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Outlook

1. Further reducing the wavelength: the use of charged beams

2 Basics of electron microscopy: TEM SEM2. Basics of electron microscopy: TEM, SEM

3. Electron beam lithography: advantages and technological limitations

4. Other charged-beam techniques: SCALPEL and FIB

5. An approach based on atom optics: atomic nanofabrication5 app oac based o ato opt cs ato c a o ab cat o

6. A few emergent techniques:
i. Nanoimprint;p
ii. Multiphoton and direct writing of 3D (nano)structures;
iii. The inkjet printer (!)
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1. Use of charged particle beams Da Brandon Kaplan
Microstruct. Charact.

of Materials
Wiley (1999)

Matter waves instead of radiation

Basic components:
- electron optics;
- accelerated particlesp

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
de Broglie wavelength is much 

smaller than radiation wavelength 
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- Inherently serial (scanning) technique g
diffraction has negligible effects



Electron microscopy I

As in optical methods microscopy (TEM SEM) and lithography (EBL) are two faces of theAs 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, respectivelyp q , g , p y

An electron passing through a solid may be scattered
* t t ll* 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.

Th b bilit f tt i i d ib d i t f ith "i t ti ti " fThe 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 
th i i hi h t f th i t ti ( tt i t ) t k l
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the specimen in which most of the interactions (scattering events) take place.

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



Th f i b hi h

Electron microscopy II

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 Th it ti f i h ll3. The excitation of an inner shell 

electron (from the K or L shell)
4. The excitation of a phonon

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 
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of the outer electrons leaving. It carries a 
characteristic kinetic energy. 

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



Reminders on Auger effect 
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2. Components of TEM, SEM, EBL

Bright electron sourcesg

Electron optics 
(lenses condensers etc )(lenses, condensers, etc.)

In the TEM, higher energy electrons permit the examination 
f thi k i b t i dof 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 
maximum HT is usually ~ 25kV and its choice is determined 
b i b t t ti ( hi h i ithby a compromise between penetration (which increases with 
HT ) and beam diameter (which decreases with HT).
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Penetration strongly depending on material and 
electron energy (typ range 1-100 nm)



Field emission
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“Tip effect” can enhance field emission 
→ micro/nanofabricated field emitters (also nanotubes??)



Basically:

Contrast mechanisms I

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”

(…a complicated and destructive procedure!!)( a co p ca ed a d des uc e p ocedu e )

Mostly, cross-sections are imaged with TEM

Since the electron wavelength is close to typical lattice 
spacing (or any other length of interest for a solid medium), 
Bragg diffraction by the sample microstructure do play a role

Da Brandon Kaplan
Microstruct. Charact.

f M t i l
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of Materials
Wiley (1999)



Contrast mechanisms II

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

1 mass thickness (transmission depends on the1. 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)
3. phase contrast (when collection optics has a 
large numerical aperture, due to mutual 
interference of many diffracted beams)interference of many diffracted beams)

Morphological, structural, and 
topographical information aretopographical information are 
somehow “convoluted”, but 

space resolution can be excellent
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Bright and dark field images

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

* No aperture - the diffraction pattern is 
t d th ti l icentered 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.

(Local) diffraction(Local) diffraction 
patterns can be 

acquired with TEM
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Scanning TEM

Frequently, the electron beam is scanned (mostly) imaging (mostly) structural q y,
across the sample surface 
(a relatively slow process!!)

STEM

STEM image formation: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 Need for UHV p
Annular Dark Field (ADF) detector intercepts 
the diffracted electrons. 

Inherently serial technique
Sample preparation needed
(including potential control, 

e g metallization grounding)
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e.g., metallization, grounding)



Examples of high resolution TEM I

Atomic resolution achieved along with 
structural information 

(i t lli l !)
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(in crystalline samples!)



Examples of high resolution TEM II

Isolated nanostructures 
(supported by suitable 
substrates, hence dulysubstrates, hence duly 

prepared) can be imaged as 
well by TEM (or STEM)
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Examples of high resolution TEM III

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

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



Comments on space resolution

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
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compatible, for instance, with intensified CCD
resolution (1 pixel ~ 5-20 μm)



Scanning electron microscopy

Typ. Filament source (ddp 10-100 kV):
W j 5 104 A/ 2W: j~5x104 A/m2

LaB6: j~1x106 A/m2

field emitter: j~5x1010 A/m2!!

Probe lens
Focus onto the sample

SEM

scanning coils
scanning stagescanning stage

In SEM inelastic scattering is predominant: backscattered and secondary 
l t ll X h t itt d f i t t th l
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electrons as well as X-ray photons emitted from points at the sample 
surface (or slightly beneath) are collected and analyzed



SEM basics I
SEM does not require sample to be crossed 
by electrons:by electrons:

Thick samples can be analyzed
Strong dependence on conductivity 
(di l t i l t b t lli d)(dielectric samples must be metallized)
Backscattered electrons are collected
Secondary electrons and X-rays 

photons are produced (inelastic scattering)photons are produced (inelastic scattering)
Space resolution is lower than in TEM 

(contrast is based on less sensitive 
processes) and is directly associated with 
th (f d) b ithe (focused) beam size 
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SEM basics II Da Brandon Kaplan
Microstruct. Charact.

of Materials
Wiley (1999)

Increasing 
incident energyincident energy

Scattering cross sections depend on theScattering 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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(basis for a contrast mech.)



Microanalysis through X-ray emission

Microanalysis methods can be readily 
implemented in SEM
(e.g.: X-ray Photoelectron Spectr. - XPS,

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 4  - pag. 20

( g y p ,
Rutherford BackScattering - RBS,
Secondary Ioniz. Mass Spectr. - SIMS, …)



Electron backscattering

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

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



Secondary electrons

Higher space resolution (limited by the 
electron beam size) can be achieved
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electron beam size) can be achieved 
with secondary electron collection



Electron optics in SEM and EBL

Spherical aberration

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

diffraction
spherical aberrationspherical aberration
(see depth of focus…)

The input electron beam should be 
small and well collimated

Chromatic aberration

Electron energy must be 
well controlled

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

ffi i t ti

Spherical aberration can be relevant
Obtaining a bright and well 

focused electron beam able to

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

focused electron beam, able to 
approach the diffraction limit, is a 

technical challenge



Issues in EBL beam conditioning I

Electron optics pose additional problems with respect 
to conventional optics
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to conventional optics

High electron energy needed to achieve focusing



3. Writing patterns with electron beams

The electron beam of a SEM canThe 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:g p
- etching, milling etc. (better with heavy ions, see FIB) 
- resist impression (true electron beam lithography)

Da Madou,
Fundamentals
of microfabr.
CRC (1997)

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



Pros and cons of EBL

??
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Space resolution in EBL

A  Bragg-Fresnel lens for 
x-rays exposed in 
continuous path control 

d d t h d i t Simode and etched into Si.

Ti/ Al gate structures for a SET device generated 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 andby e-beam lithograph and lift-off. 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 
grain size of the metal using during liftoff becomes 
extremely important. For example, if the line width is 
smaller than the grain size of the metal, it will be 
impossible to produce a smooth line. 

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
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http://lmn.web.psi.ch/mntech/ebeam.htm
http://www.siliconfareast.com/lith_electron.htm

http://www.jcnabity.com/



Issues in EBL beam conditioning II

The angular spread α of the beam plays aThe angular spread α of the beam plays a 
role similar to the acceptance angle 
(numerical aperture) in convenitional 
microscopy

Typically, minimum beam size is 
in the few nm range
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in the few nm range



Advantages:

Resist issues in EBL

g
* Computer-controlled electron beam
* No mask is needed
* Can produce features well sub-1 µm (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 resolutiong p g g , g
* 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, 

h l h id A S A S ti ti i t )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 g , p p y
'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 electronDuring 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 

b k tt d l t f th b t t b

Example of overdosage

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 g y p
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)
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Resist material (especially negative)



Backscattering problems

Resist impression difficult to 
control (completely) because of 

high electron energy
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How to achieve the best resolution: a vivid example I
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A  vivid example II

(Regular) nanoparticles formation

Nanolines formation
The (targeted) final 

resullt: “molecular lift-off”
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The SCALPEL technique

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

projection” approach
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“Maskless” electron projection

Optimistic forecasts!!Optimistic forecasts!!
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Focused Ion Beam (FIB)

Focused ion beamsFocused ion beams 
(accelerated) can be used 

as well (typ., for 
nanomachining)g)

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 4  - pag. 37



Realization of FIBs
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Complex and cubersome setups
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Resolution below 10 nm
Patterns with arbitrary shapes



Pros and cons of FIB
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4. Alternative approaches based on atom optics
See 

http://www.df.unipi.it/~fuso/nanolito

Basic idea: use of a neutral particle beam
--> sub-nm (λdB ) 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
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Main ingredient:
Atom optics, i.e., laser manipulation (cooling) of neutral atoms



A few words on atom optics

Optical mask (standing e.m. wave)
dipolar forces (conservative)

l di ti t t t balong a direction transverse to atom beam 

Meschede Metcalf
JPD (2003)JPD (2003)
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The standing wave behaves like an array of 
microlenses for the atoms (in terms of atom optics)



Atom trajectories

v = 120 ħk/m (10 mrad)

2

4v⊥= 120 ħk/m (10 mrad)
I = 20 I = 20 mWmW/cm/cm22 (Ω = 80Γ)

δ/2π = 1 GHz (30 Γ)

1 wL = 50μm a

-2

0

z/
w

L

atom
beam

substrate

-4

5 4 3 2 1 0 1 2 3 4 5

standing 
wave

-5 -4 -3 -2 -1 0 1 2 3 4 5
x/λ
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Beams for atom lithography

1 Intensity --> reasonable exposure times1. Intensity --> reasonable exposure times

2. Collimation --> reduce aberration effects

Optical molasses
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Laser cooling technologies enable a suitable beam conditioning



Applicability of atom lithography
Atom species must be laser manipulated (wavelength closed transitions )Atom species must be laser manipulated (wavelength, closed transitions,…)

Materials to be employed in resist-
assisted atom lithography
lk thi l lf blialkanethiols self-assembling 

monolayers (SAM) – we will 
discuss more on them later!

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



Cr Cr Cr

Gallery of examples

1D standing wave 2D standing waves

Na
Timp et al. PRL 69 1636 (1992)

McClelland et al. Gupta et al. Drodofsky et al. 
Science 87 262 (1993) APL 67 1378 (1995) Appl Phys B 65 755 (1997)

Holographic lithography

Regular nanostructures builtRegular nanostructures built 
by either resist-assisted or 
direct deposition with 
feature size below 20 nm

Müt l t l PRL (2002)

feature size below 20 nm
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Mützel et al. PRL (2002)



Our “own” results (resist-assisted)

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

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 4  - pag. 47



Our “own” results (direct-deposition, low coverage)

λ/2

2.8 nm
11 nA

standing standing 
wavewave

0UHV-STM 3D current map
HOPG substrate (peeled off)

UHV-STM 3D current map
HOPG substrate (peeled off)

1 5h d iti d t i 3 GH
1.0 nm

HOPG substrate (peeled off)
3 h deposition – detuning 1 GHz

estimated local surface coverage θ ∼0.2
Standing wave intensity 20 mW/cm2

1.5h deposition – detuning 3 GHz
estimated local surface coverage θ ∼0.15

Standing wave intensity 15 mW/cm2

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

F ibl b t b t t f t d f

0
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Feasible, but substrate features and surface processes 
start playing a dominant role



5i. An emerging simple nanotechnology: nanoimprint
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UV-assisted nanoimprint

Termomechanical or UV-assisted 
methods can be employed to 

replicate a master pattern with 
i d f t
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nanosized features



Examples of nanoimprinting I

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

maybe but mask preparation is quite cumbersome!
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…maybe, but mask preparation is quite cumbersome!



5ii. Direct laser writing and 3D holographic lithography

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

• La focalizzazione del fascio genera emissione nel range UV- visibile da parte del 

Holographic lithography and multiphoton effects can be combined to get direct access 
to 3D structure fabrication

g g p
mezzo in seguito all’assorbimento di due fotoni. Tale radiazione stimola la 
polimerizzazione della zona esposta tramite la formazione di radicali. 

La probabilità di assorbimento a due fotoni risulta 
proporzionale al quadrato dell’intensità della luceproporzionale al quadrato dell intensità della luce 
pertanto questo processo può essere attivato solo 
in un ristretto volume (“voxel”, volumetric pixel) 
attorno al fuoco.

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

K.-S. Lee et al. Polym. Adv. Technol. 17,72-82 (2006)
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Materiale tratto dal seminario di Christian Martella, 2006



Examples of 3D (nano)structures

Direct writing of inorganics performed 
during the growth process (CVD-like)
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Use of two-photon chromophores for 
organics



5iii. Towards ease of use: inkjet lithography

Inkjet direct printing of material (or etching, 
i hi ) d l fl iblas in this case) proposed as an ultra-flexible 

and ultra-cheap technique:
- liquid or semiliquid materials must be used;
- slow process;

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 4  - pag. 55

slow process;
- difficult to produce nanodroplets



Conclusions

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

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

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

Emerging techniques are being proposed with the primary aim 
f f h i ffi i ( th hi h l ti )of ease-of-use, cheapiness, efficiency (more than high resolution)
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