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1) SPM: The principle of a local probe

2) Scanning Tunneling Microscopy (STM): the basis 

for the AFM

3) Atomic Force Microscopy (AFM): basic ideas and 

concepts

Part 1: AFM, instrumentations, principles and 

mode of operations



Part 2: Applications to Nanoscale Characterizations, 

Manipulation and Fabrications

1) “Physical Applications”:

2) “Chemical Applications”:

3) “Biological and medical Applications”:



Part 1: A Review of Scanning Probe Microscopy



1) SPM: The principle of a local probe
Needs for SPM:

1) Characterization of the basic properties of 

the matter at atomic and molecular scale:

- Structural (imaging);

- Electrical;

- Mechanical;

- Magnetic

2) Manipulation of the matter at atomic and 

molecular scale (Manipulation, 

Nanofabrication,….).

The “Touch” of a local probe with the nano-

object is given by the type of interaction, which 

addresses a distinct property, process or 

function by the strenght of the interaction. 
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2) History of Scanning Probe Microscopes

1981: Scanning Tunneling Microscope (STM) invented by 

Gerd Binnig & Heinrich Rohrer

(a)

(b)

7x7 reconstruction of Si(111). (a) Relief 
assembled from the original recorder 

traces, from Binning et al. (b) Processed 
image of the 7x7 reconstruction of Si(111). 

Characteristic of the rhombohedral 
surface unit cell are the corner hole and 

the 12 maxima, the adatoms. In the 
processed images, the six adatoms in the 

right half of the rhombi appear higher.
(Phys. Rev. Lett. 50, 120, 1983)  



1985: Atomic Force Microscope (AFM) invented by: Gerd

Binnig, Calvin Quate & Christoph Gerber

Science Museum (London)

This type of microscope is unique 

because it “touches” objects rather 

than looks at them. Even better, its 

probe can be used to pick up 

single atoms and move them 

around. It was made in 1985 and 

it’s the world’s first atomic force 

microscope.

1986: Gerd Binnig and Heinrich Rohrer shared the Nobel 

Prize   



3) Scanning Tunneling Microscope (STM)

3.1) System Components and Principles of 

Operation: 

- Tunneling Current 

- Scansion (Piezoelectric Tube)

- Feedback system 

3.2) Operating modes

3.3) Applications

3.4) Advantages & Disadvantages



3.1) STM System Components and Principles of operation

FNI 1A

Tunneling Current

When the tip of the STM probe is 

sufficiently close to the surface of the 

specimen (~ 1nm) a tunneling current can 

become established



Principles of STM: A) Tunneling Current
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F. J. Giessibl, “Advances in Atomic Force 

Microscopy”, Rev. Mod. Phys. 75, 949 (2003)
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The ability to precisely 

position the probe of an 

STM is made possible by 

an XYZ Piezo-Scanner 

which coupled to a 

feedback regulator keeps 

track of the tunneling 

current and precisely 

positions the tip 

accordingly.

Piezoelectric tube scanner

Piezoelectric materials are used to create a tube scanner.  This forms one 

of the basic components of scanning probe microscopes.

These can be used to manipulate an object in three dimensions under 

electronic control.

The probe is scanned over the surface in a raster pattern similar to that of 

a SEM. Each coordinate (X,Y, & Z) is recorded by a computer.



Piezoelectric Effect

- Certain materials exhibit what is called the piezoelectric effect. 

- This is an effect where changing the size of an object results in a 

voltage being generated by the object.

- Conversely when a voltage is applied to a piezoelectric object then 

the size of the object changes.

Crystals which acquire a charge 

when compressed, twisted or 

distorted are said to be piezoelectric. 

Piezoelectric ceramic materials have 

found use in producing motions on 

the order of nanometers in the 

control of STMs and other devices.

Lead zirconium titanate is one of the most 

common piezoelectric materials. Resolution: 1nm/V

Deformation

tensor

Electric field

components
Piezoelectric tensor

components



Tubular piezomaterial

h

Tubular scannes (used in 

modern systems)

Vx, Vy, Vz



Drawback 1: non-linearity of the piezoelectric effect

Linear 

region

Non-Linear 

region

~100 V/mm

So, in general, real systems work at E<E*



Drawback 2: Hysteresis

Z depends on the value and sign of the control signal Vdistorsion of the acquired image.

It is important to minimize the hysteresis effect

hysteresis

Not or very

low

hysteresis



Feedback system

Feedback system: it

controls the tip-surface

distance

The FS maintains constant the value of a P parameter (equal to a value P0 chosen by the operator).

If the tip-sample surface changes then P changes. In the FS the P=P-P0 is amplified and

transmitted (by a transducer) to the piezoelectric system (PT) which controls the tip-sample

distance. The transducer exploits the P signal to change the tip-sample distance in order to re-

establish the condition P=0. In such a way the tip-sample distance can be controlled, potentially,

with ~0.01 Å.



3.2) Operating modes
• Constant height mode

– Current changes exponentially

– Requires a smooth surface

• Constant current mode

– Beware of insulators

Constant Current mode:

If the tunneling current is kept 

constant the Z position of the 

tip must be moved up and 

down.  If this movement is 

recorded then the topography 

of the specimen can be 

inferred. 

Constant Height mode:

If the Z position of the tip is kept 

constant the tunneling current 

will change as it moves across the 

surface.  If the changes in current 

are recorded the then the 

topography of the specimen can 

be inferred. 



3.4) STM Advantages & Disadvantages

• Advantages
– Able to obtain very high resolution images of conductors 

and semiconductors.

– Inexpensive to purchase

• Disadvantages
– Will not work with insulators.

– If there are insulating materials present on the sample you 
can crash the tip.

– Often need to be used under vacuum.



4) Atomic Force Microscope

4.1) System Components and Principles of 

Operation: 

- Tip, Laser, Piezoelectric Tube 

- Force vs Distance

4.2) Operating modes

4.3) AFM Cantilevers and Tips

4.4) Applications

4.5) Advantages & Disadvantages



4.1) AFM System Components and Principles of Operation

The atomic force microscope (AFM), uses 

a sharp tip attached to the end of a 

cantilever rasters across an area while a 

laser and photodiode are used to monitor 

the tip force on the surface.  A feedback 

loop between the photodiode and the piezo

crystal maintains a constant force during 

contact mode imaging and constant 

amplitude during intermittent mode 

imaging.

As with STM the probe is rastered by the 

movement of a Piezo-electric device



Force vs Distance
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F. J. Giessibl, “Advances in Atomic Force 

Microscopy”, Rev. Mod. Phys. 75, 949 (2003)
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- The probe is actually in contact with the

specimen and is physically moved up and

down due to the repulsion of van der Waals

forces

- As with the STM the probe tip of an AFM

must be very small but because there is no

need to establish a tunneling current one can

use a variety of materials, not just those with

a low workfunction.

- The AFM records the position of the probe 

by bouncing a laser off the back surface of the 

probe and recording how the light is deflected 



Two types of force can be recorded by 

this configuration:  The attractive or 

repulsive force in the z-direction or the 

or the lateral force.

Current I01

Current I02

Current I03

Current I04

Current I1

Current I2

Current I3

Current I1



IZ is used by the FS:

FS maintain IZ 

costant by the 

piezoelectric system

which control the tip-

sample distance

variation z

Fz

FL
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1 2

3 4

PhotodetectorBy using a four quadrant detector the 

relative amount of laser light hitting 

each quadrant can be used to 

determine how the tip has been 

deflected as it moves over the surface 

of the specimen 

SPM Scan Head
First:

Adjust cantilever 

alignment so laser is 

aligned on the 

cantilever

Second:

Adjust detector 

alignment until red 

lights are out and green 

light is on.



4.2) Operation modes

zequ~Å



Contact mode

Constant Force

Constant Height (it is

constant the mean distance)

The direct

mechanical

interaction

between tip

and surface

can induce 

a damage

of the tip or 

sample 

surface. So, 

this mode 

is often

unsuited for 

soft, 

organic and 

biological

samples. In 

this case 

the non-

contact

mode is

used.





4.3) AFM cantilevers and tips



Imaging direction

Height

Width

Rc

TIP

Influence of the tip shape and dimension



4.4) AFM Applications

a) High resolution (atomic) topography: Contact and Non-contact



-This mode goes beyond topographical data to 

detect variations in composition, adhesion, 

friction, viscoelasticity, and other properties, 

including electric and magnetic. Applications 

include contaminant identification, mapping of 

components in composite materials, 

differentiating regions of high and low surface 

adhesion or hardness and regions of different 

electrical or magnetic properties. 

b) Lateral Force Microscopy (or Phase Imaging)

- Lateral Force Microscopy (LFM) is a 

secondary contact AFM mode that detects and 

maps relative differences in the frictional forces

between the probe tip and the sample surface. 

In LFM, the scanning is always perpendicular 

to the long axis of the cantilever. Forces on the 

cantilever that are parallel to the plane of the 

sample surface cause twisting of the cantilever 

around its long axis. This twisting is measured 

by a quad-cell Position Sensitive PhotoDetector

(PSPD).



c) Conductive Atomic Force Microscopy d) Surface Potential Microscopy

TappingMode Topography (left) and Surface Potential 

(Right) images of an area on a CD-RW. The bits are depicted 

only in the Surface Potential image. 5µm scans

e) Electric Force Microscopy f) Magnetic Force Microscopy



g) Scanning Capacitance Microscopy

Contact Mode topography (left) and SCM dC/dV images of a 

cross-sectioned transistor in a Pentium-II chip. 1.25µm 

scans. 

h) Scanning Spreading Microscopy

SSRM (left) and contact mode topography (right) scans of an InP-

based heterostructure. 7mm scans. The contrast in the SSRM image 

shows the different regions of the heterostructure: alternating Zn-

doped p-type and S-doped n-type layers.

i) Scanning probe thermal microscopy



• The piezoelectric tubes have a movement resolution of 1 
nm/volt (Resolution of 10 pm).

• Can operate in air and under liquids

• Atomic force microscopes can be used on many different 
surfaces (conductive, non-conductive, hard, soft,….)

• AFM is a versatile tool.

• In all three resolution is largely dependent on probe size and 
the ability to control scanning.

• AFM is, mainly, a surface technique.

3.4) AFM Advantages & Disadvantages



Part 2: Applications to Nanoscale 

Characterization of Surfaces and Interfaces

http://www.youtube.com/watch?v=yvZIeHfF364





1) “Physical Applications”



a) Atomic resolution imaging of metal, semiconductos and insulator surfaces

Atom recognition using AFM:

(a) Schematic illustration of the dynamic 

AFM; (b) The atomic contrast  originates 

from the chemical bonding between the 

outermost tip atom and the surface atom; 

(c) Force curves showing the calculated 

vdW force, the measured short-range 

chemical force and the total force. (d) The 

topographic image of a single atom layer 

of Sn grown over a Si (111) substrate. The 

Pb layer. The diminished topographic 

contrast indicate substitutional  Si defects. 

Image size 4.3 nm.



2x1 reconstruction of Si(001)

7x7 reconstruction of Si(001)

Si MBE-

AFM

Si MBE-

STM

Commercial Si-

AFM Quantitative information



1 monoatomic layer of Ag on Si(111)



b) Imaging of nanostructures on surfaces

Ag clusters on 
Al2O3 60x60 nm

Cu clusters on 
Al2O3 80x80 nm

Au clusters on 
Al2O3 80x80 nm

Quantitative information

Ge on Si

STM: 40x40 nm

Ge on Si

STM: 250x250 nm

K. S. Birdi, Scanning probe microscopes: 

application in science and technology, CRC 

Press 2003



Au as-deposited on Si

After 100 °C-1h

After 100 °C-2h

After 100 °C-3h

AFM study of 

dynamic kinetics of 

nanostructures on 

surfaces

T.F. Young et al., 

Thin Solid Films

322, 319 (1998)



c) Probing nanoscale electrical properties and single electron phenomena

Electric probe of quantum confined systems

I=VG
Macroscpic physics (macroscopic 

electron transport)

I~VG

G=(2/ h)T

Mesoscopic physics (nanoscopic 

electron transport)

E. Bar-Sadeh et al., Phys. Rev. B 50, 8961(R)

(1994)



Conductive AFM (C-AFM)

Conductive

film

Potential distribution

Potential difference between tip and sample

Electrostatic energy (C=tip-sample capacitance)

Electrostatic force 

in the z-direction



Topography (A) and current 

(B) image of a Europium-

doped ZnO sample at a bias 

of 1.5 volts, 2μm scan. 

Corresponding IV curves 

(C) recorded at three 

specific positions from 

those indicated in B. The 

curves are consistent with 

the current contrast 

observed in 2B. 

Specifically, the 

conductance is highest at 

the black location, in 

between at the red, and 

lowest at the blue. 

Voltage (V)

C
u
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t
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A
)

From the specific shape of the 

I-V information on the electron 

transport mechanism on thre

nanoscale can be inferred

http://www.asylumresearch.com/Gallery/Mate

rials/Conductive/Conductive5.shtml



Electrical characterization of single

nanotubes, nanowires and bundles

1
 μ

m Resistance scale 

exponentially with the 

nanotube lenght and not

linearly as expected by 

the classical Ohm law

B. Biel et al., Phys. Rev. Lett. 95, 266801 

(2005)

C. Gómez-Navarro et al., Nature Materials

4, 534 (2005)



Surface potential imaging

oxide

S. Kalinin, A. Gruverman

(Eds.), Scanning probe 

microscopy: electrical and 

electromechanical

phenomena at the 

nanoscale, Springer 2007



d) Nanoscale capacitive mapping (scanning capacitance microscopy)

M (metal, tip)

O (oxide)

S (semiconductor)

Nano-MOS

C

V

N

x (atomic

resolution)

S. Kalinin, A. Gruverman

(Eds.), Scanning probe 

microscopy: electrical and 

electromechanical phenomena

at the nanoscale, Springer 2007



S. Kalinin, A. Gruverman (Eds.), Scanning probe 

microscopy: electrical and electromechanical

phenomena at the nanoscale, Springer 2007



e) Nanoscale probing of  magnetic and spin-dependent properties

An array of nanomagnets (Co) as seen by a magnetic force 

microscope. This is a false-color image of the magnetic fields, rather 

than of the actual dots of magnetic material. White areas indicate 

magnetic field lines coming up out of the plane of the image, and dark 

areas indicate field lines going down into the plane. Each magnet 

appears as a dipole with a pole at each end and field lines curving up 

and around between the poles. All the dipoles here are aligned in the 

same direction except one.

5x5 μm

http://archives.sensorsmag.com/articles/10

99/6/



f) Nanoscale probing of mechanical properties: force-distance spectroscopy

Friction

Elasticity

Binding



G. Stan et al., Nano Lett. 7, 3691 (2007)



g) Manipulation of atoms and nanostructures

K. S. Birdi, Scanning probe 

microscopes: application in science 

and technology, CRC Press 2003



Xe atoms on Ni

A. S. Foster, W. A. Hofer, Scanning probe 

microscopy: atomic scale engineering by forces

and currents, Springer 2007



A. S. Foster, W. A. Hofer, Scanning probe 

microscopy: atomic scale engineering by forces

and currents, Springer 2007



h) Nanofabrication: Scanning Probe Litography

A. S. Foster, W. A. Hofer, Scanning 

probe microscopy: atomic scale 

engineering by forces and currents, 

Springer 2007



Nanoscratching

A. Notargaicomo et al., 

Nanotechnology10, 458 

(1999)

K. Wiesaur, J. Appl. 

Phys.. 88, 7289 (200)



Y. –J. Chen et al, 

Nanotechnology16, 1112 

(2005)



Nano-oxidation

P. Avouris et al, Appl. Phys. 

Lett. 71, 285 (1997)

A. A. Tseng et al., J. Vac. Sci. 

Technol. B23, 877 (2005)



2) Chemical Applications



a) Molecules imaging and manipulation

W. Richard Bowen, Nidal Hilal,

Atomic Force Microscopy in Process

Engineering: An Introduction to

AFM for improved processes and

products, Elsevier 2009



W. Richard Bowen, Nidal Hilal, Atomic 

Force Microscopy in Process 

Engineering: An Introduction to AFM for 

improved processes and products, 

Elsevier 2009



b) Polymeric surfaces

height phase

W. Richard Bowen, Nidal Hilal, Atomic Force Microscopy 

in Process Engineering: An Introduction to AFM for 

improved processes and products, Elsevier 2009



c) Imaging in liquids (for several biological samples. Living organisms,….)

W. Richard Bowen, Nidal Hilal, Atomic Force 

Microscopy in Process Engineering: An 

Introduction to AFM for improved processes 

and products, Elsevier 2009



3) “Biological and Medical Applications”



a) SPM of biomolecules and DNA on surfaces and at interfaces

W. Richard Bowen, Nidal

Hilal, Atomic Force 

Microscopy in Process 

Engineering: An 

Introduction to AFM for 

improved processes and 

products, Elsevier 2009



W. Richard Bowen, Nidal Hilal, Atomic Force 

Microscopy in Process Engineering: An 

Introduction to AFM for improved processes 

and products, Elsevier 2009



b) Real-time evolution of in-vitro cells, virus, proteins

W. Richard Bowen, 

Nidal Hilal, Atomic 

Force Microscopy 

in Process 

Engineering: An 

Introduction to 

AFM for improved 

processes and 

products, Elsevier 

2009



Cell (fibroblast) structure on 

nanostructured substrate

W. Richard Bowen, Nidal Hilal, Atomic Force 

Microscopy in Process Engineering: An 

Introduction to AFM for improved processes 

and products, Elsevier 2009



Healthy Lymphocite 

membrane

Cancer infected Lymphocite membrane

W. Richard Bowen, Nidal Hilal, Atomic Force 

Microscopy in Process Engineering: An 

Introduction to AFM for improved processes 

and products, Elsevier 2009



c) Electromechanical behaviour in biological systems at the nanoscale

Networks of neurons

Properties of bones

Elasticity maps

W. Richard Bowen, Nidal Hilal, Atomic Force 

Microscopy in Process Engineering: An 

Introduction to AFM for improved processes 

and products, Elsevier 2009



Conclusions

1) Wide range of properties characterizations: Morphological, 

Mechanical, Electrical, Magnetic, Thermal, local

properties (nanoscale), and much more. 

2) Beyond characterizations: Manipulation and Fabrication

3) Intimate correlation SPMNanoscience and 

Nanotechnology



AFM: some measurements





























































AFM: surface roughness
































