10
Substrate (large angle) g = ’ Forward Scattering Expose adjacent area
=
=
0.1
2 N 4
2 o001
L 0.001 Back Scattering
The scattered electrons also expose the resist! ' |
0.0001 — —— —
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
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How to achieve the best resolution: a vivid example |

High-Resolution Electron Beam Lithography and
DNA Nano-Patterning for Molecular QCA 10

Wenchuang Hu, Member [EEE, Koshala Sarveswaran, Marya Licberman, and Gary H. Bernstein, Sewior Member, (EEE

LT
Abstracte=Electron  beam  lithopraphy (EBL} poaflerning of
pelyimethyimethaory late) (PMMAL s a versatile tool fer drhnm;g
l1.-|.|lﬂ:l.|.|ar .-.Iru:lurL: on e sube1Enm m.alu [ 04

I|.|.i|:||.|_ur. I.In.ﬂ" ol sub- Iﬂ-nm Au manap
limes proves that cold develupment completely 1.|r.||r.'p the I'MM.-\ 04 <
residue on the exposed areas. Maolecular Llal is performed o

pitlerm DA rafts with high fidelity ot linewidths of aboat 104

mm. Highe-resolution EBL and melecular 1ol can be applied o
putierm Crewte=Taahe mobeoules on the scale of o few nanomelers
For yuaniumedot cellular aulomata.

In general, “wp-down™ Thographic methods have diffi- ai
culties 10 satisfyving the requiremsents of both resolution and
throughput. On the ather hand, self-assembly has shown the ca-
pabality for paneming nanocompenents, such as nanoparticles Fig. . PMMA comstrust curves al development Semperaluces of 4 "C. 22 'C
and 42 B, measared by AFM mezrology.

EBL is performed using owr M-k cold-cathode field emis-
sion Hitachi S-45080 scanning microscope converted
EBL [12). The spot size is o @ ne advantage of using
Lhis swvatens i3 the case of achi Tiimam beaimn parameiers
prior o exposune, assaring that the best possible lithography
resilts can be reliably achieved. We have wsed this svstem o
imvestigate the effects of varving the developer temperature on
ultimate lithograghic resolution, and found that coeling the de-
veloper vields noticeabls advanta

For EBL. 30-T0 nm. 950 K s used as a posi-
tive resisl. Lsopropyl alcohol: methyTrsebaiy] ketone (3 D with
1.5 val % methy] ethyl ketone was used as developer because of

ils Iyt st [ 13]. During develepment, 10 ml of develogen
W 3 e desived wemperatore of 4 5C w0 & *C with a
prcen {1 *C. Development time varied from 2050 & de-

pending on the |:'-|‘."-.|.:~1 thickisess | 30-80 nmi) and developer tem- Fig. 2. 4-T-nm PMMA trenches sputier-coaled with 2-nm Cr developed by

perature (4%C o § YO, Resist patterns were coated with 1-2-nm <ol development
Cror AugoPdyg by an Emitech model &80 plasima spuner coater
o @ Varan thermal evaporator for SEM examinastion.
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Fig. 4. Lified-odf line witl ome 3-nm Ay sanopanicle in the width. The flow

of narcpanticles to the adges of trenches cauzed the spresding of line

Nanolines formation

A vivid example I

Liftoff 15 neagly the only way to transfer high resolution of
EBL from PMMA due to its poor eteh resistance . For sub- 10-am
Lifteft, the most impostant issae is teat the Bettom of the narmos
trenches must be clean of resist residue, To test the existence
of resist residue i the tenches after cold developrsent, we de-
posited S-mm negatively charged gold namopanicles [15] into
the positively charged trencles {trench bottom swis coated with
polylysine afver development). PMMA was then removed by
dichloromethane FCHzClgh [16]. As can be seen in Fig. 4, a
ling of single pamicles 15 obained. which would not be pos-
sible without a clean oxide surface al the botton of the merch
since the particles do mot stick w PMMA residue. This resuly
also demonsmrates an example application of EBL w0 panem
sub- 10-nm stroctares, These panoparticle structupes can be wsed

for single electron devices [17], [18].

(Regular) nanopatrticles formation

S

e A N A A

I

&
<
2
e
e
2
-3

L TR

.I. .:}' i
MU

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

Fig. 3 mumgPdge limes 05 nm teckd with S-1enm widih formed o
dibnm-desp PRIMA irenches after PMBMA remove]l Formaos of S

lines proves compless development of marow 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, exposuretimes of several hours are not
acceptable. Though there are electron optics which could enable projection lithography
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 patt of
the electrons.

|

Omne method of mrcumventmg this problem is the SCALPEL method (scattering

with angular limnitation in prol ectlgn glgg; Ion bgam l]]:thIa.pby) In SCALPEL 2 broad

beam of electrons, 2

20m). The electrons, which only strike

Bster :
the membrane layer, will pass thls layer mostly unscattered, while the electrons, which

strike the scattering layer, will be distracted strongly from their path. The unscattered
electrons are focused through an aperture and projected onto the wafer, while the scat-
tered electrons will be blocked. Sc a high contrast image can be achieved.

As a projection lithography method, SCALPEL offers the advantage of image
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 corresponds to the diameter of the electron beam, while it is a few cm 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.

b)

a)
| Mask:
=24 SiNy Membrane
and Scatterer

\]'ll_ Aperture
H
Y

L b

electron
optical
system

Ring

Projection
on sample

Adhesion
layer

Water frontside

Attempts to overcome the
limitations of a scanning
technique with a “beam

projection” approach

Figure 20:

(a) Electron path through a SCALPEL tool. A
paraliel beam of electrons passes through the
mask; a scattering layer in which the pattern is
inscribed scatters the electrons, so that they are
not focused through an aperture by the electron
optical system; only the unscattered electrons will
pass the aperture. These electrons are projected
onto the sample [16], [43].

{b) Top view of a mask and

{c}) cross-sectional view of the mask. The masks
are sirips and separated by silicon struts. The
masks are illuminated in series and the pictures of
the masks are projected onto the adjacent sample

Nitride
membrane

Scattering
layer
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Focused lon Beam (FIB)

6.1 Focused Ton 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 eith. OSe a resist
locally, as in electron beam lithographv, or to modify the substfate directly, The heavy
- lons 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-call .
the properties of the material at the surface will be altered. Another possibility is the Focused ion beams
al deposition of an additional layer._The impinging ions can induce the decompesi-

tiofi of & pas. emical Vapor Deposition (CVD) process, where the decomposi- (aC celerated ) can be used
tion of the process gasses is induced globally by thermal activation (Low Pressure CVD) | f
or by a plasma (Plasma Enhanced CVD}), this local decomposition leads to a local depo- as well (ty p ., 10r1
sition of the material, -
Besides a certain impact on the structure definition in the research environment, the nanomac h nin g)

direct modification of the surface, the sputtering as well as the deposition, enables the
method fo be used in the most important application of FIB in industry, namely mask
repait. Mask production is very expensive and due 1o some failure in the precessing {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
stilt present, or some parts of the masking layer are removed in excess. These faults can

be cured by FIB,
Stencil Mask Resist .

. — Figure 21; Schematic
lon B o s R o~ view of an ion projection
Source i (e lithography tool.

{_ IS L —:I ! — o _"““:,..Q_-__'_ _‘_- o |— P
A .‘ 1 S ]
Electrostatic Silicon
Lens Wafer
| A ! =]

<
g Electrostatic

lon Radiation Reduction lon Optics

System
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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 (A4g ) 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

PTICAL §TTHOGRAPHY A TFOM L TTHOGRAPHY
Fadiation MNeirahatom
beam beam
H "Optical mask”
(standing
J e Im. 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
Vo
o

5 00 o @ 1-dimensional

standing wave

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
field of detuning & = wy, — w4 is derived from the spatial variation of the light shift
substrate wis(r) [1]. For a single laser beam travelling in the x-direction with Rabi frequency
0, the light shift is given by

wie = [VEFE 3] /2. - (1)

For sufficiently large detuning § 3> @2, approximation of Eq. 1 leads to wy, ~ 12/44 =
+*5/85, where s = I/I,4, I is the laser beam intensity, L = mhe/3)3r is the
saturation intensity, and r = 1/7 is the atomic excited state lifetime.

In a standing wave with § > 3, wis = wig(z) varies sinusoidally from node to
antinode and also spontaneous emission is inhibited so that %, (z} may be treated
as a potential I7(z). The resulting dipole force is

T TR
Position x (nm)

Flgurc} 3. I;ﬂ: i:f;:msn'caﬂﬁ }:alculatad trajectories of a lager -cooted beamn of h 72

atoms focussed to the center of a Gaussé ) tands light field =

{thick lens limit). The focussed laser b:;n?a::::; f;e’o;?icmga:zi';:n;gmacﬁssu F(-") = _VU(Q:) = ——=—VI (z) = Umas Vf (9:), ; (2)

clipped by the substrate. Note the different scales in z- and x-directions. ' 86[ 1at

Right: Analysis {2}5] of fiur concentration for a realisitic beam of thermal cesium ’

torns with 0.1 m/s tranaversol locity at th I pl =0. The dotted — 5 i i istri i i i

e shoes th i ditition sihons b ansin pett w1 254 where I(z) = Imas (%) is the total intensity distribution of the standing wave light
field of period Af2, Imax i8 the maximum intensity, and f{z) describes 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)
risica delle Nanotecnologie 2007/8 - ver. 6 - parte 4 - pag. 35



Beams for atom lithography

Which atom source for ANF?

1. Intensity --> reasonable exposure times

Area

2. Collimation --> reduce aberration effects 10mimx10mm—

Substrate

e Standing
Mirro Wawe
Loser Cooling . \ |14 [ 1 ‘18
Collimatian 10" Flux [s~'] 10
Lasercooled
- - Atomlaser 2D+-MOT Thermal Beams
= oo T 16
Coll lmation T
Optical molasses
Atomic Beam
SOuUrsCE

Laser cooling technologies enable a suitable beam conditioning
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Applicability of atom

lithography

Atom species must be laser manipulated (wavelength, closed transitions,...)

Nal %82 Mis—s' y

[Lis97]

Sc (402

Ti [399

v/ [388

[Tim92]
767 423
K [*lcd 204! ! !
E?BO EMH In ﬂEjS_n“ iSb ;Té-
326"
|
Essz%ss‘l Es:m |5|5_4_osiBi Po

Cr 425 403 Fe|372|Co|357
[McC93]

1083

[Now96]

Neﬁ4€l

[l Laser cooling realized
Laser lines above 300 nm
Laser lines below 300 nm

Ar* 812

[Ber95]

Ky [B12

Laser
Element Wavelengths (nn

e

[Tim92]

Reference for
ANF or
Laser Cooling

Ni 344m52n

ﬂsso

E 676

|
E Ag|azs iCd
[uhioo] i

Atom Tg A ¥ Ve 8 bfwe 2r, P Op 8r Panr
K nm 107/s mfs mrad ps mm mW mrad mrad W
4He* 300 1083 1.0 1.7 1.5 -19 Q.03 0.03 036 011 0.40
2Na 630 589 6.2 58 13 32 018 10 0.89 _0.09 0.12
Al 1640 309 82 4.0 4.0 10 0.04 6 0.44 0.07 095
WA 300 812 36 48 17 105 049 05 068 005 015
520y 1825 426 3.1 21 35 37 008 24 026 003 20 T h e
i 7 1620 372 16 10 1.3 31 003 15 . 018 004 46
o 1555 403 49 3.1 5.2 45 0.14 43 035 0.03 1.1
Ga Bh 417 22 61 10 48 0.20 T8 048 003 0.59
108 1435 328 14 7.2 13 46 033 18 0.61 003 0.46
1161 1355 410 58 38 8.5 77 029 6.0 040 0.03 0.83
451 102 7.3 16 93 068 95 054 0.02 0.43
1330y 410 852 33 45 20 383 1.7 33 0.55 0.02 0.21
1974y 1800 268 167 7.1 19 57 040 32 059 0.04 0.60

. Atom nanofabrication realized

Materials to be employed in resist-
assisted atom lithography
alkanethiols self-assembling
monolayers (SAM) — we will
discuss more on them later!

resist - technique with
self - assembling - monolayers

T T
) rd ~,
\ P \
X / Y
\ { 1

g
,

S/

/ | f |

l Y l'-.' NG -CJ— SAMCLS nm) ~geililh. I

; ,—— gold (30 nm) —pr
(Au) ¢

/ cesitm=
atomic beam
silicon - wafer / :

/

dilute gold-
etching solution

i

/ ; .,f"J
o, SN, =g
preperation exposure development

technique can be applied only to
a few atom species
(at least, so far)
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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

direct deposition with
< feature size below 20 nm

resufts with Ceslum
atomic beam

laser beams
substrate Miitzel et al. PRL (2002)
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% Position [nr:h]

Our “own” results (resist-assisted)

Standing wave space profile

v, = FAFkim
I = 25 micm? & = 10200

2m =1 GHz [192T)

Due to the use of a “laser-

cooled” atom beam (speed ~
10 m/s), atoms are expected
to be “channeled” instead of

focused by the standing wave

: 12—
o
a1 g
e ‘m
1 i i
r :5
o e
=
-1o0 i
-200 oA : 4
T r r rJrrr [ r1r 11 r1T11
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-
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& L |
|
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AFM image —plan wiew
Sputtered gold 20nm thick
2h deposition and 12 min etching
E=ti mated do=se: 2 atomsrSAR molecule

AFM line profile

|- ||4'._!...|I'- [ !' . ‘||"
st | I | Detail of a single trench
JI.I[ ' ' v |
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. 426 nm :
13 ||| =32 0
!
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Our “own” results (direct-deposition)

festures chezerved after deposd
aptical mask

Stroctares with a varietyof ro ~ ° 7 J

bzsessment and
imterpretation sl to be
carfed ot

Atom lithography (direct-deposition) may open the way
for the controlled fabrication of nanostructures at the
atom level (in a bottoms-up approach)
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5i. An emerging simple nanotechnology: nanoimprint

9 Nanoimprint Lithography

There are several approaches for patterning structures without lithographic methods, e.g.
a silicon surface can be modified 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

essed by cenventional technology, i.e. e-beam [iiBwgra-

E%, 1 5 o-t-Fesist-goatedsuosiTale. 1he structures
in the mold are transferred into the resist and can be utilized after removing the mold.
There are two different kinds of NIL, 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-
vid and can flow under pressure. The mold itself can be made of different materials, usu-
ally a silicon wafer with-a thick S0, layer is used-This SiO, layer is patterned and
structured by e-beam lithography-and-anisetropicFeactive ion etching, The aspect ratio
of the featyresare3:+] to 6:1, and the mold size is several em®. As thermoplastic poly-
mers eithe 3 well known e-beam resist) or novolak resin-based resists are in
use. PMMA hasa small 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 layers 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-direct-etehi i

* 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_ oy b Tchlass
remaon
malc
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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-glas_s
(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 ,,
based compounds are organic 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 by UV-curable monomers. The mold has to be fabricated of a
UV-transparent material, e.g, quariz. The features are transferred to the mold by e-beam

Alignment
of mold
and wafer

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, After 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

Imprint:
40 mbar-
1 bar

UV-bake
of resist

ove
old

EEEI
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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 efectron microscopy
[prages of patterning results from a

step and flash imprint
IiTograptyvariant). (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. Al features are still in the
molded resist.

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

NANO
LETTERS

Circuit Fabrication at 17 nm Half-Pitch Voo

by Nanoimprint Lithography 351-354
Gun-Young Jung,’* Ezekiel Johnston-Halperin,! Wei Wu,' Zhaoning Yu,'
Shih-Yuan Wang,! William M. Tong,"' Zhiyong Li,' Jonathan E. Green,f

Bonnie A. Sheriff.s Akram Boukal,® Yuri Bunimovich® James R. Heath,® and
A. Stanley Williams*'

Buperiattics with )
Fudsp W

peerbodicity o 14 nm

ﬂ

Mald
[ T T T —
Linces-lyar =—F

SUNEUESNT

REREFo
“—popog.
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Figure 2. Schematic dingram of process flow: (a) applicatson af
mold o resist: (h) mald sepamtion from the mmipombed resist (o)
residual layer cleching; dd) patdem transfer to the onderlayer; (e)
metal deposizen; () metal Lift-off

...maybe, but mask preparation is quite CUMDErsomMe! G jumiiu vt cromar suctare. Tois civet wos

generiled by carrying oul two conscoulive nancdmprinding pro
cesses, The same mold was emploved far bath. The inset shows
an AFM image of 1 magnified region af the cross bar
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5ii. Direct laser writing and 3D holographic lithography

Holographic lithography and multiphoton effects can be combined to get direct access

to 3D structure fabrication

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

Integration of the

—

o ) —T
Optical = :“3/
== o ) i SR,
axis 7 =] o
4 @ | £
Tk 4 ki ol
oS | 3 |
- — '_\ D 1
i ) \ |
/__ i ___—\-\_.
B .
Focused laser beam
= h s hohe I
initiation : S§—&... —="=R (1)
propagation: R +M — RM' % RMM--- — RM,  (2)

termination : RM;, + RM;, — RM,.mnR

which describe the interactions of the photosensitizer (S),
photoinitiator (I), radical (R’), and the monomer (M). S* and
I* are the excited states of the photosensitizer and photéini-
tiator after absorbing the ?ll(lftm energy, respectively.

Integration of the square
Intensity of laser beam  Intensity of laser beam

La probabilita di assorbimento a due fotoni risulta
proporzionale al quadrato dell'intensita della luce
pertanto questo processo puo 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 (nano)structures

-t

= 500 nm

Direct writing of inorganics performed \_
during the growth process (CVD-like) 3 a

Scheme |. Structures of two-photon chromophores. (1) D-n-A-n-D-type chromophore

(Amax = 448 M, 5= 1250x 107¥cm*s photon™); (2) A-n-A—type chromophore
- — 430 nm, 8 = 2850 x 10-% cm*s photon™); (3) D-n-A~type chromophore
;Jrsgzr?ifct;/vo photon chromophores for (s = o 5= o Io s ko 9

(Amax = 414 nm, § = 1300 X 10-% cm* s photon™). D = donor; A= acceptor,
Ammax = mbrrgﬁofnmxlmumabmnm,andsz alqsomﬂmcrosssaaﬂon.
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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

Inkjpel printing 15 developng al a rapd pace. The last de-
cade saw conbmweus improvements m qualsly and resolulnon,
and the 1echnology has now arrived ot the posml where 11 chil-
lenges conventional salver bhalde pholopraphy. Bur ainkjet
technadopy 15 pol enly a printomge lechnoleey. A lod ol ellon s
heing pul mbo lernemge mkjel prnling mboe o versalile tool for
various industrial processes for accurately depasiling mimule
guanliiees ol materials m delined spots on surfaoes, in parlicu-
Lar in plastic electronics and polvmer hght-enimimg diodes.!"
Inkjel prnling may aleo become a oosl-saving allernative Lo
photalithography Lo the prodection of nesl-generalion ac-
nve-malnx lguid-crystal |3|:-'|:-I:|1.'h"' M parbicular anterest s
the wse ol mkjel ponting i the helds of biotechmaelogy and
combinatorial chemesiry a8 a ool lor the preparation of ink-
jet-prnted polymer microarrays or hbranes!” Le., armava of
mabvaduadly addressable dots or reclangles wath well-knewn
composiinom on subsiriles

Kather than depositing & [unctional component, an inkjet-
printed solvent droplel can also ke wsed o ate-selectively
remave malersal that was deposiled previously by a dilferent
l|.'-\.'||||||.|U|.'.|:'UI Via holes were elched moan insulatmg laver of
pulvivinyl phemol (| FY P} by mkjel printing droplets ol etha-
nul, which s Enown 1o be a good solvent for PYE The ethanaol
locally dissolves the PVYE As a resull, a araterhike hole 1
[ormed by redepisition of the dissolved polymer at the con-
tael bine. The mechanism behimd the [ormation process of the
hale 1% commonly known as the collee-nng effect. I relers Lo
the formation ol a nnghke depoad of solute Trom a deving
droplel by msumme 3 maximum m the evaporalion rale sl
the outssde ol the droplet and pinmme of the three-phase con-
tact boe "™ The potential of tis “inkpet-clching™ lechnigue
15 evident Lo any area ol lechnology that uses polymer-reliel

- | - _
= E
i - £ T
i s . Rl T
g il e
i i 4L 1

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

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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