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Outlook

• The development of nanotechnology requires advanced tools for the nanostructure 
analysis

• Scanning Probe Microscopy (SPM) provide tools able to measure (quantitatively)
physical properties at the very local (atomic) scale: general features of SPM

• Scanning Tunneling Microscope (STM): what is it measuring, and how?

• A few words on Scsnning Force Microscopy (AFM/SFFM,…)

• How the excellent space control achieved in SPM can be used for nanomanipulation 
(i.e., nanofabrication or nanostructuring purposes): a few examples 
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Need for highly detailed investigation tools

• 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

Ø Contrast mechanism in electron microscopy are often indirect (they imply many effects)
Ø Morphology can be quantitatively derived only for the in-plane features (poor info on the 

relative height)
Ø Samples must be frequently prepared (made conductive, cut in thin slices,…)
Ø Specific physical quantities (e.g., the local density of states, the magnetic or 

electical polarization,…) cannot be directly measured  

Ability to measure local (“point”) physical quantities is required to 
investigate nanotechnolgoy products
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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: 

üPiezo translators with sub-nm resolution;
üsub-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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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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Basics of Scanning Tunneling Microscopy

BIAS voltage

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

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

Extinction length

Local density of states

Exponential decrease
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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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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 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

Electron-related features 
can be easily observed
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Bias polarity-related contrast mechanisms

Contrast mechanisms related to bias polarity



Topics in Nanotechnology 2004/5 - ver. 1 - part 6 - pag. 16

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)

Atomic Force 
Microscope

(AFM)

Scanning Near
field Optical
Microscope

(SNOM)

STM SNOMAFM

Electron tunneling Force microscopy Optical near-field

A few words on other SPMs
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Cantilevers for the SFM (AFM)

Advanced microfabrication tools needed to 
obtain suitable probes



Topics in Nanotechnology 2004/5 - ver. 1 - part 6 - pag. 19

Scanning Force Microscope (SFM) I

Contact mode of 
operation
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Scanning Force Microscope (SFM) II

Dynamic operation
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A very few examples of AFM images

YBCO/YSZ/Ni

See http://www.veeco.com
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Nanomanipulation by scanning probe techniques I

Main objective: 
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)

Nanomanipulaton shares 
similar tools as SPM
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Nanomanipulation by scanning probe techniques II

Nanomanipulation by STM
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Fe quantum corral

Artifical quantum structures can be produced

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

Molecules or atoms can be “trapped” or “released” by the STM tip by 
varying the bias voltage
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Defects are “excited” through local 
tunneling currents

STM nanomodifications I
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STM-controlled 
electrochemical 

reactions

STM nanomodifications II
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Conclusions

ü 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)

ü STM is a powerful technique which, by collecting the local tunneling 
current, can be used to map the local density of states in conductors or 
semiconductors, and/or the morphology of the sample in absolute terms

ü AFM/SFFM shares a similar space resolution, but the probed quantities 
have a “mechanical” nature

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

ü The excellent space control offered by SPM can be exploited also for 
fabrication (nanomanipulation) purposes


