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Introduction: need for higher resolution tools I

• Due to diffraction, optical methods fail in poviding the required space resolution

• Nanometer or even sub-nanometer resolution can be achieved by using 
electron microscopy (SEM, TEM)

BUT

Contrast mechanism in electron microscopy are often indirect (they imply many 
effects)
Morphology can be quantitatively derived only for the in-plane features (poor 
info on the relative height)
Samples must be frequently prepared (made conductive, cut in thin slices,…)
Specific physical quantities (e.g., the local density of states, the magnetic 
or electrical polarization, the surface optical properties,…) cannot be 
directly measured  

Ability to measure local (“point”) physical quantities is 
required to investigate nanotechnology products
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Introduction: need for higher resolution tools II

ON THE OTHER HAND

• Optical lithography is unable to provide material control at the desired level
• In a conventional context, electron beam lithography (EBL) can be used with 

excellent space resolution results

BUT

Both optical and electron lithographies are thought essentially for top-down 
approaches
EBL involves accelerated charges, in a process inherently destructive 
Bottoms-up approaches, based, e.g., on nanoparticles, nanotubes, organics, 
are hardly compatible with the “aggressive” technology which has been 
developed for inorganics (silicon technologies) 
New, more flexible and more “gentle” techniques must be designed to 
access the full potential of nanotechnologies, at least in the laboratory 
environment (i.e., not necessarily suited for the industry)

Ability to manipulate the matter at the nanometer level is 
required to produce new nanotechnology
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Basics of Scanning Probe Microscopy (SPM)

Scanning:     piezoelectric translator
Probe: tip probing local properties
Microscopy: sub-micrometer resolution
(+ system to control tip/sample distance
+ electronics for instrument operation)

Developed starting since ’80s thanks to: 

Piezo translators with sub-nm resolution;
sub-nm probes

Various physical quantities can be measured point-by-point during the 
scan and an image (i.e., a map of the quantity) can be built
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Technique

STM
AFM
SFFM
MFM
EFM
SNOM
Ap-SNOM
...

Probed quantity

Electron tunneling 
Mechanical force
Friction force
Local magnetization
Local polarization
Optical properties
Optical properties
...

Resolution

atomic 

10 nm

50 nm

1 nm

SFM

Depending on the probe and on its interaction with the 
surface, a variety of quantities can be investigated

A few examples of SPMs
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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. Polarization-Modulation SNOM

4. “Lithographies” (better stated as “nanomanipulations”) associated with:
A. STM;
B. AFM;
C. SNOM
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A few details: piezoelectric scanner

Typ: hollow tubes made of PZT-
based ceramics with a multi-
electrode configuration aimed at 
controlling the displacement along 
different directions.

Main issues:
Linearity (possibly closed loop);
Hysteresis;
Distorted motion (artifacts).

Da C. Bai, STM and its applications 
(Springer, 1995)
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Scanning Tunneling 
Microscope

(STM)

Atomic Force 
Microscope

(AFM)

Scanning Near
field Optical
Microscope

(SNOM)

STM SNOMAFM

Electron tunneling Force microscopy Optical near-field

1. Scanning Tunneling Microscopy (STM)

Locally probed quantity

Historically, STM is the first working realization of SPM, and probably the simplest
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Electrochemical etching of W or 
Pt/Ir typ used

STM tip (probe) preparation

Very sharp tips can 
be obtained (ideally, 

terminated by a 
“single” atom)
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Basics of Scanning Tunneling Microscopy

BIAS voltage

STM:
Probe is a conductive tip
Sample (surface) is mostly conductive or semiconductive
A bias voltage is applied between sample and tip
Tip is kept at small distance from the surface (typ < 1 nm)
Tunneling current (typ in the pA range) is measured

The feedback provides a true (absolute) 
measurement of the height (topography) 
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Tunneling current

Extinction length

Local density of states

Exponential decrease



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 10  - pag. 12

Feedback loop used to keep 
constant the tunneling current

“absolute” topography map

Modes of operation in STM

Constant current Constant height



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 10  - pag. 13

Bardeen (quantum) approach to tunneling

Quantum mech. 
Treatment 

Local density of 
states is actually 
imaged in STM
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Tunneling current and STM

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

Extension to 
“high” bias
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Lateral resolution in STM

“Atomic” resolution achieved in STM
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0.25 nm 0.14 nm

0.34 nm

2D-FFT2D-FFT

2 Å

Atomic resolution in STM

Highly Oriented Pyrolithic Graphite (HOPG) substrates well suited as test samples

STM image - 3D view
Cs on HOPG (bias 0.5 V)

8 h after dep.

STM image – plan view
HOPG substrate, p < 10-8 mbar
5 nm x 5 nm scan (bias 0.5 V)

A few examples

Surface electron-
related features can be 

easily observed
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Bias polarity-related contrast mechanisms

Contrast mechanisms related to bias polarity
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Typical STM I-V 
curvesof different 

regions 
(covered/uncovered) 

STM image -
plan view

Cs on HOPG 
(bias 0.5 V)

8 h after dep.

STM spectroscopy

Bias

Tunneling 
current 
(conversion 
factor 10^8)

Possibility to discriminate 
“conductivity” of small-sized 

samples with an excellent 
space resolution

I-V curves can be 
acquired at different 
positions
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Scanning Tunneling Microscope (STM) III

“Spettroscopia” 
STM
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Scanning Tunneling 
Microscope

(STM)

Atomic Force 
Microscope

(AFM)

Scanning Near
field Optical
Microscope

(SNOM)

STM SNOMAFM

Electron tunneling Force microscopy Optical near-field

2. Scanning force microscopy (AFM and relatives)

Locally probed quantity

AFM is probably the most straightforward (and easy to understand/interpret) probe microscopy
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Cantilevers for the AFM 

Advanced microfabrication tools 
needed to obtain suitable probes
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Many different cantilevers are 
commercially available

They are different for:
-Dimensions and shape:
-Elastic constant (materials and 
design);
-Tip coating (conductive, super-hard, 
etc.)

Cantilever choice depends for 
instance on:
-Operation mode (contact/non 
contact);
-Quantities to be probed (e.g., if an 
electric field is needed, a conductive 
tip has to be used);
-Possible material manipulation (e.g., 
nanoindentation requires super-hard 
tips) 

Examples of commercial cantilevers
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Basics of tip/sample interaction

When the tip is approached to the sample (at sub-nm distance!), forces depend roughly 
on van der Waals interaction between the apical tip atoms and the surface

At “large” distance forces are weakly attractive, at “short” distance they are repulsive

Surface topography (height variations) can be sensed by monitoring the force, i.e., the 
cantilever deflection

When tip/sample distance is kept in the 
repulsive region, contact operating mode is 
achieved

When tip/sample distance is kept (mostly) in the 
attractive region, non-contact operating mode
is achieved
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Scanning Force Microscopy I

Contact mode of 
operation

An optical lever method is used 
to detect the cantilever deflection
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Scanning Force Microscopy II

In the contact  mode of operation, mechanical interaction leads 
to tip displacement, i.e., to cantilever deflection related to 
topography changes

As in STM (constant gap), typical operation foresees a feedback 
system, acting on the Z direction of the piezoscanner, which 
keeps constant the cantilever deflection during the scan 

The “error signal” of the feedback system provides a 
topography map (with a calibrated sub-nm space resolution)

Contact mode is suitable 
for rather rigid surfaces
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Dynamic 
operation

In non-contact (tapping) mode, the tip/sample distance is continuously 
modulated thanks to a vibrating tip 

Tip vibration is typically achieved by using a piezoelectric transducer fed by 
an oscillating voltage and mechanically coupled to the cantilver

Oscillation frequency is typically set around the mechanical resonance 
frequency of the system (cantilever+tip), i.e., hundreds of kHz

The vibration reflects in an oscillation of the position-sensitive detector 
(multiquadrant diode) and amplitude is monitored

Tip/sample interaction leads to a damping (and phase shift) of the recorded 
oscillation when the distance gets small

Suitably conditioned electronic signals are sent into the feedback system in 
order to stabilize the distance and to derive the topography map

Scanning Force Microscopy III

Non-contact modes 
suitable for “soft” 

surfaces

No sample 
preparation is 

needed!!
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A very few examples of AFM images

YBCO/YSZ/Ni

See http://www.veeco.com
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2.B. Force microscopies derived from AFM

The close vicinity between tip and surface realized in AFM opens the way for probing 
physical quantities other than the van der Waals interaction force

We have seen how AFM, based on the occurrence 
of tip/surface van der Waals forces, can map the 
local topography of the sample

The achievable space resolution can reach the 
atomic level, even though most common 
instruments are capable of a slightly smaller 
resolution (in the nm range, depending also on the 
sample properties!) 

No sample preparation is needed, and the 
topography map is derived in absolute terms

For instance, tribological and material quantities can be measured (e.g., friction, 
viscoelaticity, Young modulus, etc.) 
With suitable tips (conductive, magnetic), static and quasi-static electromagnetic forces 
can be derived locally occurring at the sample surface
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Lateral Force Microscopy (LFM, SFFM) I

During the scan, the tip is continuously displaced 
with respect to the surface

Friction forces occur, resulting in a twisting of the 
cantilever

Cantilever twist can be recorded by a two-dimension 
position sensitive detector (i.e., a 4-quadrant 
photodetector)

Friction effects can be corrected by the 
topographical artifacts by comparing forward and 
backward scans

Forward scan

Backward scan

Hysteresis loop
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A

A B

B

Microscopia a forza laterale (LFM, SFFM) II

LFM/SFFM offers an additional contrast 
mechanism

Possibility to discriminate different materials at 
the atom level

Nanotribology investigations can be carried out Da B. Bhushan, Handbook of 
nanotechnology (Springer, 2003)



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 10  - pag. 31

Magnetic Force Microscopy (MFM) 
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Electrostatic Force Microscopy (EFM) 
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Scanning Tunneling 
Microscope

(STM)

Atomic Force 
Microscope

(AFM)

Scanning Near
field Optical
Microscope

(SNOM)

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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SNOM probe: tapered optical fiber, 
with metallization and apical 

aperture a<<λ (aperture-SNOM)

SNOM probes (aperture-SNOM) I

Typical aperture diameter: 50-100 nm

Different configurations for SNOM exist

Here we will mention only aperture-SNOM, 
which often exploits tapered optical fibers as 
probes

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, ~ 1/10000, but 
near field intensity can be large 
enough
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SNOM probes (aperture-SNOM) 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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Optical Near Field I

a > λ a ~ λ a << λ

Ideal case (e.g., studied in 
the 20’s by Bethe): radiation 
sent onto a conductive plane 
with a subwavelength aperture

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

Near field space distribution in the ideal 
case can be approximated with two 
oscillating dipoles (electric and magnetic, 
respectively)
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Δx Δkx >2π

“The subwavelength aperture is a low-pass filter
for the spatial frequencies”

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

Optical Near Field II
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Da P.Prasad, Nanophotonics 
(Wiley, 2004)

More details on the near field

Detailed description of the near field 
produced by actual probes requires 
sophisticated numerical methods
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Tip/sample distance control

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
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Operation modes for SNOM I 

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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In illumination mode, once scattered 
from the surface,  photons acquire a 

propagating character
Detection of the scattered radiation 

can be carried out by using 
conventional (far-field) optics (and 
sub-diffraction space resolution is 

still given by the spatial extent of the 
exciting near field)

Operation modes for SNOM II 

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

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

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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A very few words on apertureless SNOM

A nanoparticle, or a nanosized tip, irradiated by a 
propagating field, acts as the quasi-pointlike source 
of the near field

Advantages:
Better space resolution (below 10 nm??)
No, or negligible, throughput limitations

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



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 10  - pag. 45

3.B. 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 s 
samplem (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”, the microscopy is “accompanied” by a “lithography”

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

Indeed, as we have already seen in several examples, matter can be manipulated at the 
nanometer level by using SPMs (e.g.: CNT or nanoparticle based MOSFETs)

This kind of “lithography” is obviously serial, due to the scanning nature of SPMs, 
and not suited for industrial environment, but 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 STM, AFM, and SNOM

Their relevance is in fabrication, in surface modifications, in nanowriting for data storage
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Nanomanipulation by SPM
Main objectives: 

The excellent space resolution offered by SPM can be exploited also to:
• Manipulate (spatially) nanoparticles on a surface;
• Produce very local modifications of the surface (physical and/or chemical)

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” (typ to break) matter

4.A. Nanomanipulation by STM I
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Nanomanipulation of Xe atoms on a surface

Electric fields locally applied by 
STM can induce local modifications, 

chemical reactions,...) 

Nanomanipulation by STM II
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Defects can be “excited” (or created) 
by local tunneling currents

STM nanomodifications I
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STM-controlled 
electrochemical 

reactions

STM nanomodifications II
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Resist-assisted lithography with STM

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

beam in EBL
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Fe quantum corral

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

(physisorbed) on a surface

“Lateral” manipulation of single atoms
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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
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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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4.B. Nanoindentation I

AFM can be used to 
induce local 

deformation to 
(plastic) surfaces

In thermoplastic materials, deformation can be 
recovered (as in the millipede!)



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 10  - pag. 59

Nanoindentation II

Besides tribological and 
nanomechanical applications, 

nanoindentation can be envisioned as 
a data storage method

Da B. Bhushan, Handbook of 
nanotechnology (Springer, 2003)
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4.C Nanowriting with SNOM I

Near field produced by a SNOM tip 
can be (obviously) used to induce 
local modifications of light sensitive 
materials: 
sub-diffraction resist-assisted 
optical lithography can be 
envisioned as well as 
nanowriting for data storage

Nanowriting accomplished 
frequently on azobenzene 
containing molecules in 
order to exploit the 
photoisomerization of this 
photosensitive polymer (as 
we have already seen)

See http://www.df.unipi.it/
gruppi/struttura/ma/page.htm
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Topographical nanowriting 
(due to local photoinduced 
mass migration)

All optical nanowriting based on 
birifringence induced by 
photoisomerization cycles of azo-
molecules (it can be detected by 
PM-SNOM) 

4.C Nanowriting with SNOM II
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Conclusions

Scanning Probe techniques have been developed thanks to 
advances in material fabrication (atomic probes), electronics (and 
piezoelectric translators), and methods of operation (e.g., the role 
of feedback)

Space resolution is excellent in SPMs (at the “atomic level” for 
some of them)

Most important: physical quantities can be measured (in 
quantitative terms) with SPM, as topographical height, surface 
density of states, optical properties, ...

Many SPMs have been developed, and the list is still growing

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


