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Outline

- A brief history of Scanning Probe Microscopy (SPM)
- Scanning Tunneling Microscopy (STM)
- Tunneling: overview of theories
- STM examples
- Atom manipulation by STM
- Scanning Tunneling Spectroscopy (STS)
- Atomic Force Microscopy (AFM)
- AFM examples
- …other SPM techniques?
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Seeing atoms

ATOM

ατοµος «atomos»

“that cannot be divided”

is it possible to “SEE” atoms?

Today:

• direct space techniques: Transmission Electron Microscopy
(TEM), Scanning Probe Microscopies (STM, AFM)

• indirect techniques: e.g. XRD
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1951: FIELD ION MICROSCOPE (E. Muller), used to image the 
arrangement of atoms at the surface of a sharp metal tip

1959: FEYNMAN’S visonary talk “There’s plenty of room at the 
bottom”

“We have friends in other fields---in biology, for instance. ……They say `What 
you should do in order for us to make more rapid progress is to make the 
electron microscope 100 times better.''
…
It is very easy to answer many of these fundamental biological questions; you 
just look at the thing !”
…
“But I am not afraid to consider the final question as to whether, ultimately---in 
the great future---we can arrange the atoms the way we want; the very atoms, 
all the way down! What would happen if we could arrange the atoms one by 
one the way we want them ?”

R. Feynman, There’s plenty of room at the bottom, APS, December 1959 

A brief history of SPM
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1981: first STM results in laboratory

1982: measurement of tunneling
current between a surface and a tip
G. Binnig, H. Rohrer, Ch. Gerber, E. Weibel , APL 140, 
178 (1982)

exponential dependence on distance
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1982: Invention of the scanning tunneling microscope at IBM 
Zurich Laboratory
G. Binnig, H. Rohrer, Ch. Gerber, E. Weibel, PRL 49, 57 (1982)

1986: Nobel prize to Binnig and Rohrer
see Nobel prize lecture G. Binnig, H. Rohrer, Rev. Mod. Phys. 59, 615 (1987)
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1983: first atomic resolution
image of Si(111)7x7 surface
G Binnig, H. Rohrer, Ch. Gerber, E. Weibel, 
PRL 50, 120 (1983)
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1986: Invention of Atomic Force 
Microscopy AFM
G. Binnig, C.F. Quate, Ch. Gerber, PRL 56, 930 (1986)

Ceramic (non-conducting) surface

2006: ~ 500 papers with STM in the title; 
~ 1000 papers with AFM in the title
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What is Scanning Probe Microscopy (SPM) ?

-Scanning Tunneling Microscopy (STM) (Binnig and Rohrer, 1982): tunneling 
current through a vacuum gap between tip and surface

- Atomic Force Microscopy (AFM) (Binnig-Quate-Gerber, 1986): tip-surface 
interaction forces

- Other SPM: SNOM (Scanning Near Field Optical Microscopy), MFM (Magnetic 
Force Microscopy), etc. 

scan
area

A family of microscopy forms where a sharp probe is scanned 
across a surface and some tip/sample interactions are monitored

Using the interaction as feedback signal surface morphology
(or other properties, e.g. electronic) can be recovered
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STM Scanning Tunneling Microscopy

Realization of Feynman’s dream?
STM can:
-“see” atoms
- measure surface electronic properties with atomic resolution
- manipulate atoms

• Conductive nanometric tip (W, Pt-Ir, …) and surface

• Tunneling current (i.e. current through a vacuum gap) depends
exponentially on the tip-surface distance:

kdeItunnel 2−∝
typical k ≈ 1010 m-1 => a change in d of 1 Å results in a change of the 
current of a factor of about 10 !!

current can be used as feedback signal to keep a constant distance
from the surface

tip follows surface morphology
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kdeItunnel 2−∝

piezoelectric
actuators

+   -

feedback 
system

Isetpoint,V biasI tunneling

sample

dd

STM principle

d ≈ 1 Ǻ = 10-10 m

• measurements in UHV (no 
contaminations, sensitivity to
surface electronic properties)
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• Lateral resolution ~ 1 Ǻ
if surface is rough: resolution limited
by tip curvature radius (~ nm)

• Vertical resolution ~ 0.1 Ǻ

Surface investigation with high resolution
on flat, ordered surfaces: atomic resolution !

Si(111)7x7 reconstructed surface

kdeItunnel 2−∝
only the atom which is closest to the surface significantly
contributes to tunneling current atomic resolution

e-
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STM image acquisition
Si(111)7x7

Usually:
bias: 0.1 V-few V
tunneling current: pA- nA

10 nm
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=

Schrodinger equation for a 1D 
energetic barrier:

if E < U0 the barrier is classically
impenetrable

Quantum theory of tunneling
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Wavefunction in vacuum (i.e. inside the barrier)

exponential decay

if

U0 - Ek2

e-kz

Current carried by 1 electron from left to right:
kleI 22)0( −∝ ψ

e-2kz

e-2kd

l
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Scanning Tunneling Microscope
Electrode A Electrode B

distance l

potential barriers

trapezoidal barrierrectangular barrier

distance l
distance l

equilibrium (I = 0) tunneling current (I ≠ 0)

distance l 

sample: positive bias

sample

tip

work function

e-
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Summing tunneling current over all
sample states between 0 (EFermi) and eV:

tip electron density of states

sample local electron 
density of states (LDOS)

energy conservation
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tunneling current (I ≠ 0)

Positive bias to the sample: electrons tunneling from tip to sample
probing of UNOCCUPIED sample electron states

sample: positive bias

distance l
distance l 

I: sample

III: tip
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Positive bias to the tip: electrons tunneling from sample to tip
probing of OCCUPIED sample electron states

tunneling current (I ≠ 0)

tip: positive bias

-eV
+

distance l
distance l 

III: tip

I: sample
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sample sampletip tip

e.g. semiconductor sample
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Arbitrary barrier shape (e.g. trapezoidal): 
WKB approximation for the 
transmission coefficient
(like e.g. in alpha decay)
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Transfer Hamilatonian Theory

Whole system seen as a “left” system (sample) + “right” system (tip) 
+ perturbation related to the close proximity of the two

density of states
transfer matrix element

J.R. Oppenheimer, Phys. Rev. 31, 66 (1928) atom ionization under an external electric field
J. Bardeen, Phys. Rev. Lett. 6, 57 (1961)
J. Tersoff and D.R. Hamann, Phys. Rev. Lett. 50, 1998 (1983); J. Tersoff and D.R. Hamann, 
Phys. Rev. B 31, 805 (1985)
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calculated on a separation surface between tip and sample

matrix element
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Tersoff-Hamann model
Ψtip with spherical symmetry (s wave)

Mν,µ can be explicitly evaluated

Hp: zero (small) applied bias

C.J.Chen, Phys.Rev.Lett. 65, 448(1990)

Chen showed that atomic
resolution is due to d states
(e.g. W tips)

sample DOS at the 
Fermi energy
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Scanning Tunneling Microscope

UHV chamber (no contaminations, atomic resolution!)
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STM imaging modes

constant current (feedback ON)

image (tip height)

image (measured current)

constant height (feedback OFF – high speed)
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Piezoelectric actuators

e.g. barium titanate, lead zirconate titanate (PZT)

cubic, 
above TC

tetragonal, 
below TC

How can we control the stage/tip movement with
sub-nm resolution?
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Piezoelectric scanners

SPM scanners are made from a piezoelectric material that expands and 
contracts proportionally to an applied voltage

0 V - V + V

No applied voltage ExtendedContracted

in some versions, the piezo tube moves the sample relative to the 
tip; in other models, the sample is stationary while the scanner
moves the tip
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W: electrochemical etchingPt-Ir (cut with scissors!)

or KOH solution

Typical STM tips
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W tips

40 µm
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Cr tip (KOH etching)
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Cr tips (NaOH etching)
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STM EXAMPLES: Si(111)(7x7)
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30x30nm2

10x10nm2

Si(111)7x7

STM atomic resolution
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30x30nm2

HOPG

2x2nm2

STM atomic resolution
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300x300nm2

STM atomic resolution

Au(111)

5x5nm2
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STM and electronic properties 3434

V= -0.5 V= -2.5V= -1.5V= -1.0

V= 0.7 V= 4.0V= 2.5V= 2.0

Does STM really measure surface topography?
Si(111)7x7 constant current images at different bias
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Scanning Tunneling Spectroscopy (STS)

sample sampletip tip

tunneling current is related to sample and tip density of states, 
and to tip-sample bias



Andrea Li Bassi, CERN 13/06/07

Scanning Tunneling Spectroscopy (STS)

rectangular barrier approximation: 

considering only states with k// = 0:

WKB
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STS: interpretation in terms of sample LDOS

current derivative: 2 terms, the first is related to the sample LDOS at eV, 
weighted by the transmission factor, the second has a smaller weight….

LDOS at energy eV

current derivative

peak in the dI/dV curve at V energy level at eV in the LDOS
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Two proposed methods (neglecting the 2nd term):

Normalize by I/V 
(experimental curve)

Normalize by T 
(calculated, e.g. WKB)

dI/dV needs normalization to extract LDOS
(i.e. to eliminate exponential behavior of T)
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2) Lock-in amplifier

1) fix setpoint I and V (i.e. determine tip-sample distance)
2) swith feedback off (open loop) fix distance
3) perform dI/dV lock-in measurement
4) proper normalization to be compared with LDOS

dI/dV measurement

small AC bias (e.g. 100 mV) 
superimposed to DC bias

1) Measure I(V), then differentiate 

)sin(~)( tVVtVtip ω∆+=

)sin(~)( φω +∆+= tIItItunn

V
I

dV
VdI

VV
~
~)(

∆
∆≅

=
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Si(111)(7x7): LDOS spectroscopy

R. Negishi, Surf. Sc. 507, 582 (2002) M. Hupalo, Phys. Rev. B 67, 115333 (2003)

T. Fauster, J. Vac. Sci. technol. A 1, 2

Photoemission (UPS e IPS)

numerical simulations

STS
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Conductivity maps:
Scanning and imaging of 

dI/dV at fixed V 

(imaging of surfaces of 
constant DOS at the 

energy eV)

constant I maps dI/dV maps

20nmx20nm

V = -1.5V

V = -2V

V = -2.5V
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Cr terraces

M. Kleiber et al. PRL 85, 4606 (2000)

SP-STM: Spin Polarized STM
Use of ferromagnetic or antiferromagnetic tips (Fe, Cr, …): tunneling
current depends on relative spin orientation
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STM and clusters

D. Cattaneo et al. Surf. Sci 2007
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STM and molecules: C60 fullerenes on Au(111)
3030

30x30 nm230x30 nm2

30x30 nm2

C60
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chemical forces

Manipulation by SPM

L. Gross et al., Nature Mater. 4, 892 (2005)

hexa-tert-butylhexaphenyphenyl

Taken by F. Moresco tutorial “STM-based
atom/molecule manipulation and dI/dV
spectroscopy”
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Atomic manipulation
positioning single atoms with STM

Fe on Cu(111)Xe on Ni(100)

electron standing waves
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Quantum corral

Manipulation by SPM
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B.C. Stipe, M.A. Rezaei, W. Ho, S. Gao, M. Persson, B.I. Lundqvist, Phys. Rev. Lett. 78, 4410 (1997)

single-molecule dissociation
with tunneling electrons

tunneling electrons

Manipulation by SPM
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M.A. Rezaei, B.C. Stipe, W. Ho, J. Chem. Phys. 110, 4891 (1999)

high electric field

Field induced desorption of NO from
Si(111)7x7

local desorption observed by scanning at 1.5 V

Manipulation by SPM
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Atomic Force Microscopy

U(r)

10 µm

• tip mounted on a cantilever
• feedback signal is the cantilever deflection, related to tip-surface
atomic distance

imaging of the surface topography
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Probe material: Si, SiC, diamond, even C nanotubes!

AFM can achieve a resolution of 
10 pm, and unlike electron 
microscopes, can image samples 
in air and under liquids

tip mounted on a cantilever
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AFM beam deflection detection

• laser light from a solid state diode is reflected off the back of the 
cantilever and collected by a position sensitive detector (PSD, 2 closely 
spaced photodiodes)

• angular displacement of the cantilever results in one photodiode 
collecting more light than the other the resulting output signal is 
proportional to the deflection of the cantilever

• detects cantilever deflection < 1 Å
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AFM imaging modes:
Contact Mode

• tip is scanned across the sample while a feedback loop 
maintains a constant cantilever deflection (i.e. force)

• the tip contacts the surface through the adsorbed fluid layer
• forces range from nano to micro N in ambient conditions and 

even lower (0.1 nN or less) in liquids

U(r)
repulsion due to wavefunction overlapping
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AFM imaging modes: Non-Contact Mode

• cantilever is oscillated slightly above its resonant frequency (oscillations < 10 
nm)

• tip does not touch the sample, instead, it oscillates above the adsorbed fluid 
layer

• the resonant frequency of the cantilever is decreased by the van der Waals
forces which extend from 1-10 nm above the adsorbed fluid layer, this in turn
changes the amplitude of oscillation

• a constant oscillation amplitude is maintained (feedback signal) constant 
tip-surface distance (sometimes, constant frequency is the feedback signal, e.g. 
AFM in vacuum)

U(r)



Andrea Li Bassi, CERN 13/06/07

tip

surface

image

Lateral resolution is limited by tip radius of 
curvature (usually some nm or tens nm)

Tip shape effects

Artifacts can be introduced by the tip shape

tip

surface image

2 different tips
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AFM EXAMPLES

250 nm

non-contact AFM
cluster-assembled carbon films

TiO2 thin films
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contact AFM

3 micron

20 micron

5 micron

ultrashort laser pulses on glass

polystyrene self-assembled nanoparticles
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SWNT bundles
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AFM of biomolecules (e.g. proteins, DNA)

100 nm

182 291 Q6

100 nm 100 nm 100 nm

Q36

100 nm

aggregation of Ataxin-3 (responsible for
neurodegenerative disease SCA-3)

observation on mica (inert, flat substrate)

unpublished material
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DNA chains
J. Moukhtar et al. PRL 98, 178101 (2007)

cell imaging

Alessandrini A., Meas. Scie. Technol. 2005
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DPN, Dip Pen Nanolitography

AFM tip functionalized with
organic molecules (“ink”) to
“write” on a surface (usually gold)

K.B. Lee et al., Science 295, 1702 
(2002), proteins

Dip Pen Nanolithography of DNA and Protein Micro and Nanoarrays

Topography Lateral Force

5 µm 5 µm

mercaptan
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Lateral Force 
Microscopy

• the degree of torsion  of the cantilever is used as a relative measure of 
surface friction caused by the lateral force exerted on the probe.

• e.g. identify transitions between different components in a polymer 
blend, in composites or other mixtures

While topographic imaging uses the up-and-down deflection of the 
cantilever, friction imaging uses torsional deflection

Other SPM modes
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Phase Imaging

Oscillate the cantilever at its resonant frequency. The amplitude is used 
as a feedback signal. The phase lag is dependent on several things, 
including composition, adhesion, friction and viscoelastic properties

Identify two-phase structure of polymer blends
Identify surface contaminants that are not seen in height images
Less damaging to soft samples than lateral force microscopy

Other SPM modes
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MFM: Magnetic Force Microscopy 

Overwritten tracks on a textured hard disk, 25 micron scan

• MFM tips are coated with a ferromagnetic material.

• The cantilever is oscillated, gradients in the magnetic forces on the tip 
shift the resonant frequency of the cantilever magnetic force image

Other SPM modes
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Force Modulation Imaging

• Oscillate the cantilever vertically at a rate that is 
significantly faster than the scan rate

• The amplitude of the oscillations changes in 
response to the sample stiffness

Other SPM modes

topography force modulation

polymer
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Mechanical properties: nanoindenting
and scratching

a diamond tip is mounted on a 
metal cantilever and scanned 
indenting mode presses the tip 
into the sample
scratch mode drags the tip 
across the sample at a specific 
rate and with a specified force
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Some articles and books:

• G. Binnig, H. Rohrer, Rev. Mod. Phys. 59, 615 (1987) Nobel Prize lecture

• R. Wiesendanger, Scanning Probe Microscopy and Spectroscopy –
Methods and Applications, Cambridge University Press 1994

• Scanning Tunneling Microscopy, Edited by J.A. Stroscio and W.J. Kaiser, 
Academic Press 1993

• Scanning Probe Microscopy and Spectroscopy – Theory, Techniques
and Applications, Edited by D. Bonnel, Wiley 2001

• C. Bai, Scanning Tunneling Microscopy and Its Applications, Springer
2000

• C.B. Duke, Tunneling in solids, Academic Press 1969

“Tunneling is an art, not a science”. 
G.Binnig. Nobel prize lecture, November 1986


