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Introduction to the topic I

Within the term lithography we often  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., for negative or positive lithography), thus to transfer the defined 
pattern to the substrate

Note: sometimes, instead of etching, direct deposition can be used (as we will see, e.g., in 
atom lithography), leading to a bottoms-up process

Thus, lithography comprises of several aspects, including, e.g.,:
-Methods for “ink” patterning;
-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)
- definition of arbitrary patterns

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

“Protected” regions

Simplified picture of a subtractive process
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Introduction to the topic III

MRS Bull., vol. 30 (dec. 2005)

New technologies to 
appear in the mid-term

Present technologies 
to be pushed at their 
limit in the short-term 

(one decade?)
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Outlook

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

2. Projection lithography and optical microscopy: the (unavoidable) 
problem of diffraction and space resolution

3. A few words on confocal microscopy

4. Strategies to improve space resolution in lithography:
i. “optical” methods;
ii. “chemical” methods:
iii. decreasing the wavelength…

5. A few words on X-ray lithography and its technological limitations
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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
(e.g., in the impression or 
etching stage)
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Example of process flexibility in lithography

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

Liftoff
(additive litho.)
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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 broken bonds = G*dose/100
With dose expressed in eV: Gtyp ~ 1-10
(i.e., typ quantum eff ~ 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 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 affects 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 implemented 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 methods!)

Lithography Microscopy

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

(mask aligner)
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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) 

Reminders of optical microscopy

Arbitrary magnification seems feasible (by 
choosing arbitrarily short focal lengths for 

the optical components)

Depth of field decreases as numerical 
aperture increases (related to resolution)

In lithography:
High magniication → short focal lenghts →

increased NA → decreased d →
thin resist needed!
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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 microscopy and lithography 

a ~ λ
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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: 
NA = n sinα , with n refractive index)

Rayleigh

Da Brandon Kaplan
Microstruct. Charact.

of Materials
Wiley (1999)
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A (qualitative) look at Fourier-transform optics

A surface pattern ƒ(x,y) (i.e., an object to be imaged!) can be 
always described in terms of a (2D) Fourier superposition

Fourier components are function of the reciprocal space kX kY : 
f(x,y) = ∫ f’(kX, kY,) exp(-ikX x) exp(-ikY y) dkX dkY

Large kX (and kY) values imply large angular displacement

A faithful pattern reproduction (i.e., an accurate image) implies 
collecting the largest number of kX and kY 

Large numerical aperture (NA=nSinθ) needed for high resolution

z

x

α

Illumination

Collection optics

Detector

Object (pattern)

z

x

α

Illumination

Collection optics

Detector

Object (pattern)

butbut

In non point-like illumination schemes (conventional) rays emitted 
from different points of the surface can be collected

Large numerical aperture leads to sensitivity to “stray light”

Contrast falls down and high space resolution is hampered 

Contrast (i.e., signal-to-noise) affects the ultimate resolution
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3. Improving resolution:
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), i.e., close to the 
diffraction limit

“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) Scanning technique!
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Space resolution in optical lithography I

Confocal schemes can be used to push resolution 
of an optical microscope towards the fundamental 
(diffracion) limit, but technique is scanning (no more 
parallel) and requires transparent samples ⇒ small 
interest in lithography

Half-pitch, critical size, space 
resolution in lithography

MRS Bull., vol. 30 (dec. 2005)
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Space resolution in optical lithography IIDa 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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More on space resolution
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Modulation transfer function

Pattern contrast affected 
by optical diffraction

Contrast relevant in ruling 
photoresist impression

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

“Space resolution” ~ k λ/ΝΑ
 with k ~ 0.5-0.9

How can it be improved?
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4. Strategies to improve resolution

Example: features ~ 
100 nm made with  350 

nm radiation

Great efforts devoted in the past to push resolution down to 
the diffraction limit (or even slightly below)

Mostly, optics and “chemistry” are involved into

+ etching process

AA

BB

C,DC,D

E,FE,F
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A. Off-axis illumination

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

(Reminescent of confocal microscopy issues)
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B. Phase-shifting masks I

Retardation of light engineered to 
improve interference contrast (suitable 
for periodic or semiperiodic patterns)

Material and complexity issues
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Reminders of light polarization
Phase-shifting masks act like half-waveplates to invert the (linear) polarization of the illumination beam

http://www.cvilaser.com
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Phase-shifting masks II
Attenuated Phase Shift Masks (AttPSM) form their patterns through adjacent 
areas of quartz and, for example, molybdenum silicide (MoSi). Unlike 
chrome, MoSi allows a small percentage of the light to pass through (typically 
6% or 18%). However, the thickness of the MoSi is chosen so that the light 
that does pass through is 180° out of phase with the light that passes through 
the neighboring clear quartz areas. The light that passes through the MoSi 
areas is too weak to expose the resist, however the phase delta serves to 
"push" the intensity down to be "darker" than similar features in chrome. The 
result is a sharper intensity profile which allows smaller features to be printed 
on the wafer.

AltPSMs employ alternating areas of chrome and 180 degree-shifted quartz to 
form features on the wafer. AltPSM is a powerful but complex technology. The 
process of manufacturing the mask is considerably more demanding and 
expensive than that for Binary masks. Furthermore, the AltPSM must be 
accompanied by a second "Trim" mask, resulting in extra cost and decreased 
stepper throughput.

http://www.asml.com
http://www.dnp.com
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C. Anisotropic etching

Silicon oxide

Diligenti et al.
APL 75 489 (1999)

Etching can lead to reduce the 
feature size (not the pitch, though)

Mask alignment

Crystalline
Silicon core
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D. 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”)

(Sometimes) by playing with etching 
process, results can be achieved 

comparable to electron beam lithography 
(once more, feature size, not pitch)
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E. Interference (holographic) lithography

The mask is replaced by an interference pattern

Feature size can be pushed well below diffraction limit

SEM image
JM Carter et al., MIT Annual Report 2003

MRS Bull., vol. 30 (dec. 2005)

Pitch improved but 
only space-regular patterns can be achieved

and covered area is typically small
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F. Immersion lithography

Resolution is inversely 
proportional to n

NA can be improved but technical and material 
issues exist (thin liquid layer, absorption of 

light, decomposition, …)
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Light sources for optical lithography

EXCIMER LASERS: lasers with an electric discharge plasma as gain medium, in which optical gain is generated by excited dimers (or other 
molecules) with an anti-binding electronic ground state

An excimer laser is a powerful kind of laser which is basically always operated in the ultraviolet (UV) spectral region and generates nanosecond 
pulses. The excimer gain medium is a gas mixture, typically containing a noble gas (rare gas) (e.g. argon, krypton, or xenon) and a halogen (e.g. 
fluorine or chlorine, e.g. as HCl), apart from helium and/or neon as buffer gas. An excimer gain medium is pumped with short (nanosecond) current 
pulses in an electric discharge (or sometimes with an electron beam), which create so-called excimers (excited dimers) – molecules which represent 
a bound state of their constituents only in the excited electronic state, but not in the electronic ground state. (Precisely speaking, a dimer is a 
molecule consisting of two equal molecules, but the term excimer is nowadays understood to include asymmetric molecules such as XeCl as well. 
The term rare gas halide lasers would actually be more appropriate, and the term exciplex laser is sometimes used.) After stimulated or spontaneous 
emission, the excimer rapidly dissociates, so that reabsorption of the generated radiation is avoided. This makes it possible to achieve a rather high 
gain.
Typical excimer lasers emit pulses with a repetition rate up to a few kilohertz and average output powers between a few watts and hundreds of 
watts, which makes them the most powerful laser sources in the ultraviolet region, particularly for wavelengths below 300 nm. The power 
efficiency varies between 0.2% and 2%.

NOW

timetime

Rather obvious recipe to further improve space resolution: decrease the wavelength
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Search for shorter (radiation) wavelengths

Continuous development of laser 
sources with smaller and smaller 

wavelengths (DUV/VUV)

VUV implies:

Material absorption issues

Radiation handling issues

Optimistic forecasts??

Excimer Wavelength
F2 157 nm
ArF 193 nm
KrF 248 nm
XeBr 282 nm
XeCl 308 nm
XeF 351 nm

Not all wavelengths 
are accessible!!
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5. 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 masks

Mask 
materials

Technological limits of XRL

Large scattering of secondary 
electrons limits the resolution

Penumbral blur
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Conclusions

Optical lithography has been the dominant technique in 
microelectronics and still plays a relevant role (this decade, at least)

Lithography and microscopy are “complementary” techniques 
sharing common problems

Fundamental limitations exist preventing its exploitation in the 
nanotechnology realm (problems for the next decades)

Efforts are being devoted to keep the pace of miniaturization (as far 
as possible)

Technical complexity is growing up, technological limitations (e.g., 
materials) appear

Alternative nanofabrication approaches urgently needed!!


