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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)

... BUTBUT ...

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 up



Fisica delle Nanotecnologie 2007/8 - ver. 6b - parte 5.1 - pag. 5

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 physical effects can be investigated

A few examples of SPMs
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A few preliminary considerations on scans

Normally, a raster scan is applied:

- Scan addresses an array of discrete, equispaced 
“pixels” (e.g., 64x64, 128x128, 256x256,…);

- Scan speed is different for one and the other directions 
(fast and slow scans, respectively);

- Forward (trace) and backward (retrace) scans along 
the “fast axis” are typically acquired;

- Forward/backward comparison is routinely used to 
assess the scan quality (unless it is used to derive some 
physical quantity, as in LFM) 

Fast forward
Fast bacward

Slow

The acquisition speeds depends on:
- Time response of the scanner (typically a few ms for nm-sized displacements);
- The signal-to-noise of the quantity to be probed and acquired (through μs to s depending 
on the nature of the measurement) 

Rule of thumb: fast acquisition are more suited to higher resolution
(in order to prevent thermal and mechanical drifts) 
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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)

Displacement as small as ~ 0.1-0.5 
nm/V (along Z) are possible

Typical “scanner sensitivity”:
~1-10 nm/V (along Z)
~1-100 nm/V (along XY)

Typical driving voltages up to ±250 V

Typical min driving step size (16 bit) 
~10 mV
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Scanner-related artifacts I

Artifacts mean the presence of spurious 
information in an SPM image
The easiest way to approach the artifact problem 
is in AFM (we’ll see soon how it works!)
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Scanner-related artifacts II

(Image) post-processing can help
(but can also introduce new artifacts, as well…)
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Nanometer Accuracy in 1 Millisecond with 50-Picometer 
Resolution
PicoCube® systems provide resolution of 50 
picometers and below. The ultra-fast XY/XYZ piezo 
drives offer resonant frequencies of 9.8 kHz in Z 
and >3 kHz in X and Y! The high resonant 
frequency and high-bandwidth capacitive feedback 
allow step and settle to 1% accuracy in as little as 
one millisecond.

Closed-loop scanners

Problems associated with the scanner geometry 
can be solved by using different scanner 
configurations (e.g., non cylindrical)

Problems associated with non-linearity, 
hysteresis, drifts, can be solved by using closed-
loop scanners (displacement is indipendently 
measured, e.g., by capacitive or interferometric 
or resistive means, and a loop is applied)

Excellent performances presently achievable
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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): contact and non contact modes
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 denoted as “nanomanipulations”) associated with:
A. STM;
B. AFM;
C. SNOM
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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 typically 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 I

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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Basics of Scanning Tunneling Microscopy II

Huge potential in analyzing 
surfaces with extremely high 

space resolution
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Reminders of tunnel effect I Da Eisberg Resnick, Quantum Physics
Wiley (1985)

Depends on E/V0 
and a 
(exponentially)

Depends on E/V0 and a
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SIngle barrier tunneling

Da Eisberg Resnick, Quantum Physics
Wiley (1985)

Reminders of 
tunnel effect II

(Single barrier) tunneling of 
electrons through tip and 

surface (or vice versa, 
depending on bias polarity) is 

the key point of STM
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More on tunneling current I

Effect of bias voltage
(asymmetric barrier)
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The MIM junction I

WKB

1 2 
electrons

Asymmetric 
(arbitrary) 
barrier

Net 
tunneling 
current

Density of 
states
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The MIM junction II

Linear dep.

Parabolic 
dep.
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J-V curve depends on materials

J is representative of local density of states

Measured tunneling current in STM

Field emission
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Quantum approach to tunneling in STM

Many papers address the problem of 
tunneling within a quanto-mechanical 
frame, as, e.g.:

Quantum approaches underline the 
dependence on matrix elements and 
wavefunctions (better, density of states)
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Bardeen (quantum) approach to tunneling

Quantum mech. 
Treatment 

Tunneling gets a local 
dependence (in the in-plane 

directions) because of 
Local Density Of States 

(LDOS)
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Local Density Of States I
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Local Density Of States II
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Lateral resolution in STM

“Atomic” resolution achievable 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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Feedback loop used to keep 
constant the tunneling current

“absolute” topography map

Modes of operation in STM

Constant current Constant height
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0.25 nm 0.14 nm

0.34 nm

2D-FFT2D-FFT

2 Å

Atomic resolution in STM I

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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Atomic resolution in STM II

Atomic resolution 
achievable on different 

materials (even non 
conductive)

Nonanethiol 
molecules on 
Au/Cr/Si
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Atomic resolution in STM III

A single pentacene molecule

Imaging the local 
density of states 
enables imaging 

“molecular orbitals”
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STM spectroscopy I

At one point over the surface, I vs V
and I vs Z curves can be acquired

STM offers analytical tool with unique 
space resolution capabilities 
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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 II: an example

Bias

Tunneling 
current 
(conversion 
factor 108)

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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Observed quantities in STM

J-V curve depends on materials

J is representative of local density of states
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Tunneling current spectroscopy

Local density of states can 
be readily probed

STM useful to reconstruct 
surface properties at the 

atomic level
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Current distance spectroscopy

Exponential decrease 
useful to point out surface 

electronic properties
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Density of states and workfunction imaging

Modulation techniques 
allow for imaging 

spectroscopic properties



Fisica delle Nanotecnologie 2007/8 - ver. 6b - parte 5.1 - pag. 38

STM of semiconductors: bias polarity effects

In semiconductors:
contrast mechanisms related to bias polarity



Fisica delle Nanotecnologie 2007/8 - ver. 6b - parte 5.1 - pag. 39

STM of semiconductors: resonant levels
In semiconductors:
(local) aps and energy levels detectable 
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An STM variant: sensitivity to spin

Magnetic-induced variations of 
electronic properties investigated by 

using a “magnetic” STM probe
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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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AFM probes

The local character of AFM relies on 
the availability of suitable probes
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Cantilever/tip fabrication: examples

Anisotropic etching

Nitride growth

Lithography

Removal etching

(Metallization)
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Many different cantilevers are 
commercially available

They are different for:
-Dimensions and shape, typ 0.1-0.5 mm:
-Elastic constant (materials and design, 
typ 0.05-50 N/m;
-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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Tip/sample forces

Various kind of forces do 
cooperate in providing the 
typical force vs distance 

behavior experienced in AFM
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A few words on elastic forces
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A few words on van der Waals I
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A few words on van der Waals II

Van der Waals interaction is based on different 
dipole/dipole interaction mechanisms, all leading 

to a r -6 behavior
This results into a r -m force on the cantilever 
depending on specific tip shape and distance 
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Not to forget: adhesion/capillary effects

Adhesion effects can further 
affect the interaction (unless UHV 

operation is performed!)
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Scanning Force Microscopy 

An optical lever method is used 
to detect the cantilever deflection
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Force vs distance curves

In the approaching step, force (i.e., cantilever deflection) vs distance plots have 
a typical behavior

Force vs distance curves can be used to get local information on the mechanical 
properties of the surface (force spectroscopy)

Note: we are discussing of the contact mode operation and tip might 
penetrate into the sample (as in nanoindentation – we will see later!)

Probe distance from sample
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Contact mode of operation

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

Realistic tip/surface potential
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Operation modes (AFM contact)

The most straightforward AFM operation mode involves “contact” (repulsive) forces
Constant height and constant force configurations are possible (the latter, the most 
common, is based on feedback)
Major drawback: surface degradation, especially with soft matter

Locally probing the (repulsive) force allows for 
topography and morphology reconstruction
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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

Non-contact modes of operation

Non-contact modes 
suitable for “soft” 

surfaces

No sample 
preparation is 

needed!!

Tapping mode
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Effects on the cantilever resonance

Cantilever oscillatons are 
strongly dependent on 

“damping” (both in terms 
of amplitude and 
frequency/phase)
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True non-contact mode

Vertical oscillation (tapping) is 
applied to the tip, at a frequency 
close to its resonance

Resonance frequency variations 
are measured

Feedback keeps the resonance 
frequency constant by changing 
the probe/sample distance, 
hence topography is 
reconstructed

Non-contact modes allow for 
analysis of soft surfaces
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Examples of other operation modes

Semicontact: the tip gets in “temporarily” 
contact  thus combining advantages of 
contact and non-contact

Force modulation: an additional contrast 
mechanim related to material properties is 
found and exploited 
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A very few examples of AFM images I

YBCO/YSZ/Ni

See http://www.veeco.com
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A very few examples of AFM images II

Huge variety of AFM applications!!

Multi-phase systems
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Phase imaging techniques

Materiale tratto da seminario PhD di Michele Alderighi, 2005

Dephasing between mechanical 
oscillation (e.g., the tapping 
oscillation) and the response of the 
surface (affecting the tip deflection) 
depends on the viscoleasticity of 
the surface (purely elastic vs 
Newton fluid)

Interpretation similar to a forced 
and damped mechanical oscillator

Topography map Phase map

Phase imaging:
- adds a contast mechanism;
- allows for local material analyses

Animations at www.ntmdt.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 obtained with “absolute” calibration

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 
locally occurring at the sample surface can be analyzed
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Lateral Force Microscopy (LFM, SFFM)

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

• (A+B)-(C+D) = normal force (AFM signal)

• (A+C)-(B+D) = lateral force (LFM signal)

Materiale tratto dal seminario di Cinzia Rotella, 2006
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Friction and topography: artifacts and genuine

Da B. Bhushan, Handbook of 
nanotechnology (Springer, 2003)

Trace (forward scan) Retrace (backward scan)

Friction force is always
oriented against motion!

From topography data (the space derivative…)

Lateral force data (Local) friction data

Lateral force data are always convuleted with topography (slope), but genuine 
information of the local friction can be derived by comparing trace and retrace and 

considering simultaneously acquired topography data  
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A

A B

B

Examples of LFM/SFFM images

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)
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A few words on nanotribology

Sliding motion of the AFM tip “in 
contact” with the surface turns out 
affected by “tribological 
mechanisms” at the atomic scale:
- Adhesion;
- Ploughing;
- Deformation

Friction models at the atomic 
scale must account for local  tip 
/surface interaction
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Stick-slip mechanism during the scan

Interaction potential accounts for 
the periodic surface potential 

KBr : theory KBr :LFM image Detailed and 
quantitative info can 
be achieved at the 

atomic level
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Magnetic Force Microscopy (MFM) 
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Electrostatic Force Microscopy (EFM) 

Basic idea: application of a ddp 
between tip at sample in order to be 
sensitive to electric forces, thus to the 
space distribution of charges on the 
sample surface and to its electrostatic 
potential

Modulation/demodulation techniques 
used to get direct information on 
various surface/tip interaction features

Excellent sensitivity to local charges

Application to electronic devices (also in operating 
conditions)

Application to ferroelectric materials (also know as 
Piezoelectric Force Microscopy - PFM)
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Operating modes in EFM 

Materiale tratto dal seminario di Nicola Paradiso, 2006

Double-pass technique 
to get rid of topography
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Examples of EFM images 

Electronic devices

Ferroelectric materials
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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, ...

STM is a powerful method to access local electronic properties 
of a surface (and, through a suitable feedback system, topography 
at the atomic level)

AFM extends STM capabilities to any kind of material surfaces 
(not restricted to conductive as in STM)

AFM “relatives” open the way to a wide variety of local 
measurements and imaging methods


