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Outlook

• General features of Scanning Probe Microscopy

• Forces at the small and ultra-small scales: repulsive and attractive charatcer 
(contact, non-contact)

• Using the force at the small and ultra-small scales to imgae samples with 
unprecedented resolution: 

the Atomic Force Microscopy (AFM) and its variantsy ( )

• (to be discussed in the next seminars: how to use AFMs to measure 
mechanical properties at the nanoscale)
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Basics of Scanning Probe Microscopy (SPM)

Scanning:     piezoelectric translator
Probe: tip probing local propertiesProbe: tip probing local properties
Microscopy: sub-micrometer resolution
(+ system to control tip/sample distance
+ electronics for instrument operation)+ 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 upg ( , p q y) p
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A few examples of SPMs

Technique Probed quantity ResolutionTechnique

STM
AFM

Probed quantity

Electron tunneling 
Mechanical force

Resolution

atomic 

1AFM
SFFM
MFM
EFM

Mechanical force
Friction force
Local magnetization
Local polarization 10 nm

1 nm

SFM

EFM
SNOM
Ap-SNOM
...

Local polarization
Optical properties
Optical properties
...

50 nm

Depending on the probe and on its interaction with the 
surface, a variety of physical effects can be investigated
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A few preliminary considerations on scans

Normally a raster scan is applied: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;

Slow

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 backward

The acquisition speeds depends on:
‐ Time response of the scanner (typically a few ms for nm‐sized displacements);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 

t lli th di l t lcontrolling the displacement along 
different directions.

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

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

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

Typical driving voltages up to ±250 V

Typical min driving step size (16 bit)

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

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

Artifacts mean the presence of spuriousArtifacts 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(Image) post processing can help 
(but may introduce new artifacts, as well…)
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Closed-loop scanners

Problems associated with the scanner geometryProblems 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 interferometricmeasured, e.g., by capacitive or interferometric 
or resistive means, and a loop is applied) 

Nanometer Accuracy in 1 millisecond with 50‐picometer

Excellent performances presently achievable
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.
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2. Scanning force microscopy (AFM and relatives)

Scanning Tunneling Atomic Force Scanning NearSTM SNOMAFMScanning Tunneling 
Microscope

(STM)

Atomic Force 
Microscope

(AFM)

field Optical
Microscope

STM SNOMAFM

Electron tunneling Force microscopy Optical near-field(STM) (AFM) (SNOM)
g py

Locally probed quantity

AFM is probably the most straightforward (and easy to understand/interpret) probe microscopy
(and, for sure, the one with the largest worldwide diffusion)
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AFM probes

The local character of AFM relies on 
th il bilit f it bl bthe availability of suitable probes
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Microfabricated cantilevers
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Cantilever/tip fabrication: examples

Lithography

Anisotropic etchingp g
Removal etching

Nitride growth (Metallization)
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Examples of commercial cantilevers

Many different cantilevers are 
commercially available

They are different for:
-Dimensions and shape, typ 0.1-0.5 mm:
-Elastic constant (materials and design, 
t 0 05 50 N/typ 0.05-50 N/m;
-Tip coating (conductive, super-hard, etc.)

Cantilever choice depends for 
instance on:
-Operation mode (contact/nonOperation 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)tips) 
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Basics of tip/sample interaction

When the tip is approached to the sample (at sub-nm distance!) forces depend roughlyWhen the tip is approached to the sample (at sub nm distance!), forces depend roughly 
on van der Waals interaction (see Lennard-Jones) between apical tip atoms and 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 
til d fl ticantilever 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 modeattractive 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 indistance behavior experienced in 

AFM
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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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Hertz problem (continuous)

Solution in spherical simmetries

Hertz problem

Effective Young’s modulus for the 
material pair (springs in series)

tiptiptiptip

surfacesurface
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Hertz II
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Forces in AFM
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Not to forget: adhesion/capillary effects

Adhesion effects can further affect the 
interaction (unless UHV operation is 

performed!)performed!)
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Scanning Force Microscopy 

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

I h hi f (i il d fl i ) di l h i lIn 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 mechanicalForce vs distance curves can be used to get local information on the mechanical 
properties of the surface (force spectroscopy)

Probe distance from sample

Note: we are discussing of the contact mode operation and tip might penetrate 

Probe distance from sample

g p p g p
into the sample (as in nanoindentation – we will see later!)
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Contact mode of operation

Realistic tip/surface potential

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 

Contact mode is suitable
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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Operation modes (AFM contact)
The most straightforward AFM operation mode involves “contact” (repulsive) forcesg p ( p )
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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Non-contact modes of operation
Tapping mode

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 
ill ti lt d h i ll l d t th tilan 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

Non-contact modes 
suitable for “soft” 

surfaces
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

No sample 
preparation is 

needed!!
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
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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 resonanceclose to its resonance

Resonance frequency variations 
(and dephasing) are measured

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

Non‐contact modes allow for 
analysis of soft surfaces

Scuola Dottorato da Vinci – 2009/10 http://www.df.unipi.it/~fuso/dida – v. 1 ‐ part 4 –pag. 29Proprietà piccola e piccolissima scala



Examples of other operation modes

S i t t th ti t i “t il ”Semicontact: the tip gets in “temporarily” 
contact  thus combining advantages of contact 
and non‐contact

Force modulation: an additional contrast 
mechanism related to material (mechanical) ( )
properties is found and exploited 
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A very few examples of AFM images I
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Scuola Dottorato da Vinci – 2009/10 http://www.df.unipi.it/~fuso/dida – v. 1 ‐ part 4 –pag. 31Proprietà piccola e piccolissima scala



A very few examples of AFM images II

Multi‐phase systems

Huge variety of AFM applications!!
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A very few examples of AFM images III

2D2D‐‐FFTFFT

Contact‐mode topography of 
nonanethiol SAM grown on 
A / i

Hexagonal arrangement 
structural variant

( ) °3033 Rxc
Au/mica
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Conclusions

Invention of scanning probe microscopies (born with SM in mid ‘80s) g p p ( )
gave impulse to analysis at the small and ultra-small scales

Mechanical forces are at the basis of the AFM operation

In AFM the probed quantity is the local attractive/repulsive forces

Many variants have been introduced, remarkably the non-contact (or 
tapping) AFM for “soft” materials

(t b di d h AFM h i ti t th(to be discussed: how AFM can measure mechanica properties at the 
small and ultra-small scales)
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