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Introduction to the topic I

Within the term lithography we include all processes needed to define a (lateral) 
pattern onto a substrate (or a multilayered structure)

In an oversimplified picture:
We use an (material or immaterial) “ink” to define a pattern;
We can either define a complex pattern all at once (parallel process), or draw it “pixel by 
pixel” (serial, or scanning, process);
The ink is used to modify locally the substrate surface (impression);
If required, the substrate can be previously prepared so to be sensitive to the ink 
(photoresist or resist-assisted lithography)
An etching process is used to locally remove the material (either in impressed or non 
impressed regions, i.e., subtractive or addictive lithography), thus to transfer the defined 
pattern to the substrate

Note: sometimes, instead of etching direct deposition of ink can be used (as we will see, 
e.g., in atom lithography)

Thus, lithography comprises of several aspects, including, e.g.,:
-Methods to create a patterned ink;
-Techniques for impression;
-Etching processes 
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Introduction to the topic II

Llight

Master
(“mechanical” mask)

Photoresist

Susbtrate (or film) to be patterned

1. Impression

Impressed photoresist
2. Development

3. Etching Pattern transfer to 
the substrate

Essential components:

Light (to make impression)

Mask (to produce the pattern)

Photoresist (to be impressed)

Development and etching (to 
transfer the pattern)

Inherent advantages:
- parallel operation (large-scale 
impressions in a single run)
- flexibility/suitability for large 
scale integration

Optical lithography is the most common (and most simple) method in microelectronics

“Protected” regions

Simplified picture of a subtractive process
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Outlook

1. Optical lithography as the most common technique in microelectronics
A. Basic processes;
B. Photoresists and masks

2. Optical microscopy and the role of diffraction in lithography

3. Strategies to improve space resolution

4. Electron microscopy and related issues

5. Lithographies with charged particle beams

6. Lithographies and direct deposition with neutral atoms

7. A very few words on nanoimprints
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1.A. Basic processes in optical lithography

Da M. Madou, 
Fundamentals of microfab.,
CRC  (1997)

Complex sequence of steps 
(even in very basic processes)

Negative and positive resists 
exist

Space definition always affected 
by “geometrical” issues
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Example of process flexibility in lithography

Substraction or addition of features feasible (through 
combination with other techniques, e.g., deposition, liftoff,…)



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 9  - pag. 7

1.B. Photoresists

Contrast curve for ideal photoresists

negative

positive

Essential requirements:

- high sticking coefficient;
- homogeneity;
- uniform thickness; 
- high sensitivity to radiation (typ. UV);
- fidelity in pattern reproduction

“Sensitivity”:
N = number of borken bonds = G*dose/100
With dose expressed in eV: Gtyp ~ 1-10

Typical choices for photoresist:
Light-sensitive polymers (or organic amorphous materials) 
UV-broken bonds modify features (protect/unprotect against etching)
Thickness kept below the micrometer level to improve homogeneity and 

reduce dose (and enhance space resolution)
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A few examples of photoresists

λ = 365 nm (Hg-lamps)

Positive resists

Positive resist

Negative resist

λ = 220-240 nm (UV)

Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)

Well established 
photochemistry features
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typ. 5000 rpm per 60 s

typ. resist thickness: 0.5–1.0 µm

typ. Followed by soft temp.
curing (T ≤ 100 °C)

Glass transition should be avoided (it 
deteriorates homogeneity)

Deposition of photoresists

Most frequently used system: spin-coating (simple, scalable, effective, cheap,…)
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Mask configurations

Contact:
Good space definition

but “interaction” problems 

Proximity
Highly sensitive to 

light beam divergence

Projection:
High flexibility

Depends on optical quality
Often used with step-and-repeat 

to cover large size wafers

Presently: projection modes are most common in industrial implementations, typically 
joined with “step and repeat” techniques (a small region of the substrate is impressed 
and then the substrate is moved to repeat the patterning over a larger area)
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2. Complementarity lithography/microscopy

A system for optical projection lithography is clearly analogous to an optical microscope: 
location of light source and object are just reversed (indeed, this applies also to other 
lithography configurations!)

Lithography Microscopy

Each microscopy method corresponds to a lithography approach
Issues (as, e.g., spatial resolution) are common to the two topics
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Depth of field

Da Brandon Kaplan
Microstruct. Charact.

of Materials
Wiley (1999)

Da Hecht Zajac
Optics

Addison-Wesley (1974)

Magnification and depth of field depend on lens 
features (focal length, numerical aperture), but 

fundamental limits exist due to diffraction 

Reminders of optical microscopy
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Reminders on interference and diffraction Da Hecht Zajac, Optics
Addison-Wesley (1974)
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Fraunhofer diffraction 
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Effects of diffraction

“Diffusion cone”:
sinθ ∼ λ/a

Diffraction ripples:
I ~ I0 (sinα/α)2

with:
α = π a sinθ / λ

Optical diffraction is for sure a fundamental limiting factor 
in optical lithography 
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Criteria for space resolution (in optical microscopy)

Abbe

Maximum achievable space 
resolution d ~ 0.61 λ/(NA) < λ/2

(NA: numerical aperture of the optical system)

Rayleigh

Da Brandon Kaplan
Microstruct. Charact.

of Materials
Wiley (1999)
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Optical confocal microscopy I

http://www.hi.helsinki.fi/amu/AMU%20Cf_tut/Cf_tut_part1-3.htm

In practical terms, space 
resolution is also a matter 

of contrast

In all microscopies, methods exist 
to improve the contrast, so 
enhancing the resolution

For instance, in optical microscopy 
confocal systems have been 
developed with a space resolution 
on the order of 200 nm (for the 
visible light)

“Stray light” effects are removed 
and the contrast is enhanced
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Optical confocal microscopy II

“Segregation” 
of quantum 
wells

Confocal microscopy often used for 
biological samples with fluorescent 
markers (e.g., quantum dots)

3D mapping capabilities can be added 
by moving the system along the focal 
axis

Frequently 2-photon excitation is used 
to further enhance space resolution 
(due to the nonlinear dependence of the 
absorption probability on the exciting 
intensity)
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Space resolution in optical lithography IDa M. Madou, 
Fundamentals of microfab.,
CRC  (1997)

Example: 
λ = 350 nm, s = 5 µm, Z = 0.5 µm
--> bmin > 2 µm!!!

Further technological limitations:

Mask/substrate distance (divergence);
Resist thickness and depth of field;
Resist homogeneity

Empirical formula:

Care must be put even to 
approach the diffraction limit
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Space resolution II
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Space resolution III

Pattern contrast affected 
by optical diffraction

Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)
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3. Strategies to improve resolution I: phase shift masks

Example: features 
~ 100 nm made 

with  350 nm 
radiation
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Strategies to improve resolution II: off-axis illumination

Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)
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Strategies to improve resolution III: anisotropic etching

Silicon oxide

Diligenti et al.
APL 75 489 (1999)

Etching features can be used to 
improve the resolution

Mask alignment

Crystalline
Silicon core
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Strategies to improve resolution IV: side wall patterning
Processo di fabbricazione “complesso”
(ma economico!!) per creare Si-nanowires:

a) ossidazione dry (spess. ≤ 0.5 µm): 
Si (s) + O2 → SiO2
seguita da deposizione Si3N4 e patterning via lito. 
ottica convenzionale

b) CVD poly-Si (pirolisi SiH4 a bassa p):
SiH4 + calore(T~1100 °C) → Si (s) +2 H2 (g)

c) Reactive Ion Etching del poly-Si con fascio ionico 
“inclinato” 
--> rimane poly-Si solo sui bordi

d) wet chemical etching selettivo 
(soprattutto nitruro) con H3PO4

e) rimozione ossido (poly-Si funge da maschera) con 
etching selettivo

f) rimozione nitruro con RIE non inclinata

SEM cross sections (in “prospettiva”)

Playing with etching process, results 
can be achieved comparable to 

electron beam lithography



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 9  - pag. 26
Optimistic forescasts??

Continuous development of 
laser sources with smaller and 

smaller wavelengths (VUV)

Search for shorter (radiation) wavelengths
Rather obvious recipe to further improve space resolution: decrease the wavelength
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X-ray lithography (XRL)
XR source of choice: synchrotron

Brilliant XR beam
--> proximity mode masks

Da M. Madou, 
Fundamentals of microfab.,
CRC  (1997)

Masks: 
Typ. Si membranes

Resist: typ. PMMA 
(critical sensitivity 

--> large dose, ~ 2 J/cm2 )

Effective resolution  ~ tens of nm
Large depth of field -> suitable for high 

aspect-ratio features, micromachining ,  …

Diffraction problems 
virtually removed thanks to 
the very short wavelength
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Proximity mask

Mask 
materials

Technological limits of XRL

Large scattering of secondary 
electrons limits the resolution

Penumbral blur



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 9  - pag. 29

4. Use of charged particle beams

Matter waves instead of radiation

Basic components:
-electron optics;
- accelerated particles

First “peculiarities” of the implementation:

-large kinetic energy (tens of KeV) --> 
possible sample damages

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

-need for UHV environment

- inherently serial (scanning) technique

Da Brandon Kaplan
Microstruct. Charact.

of Materials
Wiley (1999)

De Broglie wavelength is much 
smaller than radiation wavelength 

diffraction has negligible effects
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Electron microscopy

Electron microscopy relies on some contrast mechanisms, i.e., mechanisms 
ruling the behavior of transmitted or scattered (in case of TEM or SEM) electrons 
as a function of the local sample properties

As in optical methods, also with electrons microscopy and lithography are two 
faces of the same topic

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

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

(…a complicated and destructive procedure!!)
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A few words on contrast mechanisms in TEM

Morphological and topographical 
information are somehow “convoluted”, 

but space resolution is excellent

Da Brandon Kaplan
Microstruct. Charact.

of Materials
Wiley (1999)

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

1. mass thickness (transmission depends on the amount of 
mass crossed by the electrons) 
2. diffraction (in crystalline materials Bragg diffraction plays 
a role leading to high sensitivity to lattice defects)
3. phase contrast (when collection optics has a large 
numerical aperture, due to mutual interference of many 
diffracted beams)
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Secondary electron generation (SEM)

SEM does not require sample to be 
crossed by electrons:

Thick films can be analyzed
Strong dependence on conductivity 
(dielectric samples must be 

metallized)
Secondary electrons are produced 

(inelastic scattering)
Space resolution is lower than in 

TEM (contrast is based on less 
sensitive processes) 

In SEM inelastic scattering is 
predominant
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Scattering cross sections depend on the 
atom number Z
Energy of the secondary electrons depend 
on the electronic configuration
Secondary electron yield depends on 
penetration length, i.e., on the material 
properties

Space resolution associated to the size 
of the electron focal spot, not to the 

collection of secondary electrons

Microanalysis methods can be 
implemented in SEM
(e.g..: X-ray Photoelectron Spectr. - XPS,
Rutherford BackScattering - RBS,
Secondary Ioniz. Mass Spectr. - SIMS, …)

A few words on contrast mechanisms in SEM
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Scanning Electron Microscope (SEM)

Scanning Electron Microscope (SEM)
relates to electron beam lithography

as
Optical Microscope

relates to optical lithography

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

LaB6: j~1x106 A/m2

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

Probe lens
Focus onto the sample

Scanning stage

Spherical aberration

Chromatic aberration

diffraction

Electron optics similar to 
conventional optics in terms 
of problems and strategies
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Transmission Electron Microscope (TEM)
TEM for imaging TEM for diffraction SEM

Diffraction TEM can be achieved by simply modifying the numerical aperture of the 
collecting electron optics (bright and dark field images)

Note the need for UHV environment and the serial (scanning) nature!
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Examples of high resolution TEM

Atomic resolution achieved along 
with structural information
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5. Writing patterns with electron beams

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)

Da Madou,
Fundamentals
of microfabr.
CRC (1997)

Excellent space resolution (similar to SEM/TEM, i.e., below 10 nm) 
but serial and complicated process, unsuitable for large-scale applications
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Electron beams for EBL

Actual space resolution associated to beam  focusing

Intense beams are required, but excess kinetic energy (ddp) should be avoided
field emitters (eventually, in arrays to mimic parallel writing)

Micro- and nano-fabbricated
field emitters

Cumbersome preparation and 
manipulation of charged-particle 

beams (e.g., Coulomb self-repulsion)
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Resists for EBL
Organics or inorganics thin films (e.g., fluorides, amorphous 

calchogenides, AsS, AsSe,…)

Technological problem of EBL: 
Inelastic scattering of particles

- Robust and compact resists needed
- Very thin resist layers to prevent 

inelastic scattering
- Extremely careful control of the dose

Space resolution strongly affected 
by the resist properties

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

projection” approach

The SCALPEL technique
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Focused Ion Beam (FIB)

Focused ion beams 
(accelerated) can be used 

as well (typ., for 
nanomachining)
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6. Alternative approaches based on atom optics

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 optical lithography

Main ingredient:
Atom optics, i.e., laser manipulation (cooling) of neutral atoms

See 
http://nanocold.df.unipi.it
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A few words on atom optics

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

Meschede Metcalf
JPD (2003)

The standing wave behaves like an array of 
microlenses for the atoms (in terms of atom optics)
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Beams for atom lithography

1. Intensity --> reasonable exposure times

2. Collimation --> reduce aberration effects

Laser cooling technologies enable a suitable beam conditioning

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

Materials to be employed in resist-
assisted atom lithography

alkanethiols self-assembling 
monolayers (SAM)

The technique can be applied only to 
a few atom species (at least, so far)
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1D standing wave 2D standing waves

Cr Cr Cr

Na
Timp et al. PRL 69 1636 (1992)

McClelland et al. 
Science 87 262 (1993)

Gupta et al. 
APL 67 1378 (1995)

Drodofsky et al. 
Appl Phys B 65 755 (1997)

Holographic lithography

Mützel et al. PRL (2002)

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

Gallery of examples
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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
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Our “own” results (direct-deposition)

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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7. An emerging simple nanotechnology: nanoimprint

Soft-materials (e.g., organics) 
can be efficiently embossed at 

the nanoscale)
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UV-assisted nanoimprint

Termomechanical or UV-assisted 
methods can be employed to 

replicate a master pattern with 
nanosized features (but how to 

make the original mask?)
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Conclusions

Optical lithography has been the dominant technique in 
microelectronics

Fundamental limitations exist preventing its exploitation in the 
nanotechnology realm

Efforts are being devoted to overcome limitations, but new 
appraches are (or will be soon) needed

Electron microscopy and lithography allow for neglecting 
diffraction effects, but exhibit practical limitations as well

Atom lithography might represent a viable alternative (also in 
view of bottoms-up implementations)

Very simple and efficient methods, as nanoimprint, are 
emerging as well


