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Outlook

1. The mother of all SPMs: Scanning Tunneling Microscopy (STM): 
mechanisms and instruments to investigate local electronic properties

2. SPM based on probing mechanical forces: 
A. Atomic Force Microscopy (AFM);
B. Variants (lateral, electrostatic, magnetic forces,...)

3. Sub-diffraction properties of electromagnetic waves:
A. Scanning Near Field Optical Microscopy (SNOM);
B. SNOM-based “nanoscopies”

4. “Lithographies” (better denoted as “nanomanipulations”) associated with:
A. AFM;
B. STM;
C. SNOM
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Scanning Tunneling 
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Atomic Force 
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Scanning Near
field Optical
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STM SNOMAFM

Electron tunneling Force microscopy Optical near-field

3. Scanning Near Field Optical Microscopy (SNOM)

Locally probed quantity

SNOM holds the unique ability to analyze optical properties with sub-diffraction space resolution
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Introducing near-field and SNOM

Main motivation: extending optical microscopy (and sepctroscopy) analyses into the nanoworld
(which implies to overcome the diffraction limit!!) 

Optical near-field: an e.m. field with frequency in the optical range and a non-propagating nature
Near-field is the probed quantity in SNOM, and can be exploited in many different configurations

Apertured probe

“Reflection” and 
“transmission” 

microscopy

Apertured tapered 
optical fibers;
Hollow cantilevers;
Etc.

(Also for 
electroluminescent 
samples)

EMISSION MODE 
(the near-field interacts with the sample 
and the result of the interaction is 
collected and analyzed in the far field)

COLLECTION MODE 
(the near-field produced by conventional 
irradiation is collected by the near-field 
probe )

Other configurations can be involved, e.g., apertureless, “photon tunneling”, etc.
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Most common SNOM probe: 
tapered optical fiber, with 

metallization and apical aperture 
a<<λ (aperture-SNOM)

SNOM probes (tapered fibers) I

Typical aperture diameter: 
50-100 nm

Different configurations for SNOM exist

Here we will mention mostly aperture-SNOM, 
which often exploits tapered optical fibers as 
probes
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SNOM probes (tapered fibers) II

Materiale tratto da Antonio Ambrosio
PhD Thesis Applied Physics, Pisa, 2005

Conventional probe fabrication An alternative technique

An alternative probe

Many probes are available, including 
hollow cantilevers (similar to those for 
AFM, but with a pyramidal aperture)
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Tom Hunt
http://www.physics.harvard.edu/~tomhunt/pubs/evanescent.pdf

Example of non propagating fields: the evanescent wave

Physical situations exist where 
e.m. field is not propagating 
(see, e.g., evanescent waves)

Et[r,t] = E0texp(i(kt·r-ωt))
kt·r=ktxx + ktzz
ktx=ktsinθt ; ktz=ktcosθt

With Snell’s law:
ktsinθt = n1ktsinθi/n2 
ktcosθt= ±kt (1-n1

2sin2θi/n2
2)1/2

= ±i kt (n1
2sin2θi/n2

2-1)1/2 = ±i β

Hence:
Et[r,t] = E0texp(-βz) exp(i(kxx-ωt))

X

Z

n1

n2

n1 >n2
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Materiale tratto da Antonio Ambrosio
PhD Thesis Applied Physics, Pisa, 2005

Non propagating fields and diffraction
Diffraction and the Heisenberg’s microscope

Propagating waves: 
ki are real and |kx | ≤ k = 2π/λ

Heisenberg’s principle: kx ≥ 2π / Δx

Δx ≥ λ 
(actual parameters give the Abbe’s limit)

… but …… but …

In non-propagating (e.g., evanescent)
waves: 
ki can be imaginary, and, e.g.: |kx | ≥ k = 2π/λ

The Heisenberg’s principle is no longer 
ruling the ultimate resolution!

Sub-diffraction space resolution 
associated with the non-

propagating character of the field
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SNOM probe can “convert” 
near-field into far-field 
(especially relevant in 

collection mode)

Near-field “conversion” to far-field

Da Wiesendanger Ed., Scanning 
Probe Microscopies (Springer, 1998)

http://www.chem.vu.nl/~sneppen/literaturereport.pdf
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Suggested reading: Hecht et al., J. Chem Phys. 112, 7761 (2000).

Note: metal layer (typ Cr, Ni) can absorb 
radiation power entering the fiber cannot 
exceed the mW range!

Note: probe “throughput” (i.e., ratio between 
output/input power) is quite low for fiber
probes, ~ 1E-5 – 1E-8, but near field 
intensity can be large enough

A qualitative picture of tapered fibers

θi,n = θi,n-1 – α

α

A simplified ray optics picture  in the 
tapered region. Light can both:
- be back reflected
- (partially) absorbed by the metal layer
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Near-field throughput

http://xray.optics.rochester.edu/workgroups/novotny/snom.html

Little power is coupled into the near-field!
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Optical Near Field and Fourier optics

a > λ a ~ λ a << λ

Ideal case (e.g., studied in the 
20’s by Synge and reworked in 
the 40’s by Bethe): radiation 
sent onto a conductive plane 
with a subwavelength circular 
or elliptic aperture

When aperture diameter is (much) 
smaller than the wavelength, far-
field (propagating) intensity gets 
negligible compared to near-field 
(non-propagating) intensity  

The subwavelength aperture acts as a 
hi-pass filter for the spatial frequencies

In terms of Fourier optics, the subwavelength 
aperture produces radiation with extremely high 
spatial frequencies (transverse wavevectors) 
→ space resolution no longer limited by diffraction

Unperturbed 
propagation

Diffraction Near-field
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Optical Near Field and Maxwell eqs. I

Vector potential

Scalar potential (in the Lorentz gauge)

Potentials and charge, currents density

In the far-field (retardation effects!):

Da Chiara Roda
www.df.unipi.it/~roda/fisica2/postscript/potenziali.ps 

Typical approach to radiative problems is based on 
manipulations of Maxwell’s eqs exploiting potentials 
(scalar and vector)

Retardation (inside the 
emitter) is neglected, i.e.,
emitter is considered 
pointlike

Retarted potential methods allow to 
derive potential wavefunctions
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Optical Near Field and Maxwell eqs. IIOptical Near Field and Maxwell eqs. I
Explicit field solution in the far-field 

Explicit field solution in the near-field 

Suggested reading: Jackson, Classical Electrodynamics

Nicola Paradiso, Tesi di Laurea in Fisica, Pisa 2005

The field close to the emitter 
(the near field) holds unique featuresStatic dipole means non propagating (the oscillating temporal behavior 

is indeed preserved)!
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Near-field space distribution of 
electric and magnetic fields in the 
ideal case can be approximated with 
two mutually orthogonal dipoles 
(electric and magnetic, respectively)

Electric/magnetic dipoles in the near-field

Materiale tratto dal seminario di Stefano Tirelli, 2006

Behavior of electric and magnetic fields

Near-field condition
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Optical Near Field and Maxwell eqs. III

Bouwkamp, following Bethe’s ideas, carefully considered the boundary conditions

50’s
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Da P.Prasad, Nanophotonics 
(Wiley, 2004)

How to calculate the actual near-field distribution

Detailed description of the near field 
produced by actual probes requires 

sophisticated numerical methods and 
accounting for multipole distributions
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Actual calculations: an example

simulation

Bethe case

Actual space distribution of the 
near-field can differ from the 

ideal case 

In a tapered optical fiber near-field distribution can 
be simulated by considering nanosized emitters
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Actual calculations: another example

In any case, near-field distribution gets a maximum value for apertures ~ 0.1 λ
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The space distribution of the near-
field (confined within a distance ~ a) 

gives SNOM its sub-diffraction 
space resolution

Near-field extinction

In the presence of a non-propagating (evanescent) 
wave, field undergoes a fast extinction as a function of 
the distance from the aperture (z)

(ideal case, after Bethe)

“Normalized” field intensity as a 
function of the distance (r)
from the aperture (estimation)

In practice:
a ~ 50 nm (~ λ/10) and the field 
drops rapidly to zero for r > a 
(i.e., for r/λ ~ 0.1)
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How to concern a sample with the near-field

A distinctive feature of near-field is that its amplitude rapidly drops to zero within a range ~a

During the scan, the probe tip must be kept “close” to the surface (typ at a distance < 10 nm)

“Constant gap” operation is strictly required for the SNOM images to be reliable

A method to continuously monitor tip/sample distance is needed
A feedback acting on the vertical piezo displacement is used (as, e.g., in non-contact AFM)

A topography image is simultaneously acquired during each scan, with a lateral resolution 
depending on the probe size, typ in the 100 nm range 

If the tip is kept in longitudinal oscillation, the oscillation 
amplitude depends on the distance due to shear-forces 
(mostly associated with friction of the air layers between 
tip and surface) 

Notes: 
Oscillation amplitude must be small (typ ~ 1 nm) to 
prevent resolution loss
Oscillation at resonance frequency is required to get 
maximum sensitivity
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Shear-force method

Shear-force method

• A dithering piezoelectric transducer keeps the probe tip in oscillation along a direction 
parallel to the surface

• Oscillation amplitude is monitored by a tuning fork
• When the distance gets smaller (typ., below 10 nm), the oscillation is damped (and 

phase is changed) due to shear-forces involving many effects (e.g., viscous interaction 
of the air layer between tip and sample)

• Similar to AFM in tapping mode, but for the oscillation direction, the relevant distance and 
the involved mechanisms

Fiber tip is glued onto a tuning fork
(a quartz diapason acting as a mechanical 
oscillator and showing capabilities to 
measure the oscillation amplitude)

To feedback circuit

Mech resonance spectrum 
(undamped oscillation)
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Operation modes for SNOM  

Illumination mode Collection mode

In illumination mode (the most common) the surface is concerned by the near field and 
the resulting scattered light is collected “in the far field” (either in transmission or reflection)

In collection mode the surface is illuminated by a propagating (conventional) field and the 
resulting scattered light is collected in the near field by the probe

Sub-diffraction space resolution is due to the non-
propagating character of the near-field

(typ resolution comparable to the aperture size, i.e., 
tens of nanometers)
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A very few words on apertureless SNOM

A nanoparticle, or a nanosized tip, 
irradiated by a propagating field, acts as 
a quasi-pointlike source of the near field
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Advantages:
Better space resolution (below 10 nm??)
No, or negligible, throughput limitations

Disadvantages:
Cumbersome operation
Stray light (in the far field)

Advantages of apertureless sources
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In addition, the tip/sample distance control, being based on a feedback system, 
allows acquisition of topography maps simultaneously with every SNOM scan (with 

a space resolution in the tens nm range)
Morphological and optical information acquired and compared at a glance!

3.B What can be measured by SNOM
The effects of the local interaction between the sample surface (i.e., a layer with 
thickness comparable to the near field range) and the near field photons are recorded

They can be regarded as analogous (but for the sub-diffraction resolution and the surface 
origin) of conventional optical transmission and/or reflection measurements (depending 
whether the sample is transparent or opaque)

Non propagating behavior of the exciting near field can however play a role (for instance, 
specific polarization can give access to otherwise forbidden transitions, …)

Local variations of the “refractive index” can be derived by analyzing the scattered 
radiation
In case of emitting (photoluminescent) samples, fluorescence can be excited by the 
near field, and photoluminescence maps can be acquired
By implementing a polarization control system (see later on), optical activity of the 
sample (e.g., dichroism, birifringence) can be analyzed at the sub-diffraction level
More advanced spectroscopy (e.g., Raman) can be carried out 

Collection mode can be used to map emission of, e.g., electroluminescent devices
Also, evanescent radiation, e.g., stemming from a waveguide surface, can be mapped

Examples

Examples
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Examples of SNOM in reflection mode I

Topography (shear-force) SNOM image (reflection)
NiFe stripes embedded in 
an alumina matrix

5

4
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0

μ m

543210

Grain

Grain

8

6

4

2

YBCO/YSZ/NiFe 
multilayer 
deposited by PLD

Compositional differences 
(e.g., two-phase materials or 

structural fluctuations) 
associated with variations in 

the optical properties (i.e., 
refractive index) 

are evidenced in SNOM with a 
sub-diffraction space 

resolution
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Examples of SNOM in reflection mode II

Contrast enhancement due to 
the use of optical signals

Buried structures can be 
detected (when using 
illumination light at a 
wavelength transmitted by the 
upper layers of the device)
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Examples of SNOM photoluminescence

Single, isolated nanostructures, 
nanoparticles, or emitting molecules 

can be analyzed in spectral termsDa Wiesendanger Ed., Scanning 
Probe Microscopies (Springer, 1998)
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SERS and TERS microscopies
Light scattering from a nanoparticle or a tip (apertureless SNOM) 
is used to locally enhance the field distribution allowing reliable 
acquisition of (weak) Raman signals

Spectroscopy for advanced 
characterization of materials can be 

carried out at the very local scale

confocal Apertureless-SNOM
(TERS)
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SNOM with polarization modulation (PM-SNOM) I

A system is used to 
control the polarization 
of the laser light 
entering the fiber 
probe: polarization is 
linear but continuously 
rotating (at a 
frequency typ. in the 
kHz range)

Optical activity of samples 
(e.g., dichroism, 

birifringence) can be 
anlyzed with sub-diffraction 

space resolution

Michele Alderighi, Tesi di Laurea in 
Scienza dei Materiali, Pisa 2003
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PM-SNOM II

A viable example of application:
Investigation of host-guest systems (high density PET matrix 
containing a dispersion of molecular chromophore)
Mechanical stretching of the polymer film leads to linear dichroism
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PM-SNOM III

Information on the sample properties (and suggestions to improve the 
fabrication process) can be found which are masked in conventional 

(macroscopic) polarimetry
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4. “Lithography” with SPMs

“As usual”, (scanning probe) microscopy is “accompanied” by (scanning probe) “lithography”

In this case, the term “lithography” can be better replaced by “manipulation”, since position 
and/or local properties of the matter can be modified, i.e., manipulated, by SPMs

Indeed, as we will see with several examples, matter can be manipulated at the 
nanometer or sub-nanometer level by using SPMs in order to fabricate nanostructures or 
prototypal nanodevices (the latter we will see in the following)

This kind of “lithography” is obviously serial, due to the scanning nature of SPMs, 
and not suited for industrial environment, though attempts are being made to get 

some parallel character (e.g., by using several probes in parallel)

Wide variety of methods can be envisioned: we will mention here in the following a few of 
them, based on AFM, STM and SNOM

Their relevance is in fabrication, in surface modifications, in nanowriting for data storage
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Examples of surface nanomodifications

Roughly speaking, we can for instance: 
Modify the surface, e.g. by mechanical scratching (nanoindenation) or by electrical means 
(STM-based);
Induce “chemical” modifications on the surface (mostly STM-based), including resists 
impression (lithography);
Manipulate single atoms or nanoparticles on the surface (AFM and STM-based);
“Write” patterns on a material surface for data storage purposes (mostly SNOM-based)

Many different tools and 
methods have been proposed!

Space resolution is typically 
excellent

A few examples
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4.A. Nanoindentation and AFM
http://www.nanoindentation.cornell.edu/

(Nano)indentation is a common technique to ascertain 
elastic/plastic behavior of the materials
(if carried out with a load modulation, also surface 
viscoelasticity can be analyzed)

Data pertaining to the elastic modulus and to the plastic 
behavior (e.g., shear modulus) can be attained and 
comparison with macroscopic results (e.g., Vickers 
hardness, Rockwell,…) may lead to interesting insights 
on the microscopic nature of surfaces and nanostructures 

Plastic deformation

Elastic recovery
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Surface modifications and scratching

http://www.veeco.com

AFM tip can be used to produce a controlled indentation
(note: typ force is in the nN range, but indentation area can be
in the nm2 range, hence pressures in the GPa range can be 
easily achieved – remember that max elastic modulus is ~ 1 
TPa for diamond; shear moduli are typ in the 10 MPa range)

(Nano)scratches can be also obtained by scanning the tip (that 
involves nanotrobology issues)

Mechanical forces (pressures) in tip/surface 
interaction can be used to permanently modify 
the surface (nanoscribing on plastic materials)

Indent produced

Scratch produced
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More details on nanoindentation

Polymers can be 
plastically deformed

If thermoplastics are 
used (and tip is 

heated), deformations 
can be reversed
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Examples of indentation

Besides tribological and 
nanomechanical applications, 

nanoindentation can be envisioned 
as a nanofabrication tool or a data 

storage method

Da B. Bhushan, Handbook of 
nanotechnology (Springer, 2003)
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Another example of nanoindentation and scratch

Te-Hua Fang et al., Microelectr. J. 36, 55 (2005)

AFM indentation and 
scratching of polycarbonate

The highly controlled operating conditions of 
AFM (load, speed, tip position, etc.) opens the 
way to nanostructuring of (plastic) surfaces
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“Fast” ripple formation on soft substrate

Surface modifications on a large 
scale following mechanical 

interactions with the AFM probe
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4.B. Nanomanipulation by SPM

The excellent space resolution offered by SPM can be exploited also to:
• Manipulate (spatially) nanoparticles on a surface; 
• Produce very local (chemical) modifications of the surface;
• Induce chemical reactions on the surface involving additional “reactants”

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

The same instrument can 
be used to produce and 
assess the manipulation
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Nanomanipulation by STM: 
application of suitable voltages or 

voltage pulses can be used to 
“modify” (i.e., to damage) matter 

through field-emission from the tip

STM and nanofabrication
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Resist-assisted lithography with STM I 

The local electric field produced by 
the STM tip behaves similarly to the 

electron beam in EBL

Lithography can be accomplished 
only in a serial manner, but resolution 
can be excellent (without the need for 

complex EBL setups)
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Resist-assisted lithography with STM II 

Conventional technology (e.g., liftoff) can 
be combined with STM lithography
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Electric fields locally applied by STM 
can induce local modifications, 

decomposition, chemical reactions, 
structure growing, ...) 

Nanofabrication by STM

STM-induced deposition 
from precursors in ambient 

atmosphere
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Defects can be “excited” (or created) 
by local tunneling currents

STM nanomodifications I

Field-induced migration of 
a single  P vacancy in a 

GaP surface 
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STM nanomodifications II

Charge tunneled from the STM tip can 
be “trapped” in the oxide layer leading 

to topography modifications
Or

Field emitted electrons can modify the 
surface (maybe, in a “resist-assisted” 

process)
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STM-controlled 
electrochemical 

reactions

STM nanomodifications III

Field-induced 
iodobenzene 

dissociation and 
diphenyl formation
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“Vertical” manipulation

Molecules or atoms can be “trapped” or “released” by the STM 
tip by simply varying the bias voltage
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Nanomanipulation of Xe 
atoms on a Ni surface

“Lateral” manipulation of single atoms I

Suggested reading:

Nanomanipulation of Ag 
atoms on a Ag surface

Typically, LowTemperature STM are used (e.g., to 
prevent atom diffusion)
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Quantized density of 
states at the corral centre

Fe quantum corral

Artificial quantum structures 
can be produced by placing in 
close proximity different atoms 

(physisorbed) on a surface

“Lateral” manipulation of single atoms II
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“Lateral” manipulation and surface reconstruction

Surface reconstruction: 
practically, atoms 
belonging to the surface 
can be displaced from 
one site to another

Molecular manipulation
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www.ntmdt.ru 

4.C Resist-assisted nanolithography with SNOM

SNOM (in emission mode) represents a very local 
scanning source of light, hence allowing for a (serial) 
implementation of optical lithography
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SNOM “nanowriting” I

However, SNOM capabilities seem particularly appealing in the area of “nanowriting” (of 
photosensitive materials) for extreme data storage applications (serial reversible process)

Purely light-driven optical modifications 
are accessible (without any morphology 

change?)

Fast and reversible writing

Basic idea:
To modify the optical properties of a 

photoaddressable material (i.e., to write) on a 
very local scale through a light-controlled 

mechanism and to read by the same method 

… but …… but …

Suitable materials are needed
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Photopolymers I
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Photopolymers II

Photopolymers can be 
engineered to improve their 
properties (e.g., to limit the 
topography changes upon 

irradiation)
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Material engineering
Write mechanism

Antonio Ambrosio, PhD Thesis Appl. Phys., Pisa 2005 (unpublished)

SNOM writing is based on a 
(reversible) modification of 

optical properties following azo 
isomerization (remember: trans 

and cis have a different 
geometry and exhibit different 

birifringence properties)

SNOM “nanowriting” II
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Examples of nanowriting (topographical)

Topographical nanowriting 
(due to local photoinduced 

mass migration)

Antonio Ambrosio, PhD Thesis Appl. Phys., Pisa 2005 (unpublished)

Mass-migration model

Material is “attracted” (or 
“repulsed”) by the light 
gradient: slow process!
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Optical writing result in the 
formation of a pattern of 

optically-active regions (i.e., in 
such regions azo-groups 

birifringence is used to modify 
the transmission of a 

polarized light)

Examples of nanowriting (optical)

Promises exist for a ultra-high 
dense writing of information 

(estimated above 10 Gbit/cm2)

PM-SNOM is used for reading
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Conclusions

Exploitation of a probe able to “produce” (or “detect”) an optical 
near-field allows to overcome limitations due to diffraction in the 
space resolution of conventional microscopy 

Spectroscopy methods (including advanced ones) can be 
transferred to the local scale thanks to SNOM

The excellent space control offered by SPM can be exploited 
also for fabrication (nanomanipulation) purposes, leading to 
techniques with a poor applicative potential (slow, complicated), 
but with enormous capabilities in a bottoms-up context, compatible 
also with “soft” (typ organic) matter


