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OUTLOOK 

In the provision to analyze an optical spectroscopy method based on a (specific) scanning probe, 
we move now towards a short and concise description of a couple of famous scanning probe 
microscopy techniques (and a few variants) 
 
For the moment, we thus leave optics and related issues, and we concentrate on the microscopy (or 
nanoscopy) enabled by such techniques 
 
Not to say, we will gain an insight into very well known and diffused (AFM, at least) methods which, 
since their introduction, have revolutionized microscopy 

Today’s menu:
-  General concepts of SPM, as starter 
-  First course of tunneling and STM, flavored with some 

examples
-  Main course of atomic force and AFM, garnished with some 

fresh variant
-  No dessert included
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SCANNING PROBE MICROSCOPY 
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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 
technical advancements leading to:  
 

ü  Piezo translators with sub-nm resolution 

ü  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 up 

 
A topography map is almost always built during the scan 



A HUGE VARIETY 
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Technique

STM
AFM
SFFM
MFM
EFM
SNOM
...

Probed quantity

Electron tunneling 
Mechanical force
Friction force
Local magnetization
Local polarization
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 physical effects can be investigated

Typically, quantitative maps are obtained



RASTER SCAN 
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Normally, a raster scan is applied: 
 
-   Scan addresses an array of discrete, equispaced 
“pixels” (e.g., 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; 

-   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 

Slow 

The acquisition speeds is typically small, depending on: 
-  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 ms to s depending 
on the nature of the measurement and the related need to improve signal-to-noise)  

Rule of thumb: scans are slow, because of the translator inertia and, mostly, 
of the weak signals to be acquired, requiring long integration times 
 
Exceptions: when atomic resolution is required (when enabled by the 
technique!), fast scans are used to prevent thermal drifts 



PIEZOELECTRIC TRANSLATORS I 
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The development of piezoelectric translator able to drive the position of the sample relative 
to the tip in all 3 directions has been a key point in the diffusion of SPMs 
 
The simplest translator consists of an hollow piezoelectric cylinder: 
-  Suitably shaped electrodes enable application of electric fields in different sectors of the 

cylinder thickness 
-  A single hollow cylinder permits displacements along the three directions through 

deformation of the cylindrical shape 
-  There is some crosstalk between different directions, yet, as well as distortions 



Typically, the piezoelectric material is PZT (lead zirconate titanate) ceramics

Main issues:
§  Linearity (possibly closed loop)
§  Hysteresis

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

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

Typical driving voltages up to ±250 V

Typical min driving step size (16 bit) ~10 mV

PIEZOELECTRIC TRANSLATORS II 
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Displacement along one 
direction: 

Nowadays: much more evolved 
piezoscanner with closed-loop operation 
(linear, self-calibrated displacements with 
pm accuracy!) 



TUNNELING MICROSCOPY 
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1. Scanning Tunneling Microscopy (STM)

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
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Historically, STM is the first working realization of SPM, and probably the simplest

G. Binnig, H. Rohrer, Nobel Prize in Physics 1986  
for the Scanning Tunneling Microscope (STM) 



REMINDERS ON THE TUNNEL EFFECT 

 NANO_16_9_0       http://www.df.unipi.it/~fuso/dida  9/43      

E 
V0 

a 
X 0 a 

A particle with (kinetic) energy E impinges onto a 
potential barrier with V0 > E 
 
Classically, the particle is reflected back 
 
According to QM. particle can penetrate into the 
barrier and be transmitted across  

Tunneling occurs if  a < λdB  = 
k/2π = p/h = √(2mE)   

   

for x < 0 :    ψ (x) = Aeik1x + Be− ik1x

for x > a :    ψ (x) = Ceik1x + De− ik1x

with k1 =
2mE
!

    (free particle)

We search for an eigenfunction ψ(x) solution of the 
Schroedinger steady state equation 

   

for 0<x < a :    ψ (x) = Feik2x +Ge− ik2x

with k2 =
2m(E −V0 )
!

    imaginary    

for 0<x < a :    ψ (x) = Fe−k3x +Gek3x

with k3 =
2m(V0 − E)
!

=
k2

i
   real



EXPONENTIAL DECAY 
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for 0<x < a :    ψ (x) = Fe−k3x +Gek3x

with k3 =
2m(V0 − E)
!

Would lead to an exponential increase, not 
compatible with “energy conservation” 

Completing the solution requires 
imposing conservation of ψ(x) and ψ’(x) 
that leads to link A, B, C, F (note: D = 0 
since there is no reflection from the right)  

Approximate expression of the 
transmission coefficient T , i.e., 
probability for the particle to cross 
the barrier 

   

T ! 16 E
V0

1− E
V0

⎛
⎝⎜

⎞
⎠⎟

e−2ka

with ka =
2mV0a

2 1− E
V0

⎛
⎝⎜

⎞
⎠⎟

"

The transmission coefficient 
depends exponentially on the 

barrier length a 



STM PROBES 
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Electrochemical etching of W (or Pt/Ir) is 
typically used

Very sharp tips can be 
obtained (ideally, 
terminated by a 
“single” atom)



OPERATING MODES 
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The tunneling current depends exponentially on 
the distance, i.e., on the barrier width 
 
Constant height: 
The current is measured and mapped 
 
Constant gap; 
A feedback circuit keeps the current constant by 
acting on the tip-to-sample distance 
The “error signal”, i.e., the signal sent to the 
translator, is mapped, being representative of 
the local topography 

STM:
ü  Probe is a conductive tip
ü  Sample (surface) is 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 and 

eventually used for the feedback
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The actual shape of the barrier 
depends on the presence of the 
voltage bias, needed in turn to 
collect the current 
 
Semiclassical approach leads to 
an approximate solution, also 
featuring an exponential behavior 

MORE ON TUNNELING 
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DEPENDENCE ON BIAS AND ON MATERIAL 
The bias modifies the energy of the electron, 
hence the tunneling current 
 
The actual dependence accounts for the 
occurrence of different regimes ranging 
through an almost-linear to an almost 
exponential behavior corresponding to 
tunneling in different conditions 

Typically, bias voltage on the order of a 
fraction of V is used 

The material affects the tunneling current 
mainly throught the workfunction 
 
At increasing workfunction, i.e., increasing 
extraction voltage, the tunneling current 
decreases (and the tunneling behavior may 
change as a function of the bias voltage) 

( )φδ
δ
φγ

z
z

A
V

J −= exp
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LOCAL DENSITY OF STATES 

In a quantum picture, the tunneling probability 
depends on the density of states (actually, on the 
combined DOS of the tip and of the sample 
surface) 
 
Local Density Of States (LDOS) can produce a 
modulation of the tunneling current when 
scanning a surface 

In the constant gap mode, the feedback 
sense the LDOS modulation as a 
topography modulation

The topography reconstructed by 
STM is always the result of a kind of 

convolution of different effects 
(at least at the atomic scale)

For instance, with 
semiconductors the STM 
image depends on the bias 
polarity (LDOS of the 
surface is different 
depending on the sign of 
the tunneling) 

+ - 
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EXAMPLES I 

0.25 nm 0.14 nm 

0.34 nm 

2D-FFT 

2 Å 

STM image -  3D view 
Cs on HOPG (bias 0.5 V) 

8 h after dep. 
(mountains are made of 

Cs atoms) 

STM image – plan view 
HOPG substrate, p < 10-8 mbar 
5 nm x 5 nm scan (bias 0.5 V) 

Spatial resolution 
at the atomic scale

Highly Oriented Pyrolithic Graphite (HOPG) substrates well suited as test samples
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EXAMPLES II 

While having a practically dielectric 
character, SAM molecules deposited 
on Gold can be imaged thanks to 
inter-molecule tunneling (very thin 
layer, thickness ~ nm)  

Regular SAM coating well 
detected by STM thanks to its 

excellent spatial resolution



A single pentacene molecule deposited on Si 

Imaging the local density 
of states enables imaging 

“molecular orbitals”
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EXAMPLES III 
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STM SPECTROSCOPY 

At one point over the surface, I vs V 
and I vs Z curves can be acquired 



Typical STM I-V 
curvesof different 
regions (covered/

uncovered)  

STM image -  
plan view 

Cs on HOPG 
(bias 0.5 V) 

8 h after dep. 

Bias

Tunneling 
current 
(conversion 
factor 108)

Possibility to discriminate 
“conductivity” of small-sized 
nanostructures with excellent 

space resolution and sensitivity

I-V curves can be acquired at 
different positions

EXAMPLES IV 
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In semiconductors:
I-V STM spectroscopy enables LDOS detection 
(and even local energy levels)

EXAMPLES V 
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VARIANTS AND CHILDS 
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•  STM is an extremely powerful microscopy technique, allowing sub-nm spatial resolution 
accompanied with measurements of a physical quantity (tunneling current) which can represent 
local variations of different material properties (workfunction, conductivity, LDOS in general) 

•  Once the appropriate meaning is given to topography (not well defined at the atomic scale!), 
the feedback mechanism and the possibility to operate with calibrated and reliable 
piezoscanners enable true reconstruction of the topography, not possible with SEM/TEM 

Ø  STM is however limited in applicability: samples must allow for tunneling to take place (i.e., it 
must be either a conductive/semiconductive material, or a very thin dielectric layer) 

Ø  Furthermore, the measured quantity turns to depend on different material parameters, quite 
often in a complicated fashion (hard to be modeled) 

The technology (piezoscanner, probes, electrinics) and the 
conepts (feedback) behind STM have been soon trsnslated 

into a variety of SPM techniques in order to extend the 
applicability (and to measure different material properties)



ATOMIC FORCE MICROSCOPY 
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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
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AFM is probably the most straightforward (and easy to understand/interpret) probe microscopy

Since the probed quantity is the mechanical interaction, AFM can be 
applied to virtually any class of materials (no need for specific 
electrical or optical properties) 
 
Force is sensed by a kind of transducer that translates the force into a 
displacement, to be measured 



FORCES AT A SURFACE 

 NANO_16_9_0       http://www.df.unipi.it/~fuso/dida  24/43      

When approaching a surface, there is an initial 
weakly attractive force , followed by a steep 
change in slope leading to strongly repulsive 
behavior 
 
The force can be effectively  sensed by 
approaching a nanosized tip to the surface 

The force vs distance behavior is 
typical of many phenomena and 
systems, e.g., molecular systems 
(but also stable planet-satellite 
systems, Yukawa potential, partly 
van der Waals, etc.) 



ATTRACTION/CONTACT/REPULSION 
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Neglecting other processes, e.g., adhesion, plastic deformation, etc. 

Attraction stems mostly 
from van der Waals forces 
(dipole-dipole). 

Repulsion can be roughly 
modeled using the 
conitnuum elastic model 
(Hertz) 

At the atomic scale, contact cannot be 
precisely described (it is just what is in between 
attraction and repulsion…) 



A FEW DETAILS 
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A very rough picture, leading to approximate behaviors, can be drawn based on conventional models 

Hertzian contact between a 
(nano)sphere and a flat surface 

  F ∝ d 3/2R1/2

R 

F 

d 

(the proportionality factor depends on both 
Young and Poisson coefficients) 

   
U = − !p ⋅

!
E   with  

!
E =
!
Edip =

(3( !p ⋅ !r )!r − r 2 !p)
r5 ∝ r −3

Dipole-dipole (van der Waals) interactions 
Note: both dipoles have an “instantaneous” character 

Possible mechanisms:  
•  Dipole orientation 
•  Dipole induction 
•  Dipole  displacement    

!p ∝
!
E   →  U ∝ r −3r −3 = r −6

   
!
F = −

!
∇U ∝−r −s    

Repulsive force 

Attractive force 

With s depending on the actual 
geometry, materials, size, etc. 

  F ∝−d −2÷−4

From the point of view of the force intensity, both 
mechanisms lead typically to forces around 10-8 - 10-9 N  
(rather weak, still measurable, as we will see) 



AFM PROBES I 
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Reliability of AFM is strongly indebted with the availiability of suitable probes, presently found in a 
great variety of shapes, sizes, operating parameters, materials. 
 
Here, Si3N4 cantilevered probes are mostly considered  

Typically, a hard and sharp tip at 
the end of a flexible beam 
(cantilever) 



EXAMPLES OF FABRICATION 

 NANO_16_9_0       http://www.df.unipi.it/~fuso/dida  28/43      

Anisotropic etching 

Nitride growth 

Lithography 

Removal etching 

(Metallization) 



AFM PROBES II 
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Many different cantilevers are 
commercially available

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

Cantilever choice depends for instance on:

o  Operation mode (contact/non contact)
o  Quantities to be probed (e.g., if an electric field is needed, a 

conductive tip has to be used)
o  Hardness and wear of the sample to be probed
o  Possible material manipulation (e.g., nanoindentation requires 

super-hard tips) 



OPTICAL LEVER 
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FORCE VS DISTANCE CURVES 
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Adhesion usually takes place, as clearly 
seen in actual force vs distance curves 

Other “non-linear” (hysteretic) processes 
can occur as well, e.g., indentation) 

Assuming F ~ nN and kcantilever ~ 0.1 N/m, nm displacement 
can be read (and must be handled!) 
 
In any case, tip/surface contact is detrimental (tip wear 
and/or surface scratches) and generally unwanted 



OPERATING MODES OF AFM 
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In general, a topography map is built from AFM scans using feedback like in STM 
 

o  The most used operating mode is constant gap, that means constant force  

o  This can be realized either in contact or in intermittent contact (aka non contact) 



NON-CONTACT MODE 
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The tip is kept in oscillation along a direction 
orthogonal to the surface (tapping 
oscillation) 
 
Being the cantilever an harmonic oscillator, 
oscillation can be driven at the resonance 
frequency, typically in the 100 kHz range 
(selectable in a wide range, as a function of 
the thickness and size of the cantilever) 

The oscillation “parameters” (frequency, amplitude, 
phase) are very sensitive to any kind of additional, 
or modified, interaction with the surface 

Through the tapping mode, sensitive 
demodulation techniques can be applied 
leading to non-contact operation (almost 

non contact) and access to specific 
information (see later) 



INTERMITTENT CONTACT 
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Dephasing between mechanical oscillation 
(e.g., the tapping oscillation) and the 
response of the surface (affecting the tip 
deflection) depends on the viscoleasticity 
of the surface (purely elastic vs Newton 
fluid) 
 
Interpretation similar to a forced and 
damped mechanical oscillator 

Topography map Phase map 

“Phase imaging”: 
-  adds a contast mechanism; 
-  allows for local material analyses 
(very useful for block copolymer or 
other multiphasic solids) 



EXAMPLES I 
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Atomic resolution on graphene 

DNA plasmid adsorbed on mica 
[Pyne et al., Small (2014)] 

Si (111) surface 

Butterfly wing 
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Multiwalled 
CNT on glass

EXAMPLES II 
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(A FEW) VARIANTS OF AFM 
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The strength of AFM is also in the possibility to implement variants (often) aimed at measuring 
various material parameters (in addition to topography) 

•   (A+B)-(C+D) = normal force (AFM signal) 

•   (A+C)-(B+D) = lateral force (LFM signal) 

Lateral forces can be easily implemented by using a 4-quadrant detector able to measure the 
cantilever twist 

Friction at the nanoscale 
can be inferred from such 
measurements 



NANOTRIBOLOGY 
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Sliding motion of the AFM tip “in 
contact” with the surface turns 
out affected by “tribological 
mechanisms” at the atomic scale:
-  Adhesion;
-  Ploughing;
-  Deformation

Trace (forward scan) Retrace (backward scan)

From topography data (the space derivative…)

KBr : theory

KBr :LFM image



ELECTROSTATIC FORCE MICROSCOPY (EFM) 
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Dual-pass EFM 

Electrical polarization of the tip opens additional opportunities 

topo EFM 

CNT dispersed in polymide 
(NIST 2010) 

DOI: 10.1117/2.1200702.0636 



PIEZOELECTRIC FORCE MICROSCOPY (PFM) 
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DOI: 10.5772/52519 

BFM (Bi-containing iron oxide) thin films 



ULTRASONIC FORCE MICROSCOPY (UFM) 

Fast (“ultrasonic”) oscillation of the sample 
induces a sort of intermittent contact 
 
Since perturbation is applied from the 
bottom, the material volume and in 
particular the interfaces are sensed  

doi:10.1038/srep04004 

Aggregated 
peptides 
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NANOINDENTATION I 

 NANO_16_9_0       http://www.df.unipi.it/~fuso/dida  42/43      

(Nano)indentation is a common technique to ascertain 
elastic/plastic behavior of the materials 
(if carried out with a load modulation, also surface 
viscoelasticity can be analyzed) 
 
Data pertaining to the elastic modulus and to the plastic 
behavior (e.g., shear modulus) can be attained and 
comparison with macroscopic results (e.g., Vickers 
hardness, Rockwell,…) may lead to interesting insights 
on the microscopic nature of surfaces and nanostructures  

Plastic deformation 

Gold 

AFM tip 
Material 



DNISP tip 

AFM image of 
an indentation 

mark 

Nanoindentation of a hard coating (BALINIT C) 

(a)  Aluminium    Bulk      DNISP 
(b)  Silicon          Wafer    DNISP 
(c)  Polystyrene  Layer    DDESP 
(d)  PMMA          Layer    DDESP 
 
Layers are 100 nm thick spin coated films on glass 

Material	
Inves-gated	
depth	range	

[nm]	
a 	 H0		[GPa]	

Literature	
data	[GPa]	

Silicon	 0.5-4.0	 -1.9	 13±2.4	 13	
Gold	 5-28	 -1.3	 1.3±0.2	 1.1-1.4	

Balinit	C	 2-15	 -1.0	 5.5±1.2	 5-8	(?)	
Polystyrene	 3.0-10	 -1.2	 0.83±0.22	 ~0.3	
PMMA	 1.0-30	 -0.73	 0.58±0.16	 ~0.4	

NANOINDENTATION II 
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Apparently, hardness increases for 
nanosized indentation 

= MAX

C

P
H

A
Material 

hardness: 



CONCLUSIONS 

ü  Technical advancements (tips and piezoscanners) combined with some great ideas (the 
feedback) enabled the development of “smart” and quite effective scanning probe 
microscopies 

ü  In general terms, the goodies of such SPMs are in the extreme spatial resolution joined with 
the capability to carry out, quite often, quantitative measurement of local phsyical quantities 

 
ü  In that, SPMs represent a breathrough compared to conventional high resolution microscopy, 

e.g., SEM/TEM, where, even in the presence of strong contrast mechanism, measurements 
other than morphology/structure are usually prevented, or made cumbersome 

ü  STM, the “mother of all SPMs”, provides with an excellent resolution, but in a restricted range 
of applications 

ü  AFM is a much more developed and diffused technique, able to operate in a variety of 
configurations and operating modes in order to access different material properties  

We have not lost our “optical spectroscopy” reference, though:  
we will come back to that in the next lecture,  

where optics and SPM will be combined together 
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FURTHER READING 

For a very well done overview of quantum physics phenomena, including tunneling: 
 
R. Eisberg, R. Resnick, Quantum Physics of Atoms, Molecules, …, Second Edition, Wiley, New York (1985). 
 
For a reference on the Nobel Prize in Physics, 1986: 
 

https://www.nobelprize.org/nobel_prizes/physics/laureates/1986/press.html 
 
For a basic information on AFM in nanotechnology: 
 

R. Waser, Ed., Nanoelectronics and information technology, Wiley, New York (2003). 
 
For a review on SPM, with a gallery of images and practical information: 
 

http://www.ntmdt-si.com/page/resources 
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