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•  Physical principles	

•  Instrumentation	

•  Information obtained	


Scanning tunneling microscopy 







History of the STM invention	


Close-up of the first scanning 
tunneling microscope built in 1981  

Nobel laureates Heinrich 
Rohrer (left) and Gerd Binnig 
(right) of IBM's Zurich 
Research Laboratory, shown 
here with a first-generation 
scanning tunneling 
microscope (STM) for the 
invention of which they were 
awarded the Nobel prize for 
Physics in 1986.  
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 With no bias applied 
between the solids. 

Electron Tunneling in STM 
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Overlapped wavefunction 

•  Two electrodes getting closer; 
•  With an applied bias. 



Energy levels involved 
in tunneling 
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Density of states Energy level diagram for sample 
and tip:  

(a)  Independent sample and tip.  

(b)  Sample and tip at equilibrium, 
separated by a small vacuum 
gap.  

(c)  Positive sample bias: electron 
tunnel from the tip to the sample.  

(d) Negative sample bias: electron 
tunnel from the sample into the 
tip. 



•  Tip  
•  Scanner,  
•  Electronic control 

system: 
•  preamplifier,  
•  feedback, and 
•  scan control 

•  Vibration isolation 
system 

Instrumentation 



Operation modes 

Constant-height mode

 In constant-height mode, 
the tip travels in a 
horizontal plane above 
the sample and the 
tunneling current varies 
depending on the 
topography and local 
surface electronic 
properties of the sample

 The tunneling current measured at each location on the sample 
surface constitutes the data set.



Constant-current mode 

 In constant-current mode, the motion of the scanner constitutes 
the data set. 

 In constant-current 
mode, STMs use 
feedback to keep the 
tunneling current 
constant by adjusting 
the height of the 
scanner at each 
measurement point. 



 Advantages and disadvantages of different mode  

•  Constant-height mode is faster because the system does not 
have to move the scanner up and down, but it provides useful 
information only for relatively smooth surfaces. 

•  Constant-current mode can measure irregular surfaces with 
high precision, but the measurement takes more time. 

•  For both modes, the resulting image is a grey-scale map of the 
surface where bright spots correspond to high-current values 
or "hills" and dark spots corresponds to low-current values or 
"valleys", respectively.  



•  I-V Measurement  
•  Point Spectroscopy  

•  dI/dV measurement 
•  Local Density of States: representing electronic 

characteristics of surface. 

1.  STM Topography: (I=const or z=const) 

2.  Scanning Tunneling Spectroscopy (STS) 

STM Techniques 

*Voltage-Dependent STM Imaging 
Taking "topographic" (constant-current) images 
using different bias voltages and comparing them 



•  A topography shows the total density of electrons on the 
surface as a function of position.  Displaying higher electron 
density as lighter colors, the atoms then are the white spots in 
the topograph as the electrons tend to congregate near them 
and thus produce a higher local density of electrons in that 
region. 

•  As the tip moves from location to location on the surface, the 
current gets bigger or smaller depending on the local electron 
density and by making a map of where the current is big and 
where it is small, one can image the “atomic positions”. 

Topography 



scanning across
the surface

I

Topography contrast 
 From a sample having only one element, all atoms have the 
same tunneling probability.  

(a)  Under constant height mode, the magnitude of the tunneling current can 
truly reflect the surface topography. 

(b)  Under constant current mode, the up and down movement of the tip in 
response to the feedback system can truly reflect the surface 
topography. 

scanning across
the surface

I
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 From a sample having more than one element, where the 
elements have different tunneling probability, under 
constant current mode we have .. 

scanning across
the surface

I
having higher
tunneling probability

having lower
tunneling probability

Tunneling current

Sample surface



Internal structures of C60	




STM image of Si(111)  (7x7) 

Negative sample bias 

Positive sample bias 

Bias-Dependent STM imaging 



Si(111) (7x7) model	




I-V measurement 

•  Taking advantage of the atomic level spatial resolution of 
STM, localized “current vs voltage” measurement can be 
achieved relatively easily. 

•  Such “I vs V” is the so-called “tunneling spectroscopy”. 

•  The complete curve of “I vs V” provide subtle information 
and relation between the surface topographical features (e.g., 
point defect, kinks, steps and etc.) and the local electronic 
structures (e.g., band gap, work function, surface state, and 
etc.) 



The basic equation obviously shows the current is exponentially depends on 
both gap distance and the local barrier height, change of current might be due 
to corrugation of the surface or to the locally varying local barrier height. The 
two effects can be separated by the relationship. 

Local barrier height (average work function) 

The tip is vibrating vertically and the current is measured, in theory, the local 
barrier height can be calculated. Again, if the tip rasters the surface, a map of 
local barrier height can be obtained. However, the local barrier image also 
contains topographic features.



Local Density of States  
•  Density of state (DOS) means the "number of states at a 

particular energy level", i.e. the distribution of states over 
energy. 

dE
dNE E=)(ρ

•  LDOS (x,y,E) 
gives the density 
of electrons of a 
certain energy at 
that particular 
spatial location. 



The ratio between dI/dV and the conductance (I/V ) is 
proportional to the LDOS. 

Keeping the gap distance constant, measuring the current 
change with respect to the bias voltage can probe the LDOS 
of the sample. Moreover, changing the polarity of bias 
voltage allows access to occupied and unoccupied states. 



dI/dV of TiO2(110) surface shows defects states in the band gap	






IETS	


The dI2/dV2 curve shows the derivative of the local 
density of states, which corresponds to the vibration 
modes related to the electronic states.	




  Rather old technique: first experiment in 1966	

  Able to extract vibrational and electronic  spectroscopic information	


Inelastic Electron Tunnelling Spectroscopy	
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  Rather old technique: first experiment in 1966	

  Able to extract vibrational and electronic  spectroscopic information	

  Ultra-high sensitivity (!?): less than 1013 molecules are needed	


Inelastic Electron Tunnelling Spectroscopy	




Inelastic Electron Tunnelling Spectroscopy	


STM can improve the sensitivity to the atomic level	


  Rather old technique: first experiment in 1966	

  Able to extract vibrational and electronic  spectroscopic information	

  Ultra-high sensitivity (!?): less than 1013 molecules are needed	




Low temperature Omicron STM	

for operation at cryogenic 

temperatures	


Procedure	


1.  Move the tip over the molecule	

2.  Turn the feedback off	

3.  Ramp voltage within the 

desired range simultaneously 
adding an ac modulation	


4.  Record the spectrum	


Inelastic Electron Tunnelling 
Spectroscopy with LT-STM	




CO on Cu(001)	


IETS	




Atom manipulation	






Quantum Corrals 



STM Images - Atom Manipulation 

Fe on Cu (111) CO on Pt (111) 
Don Eigler: IBM 



 The AFM was developed to 
overcome a basic drawback 
with STM - that it can only 
image conducting or 
semiconducting surfaces. 
The AFM has the advantage 
of imaging almost any type 
of surface, including 
polymers, ceramics, 
composites, glass, and 
biological samples.

Atomic force microscopy 

 In contrast to STM, the 
AFM uses a force exerted 
between the tip atoms and 
surface atoms of a sample. 



 The force associated with AFM is an interatomic/ 
intermolecular force called the van der Waals force. 

"Lennard-Jones potential" 
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 The total intermolecular 
pair potential between 
two atoms or molecules 
as given by the "Lennard-
Jones potential”, where z 
is the distance between 
gas molecules, and α and 
β are constants.



•  The first term is repulsive, 
and is the electrostatic 
repulsion felt by electrons in 
each molecule as the orbitals 
start to overlap; the second 
term is attractive. 

•  At large distances, the 
attractive term dominates; at 
small distances, the repulsive 
term dominates. 

•  Summing up the attractive 
and repulsive terms give the 
total intermolecular potential 
U, that shows a potential 
energy minimum at the 
equilibrium intermolecular 
separation.  
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Instrumentation 

 Tip (cantilever) 
 Scanner  
 Detector 
 Electronic control system 
 Vibration isolation system 





Operation modes 

(a) Non-contact mode: operated by attractive force 
(b) Intermittent-contact mode: operated by    
intermittent-contact regime. 
(c) Contact mode: operated by repulsive force 



Contact mode AFM 

•  When the AFM tip is brought to close proximity to the sample 
surface, the electron clouds around the atoms at the AFM tip and the 
surface sample begin to repel each other electrostatically. 

•  Contact mode AFM is also 
known as the repulsive mode 
AFM; 

•  In this mode, the AFM tip 
makes “soft contact” to the 
sample surface; 



• The spacing between the 
tip and the sample for NC-
SFM is on the order of 
tens to hundreds of Å and 
this spacing is indicated 
on the van der Waals 
curve as the non-contact 
regime.

•  In NC-AFM the 
cantilever is vibrated 
near a sample surface.

Non-contact mode AFM 



Contact AFM with limited resolution	




Simulated Mars dust	


Atomic Force Microscopy is a powerful technique for imaging, nanomanipulation, as 
platform for sensor work, nanolithography...	


Conventional silicon or tungsten tips wear out quickly.  	

CNT tip is robust, offers amazing resolution.	


2 nm thick Au on Mica	




DNA	
 PROTEIN	




Atomic resolution on Si(111)7x7 

Simultaneous 
measurement of the 
topography in STM 
mode (upper image) 
using a conductive 
cantilever, and non-
contact AFM (lower 
image). Oscillate the 
cantilever and look for 
a change in the 
resonance frequency. 



Atsushi Ishiyama, Noriaki Oyabu, Masayuki Abe, Óscar Custance and Seizo Morita!

Low-temperature NC-AFM experiments on MgO(100)!

Osaka University, Japan. 



(a) 109×09 Å NC-AFM image of 
TiO2(110)1x1 (Δf=-38 Hz). (b) 
Perspective model of bulk-
terminated TiO2(110)1x1. Large 
spheres denote O atoms while 
small spheres denote Ti atoms. 
Arrow a indicates a line defect 
and arrow b indicates an atomic 
vacancy.	


C. L. Pang, H. Raza, S. A. Haycock and G. Thornton	


Room temperature non-contact AFM	




PEEM-Photo Emission Electron Microscopy 







PEEM Contrast Mechanisms 












