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Scanning Probe Microscopy (SPM)
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The family tree of SPM
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The tunneling current

When a sharp tip is brought at very short distances (< 1nm), electrons can cross the
vacuum gap. This tunneling current is extremely sensitive to distance variation, changing
exponentially with the distance, around 1 order of magnitude change per every angstrom!
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The Scanning Tunnelling Microscope
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https://www.nanohub.org/resources/1185/
Binnig and Rohrer, Phys.Rev.Lett. 1982
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The STM tip

Lateral resolution ~ \/E R = Tip apex radius

1mm-diameter wires (tungsten or platinum/iridium) ends
with an overall tip of hundreds of nm with natural
protrusions of sharp end (~ 10 nm) that yields ~ 2 nm
lateral resolution.

Further sharpening of the tip can be reached to obtain 1
nm lateral resolution by in-situ sharpening or applying
high voltage fields

protrusions

10 nm

STM tip
(~ 75 exterior atoms) o

STM examples of atomic-resolution imaging

Atomically resolved hexagonal lattice of graphene

STM topographic image of monolayer
graphene showing the hexagonal lattice and
the underlying SiO, surface corrugations

Deshpande et al., Phys. Rev. B 2009

Graphic representation
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STM examples of atomic-resolution imaging

Moiré superlattice of graphene on hBN
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hexagonal lattice of h-BN

Decker et al. Nano Lett. 2011

Examples of STM equipment

« It can be operated under ambient conditions but with poor resolution

« High-resolution achieved in Ultra High Vacuum (UHV) to avoid surface changes
(absorption/desabsorption of atoms)

» Very low temperatures (a few Kelvin) improve signal-to-noise ratio (lower thermal noise and
thermal drift)

Air STM

£

= ; Ar gun
STM Microscope Sample prep

chamber
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STM main drawbacks

* Only on conductive samples
« atomic resolution mainly in vacuum and low-temperature conditions

» Subject to topographic artefacts

Surfaces can be composed by atoms of different species, each one with
different tunneling probabilities - obtained image is not the true topography!

Tunneling current
N
@ having higher
tunneling probability

@ having lower
tunneling probability

Sample surface

Question
How can we obtain the simple topography

1) of insulating samples?
dielectric and biological materials

2) in ambient conditions?
air and liquid environment




The family tree of SPM
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Atomic Force Microscopy (AFM)

F@2) /

cantilever
photodiode

tip-sample ----% cTTe- ~- topography
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set point
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controller
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v v X-Y displacement TT
Z- feedback Z displacement
loop and recording

... like reading Braille!

The AFM cantilever acts like a spring

Spring constant k

Hooke’s Law
OF=-k-&d

where k= 0.1 - 100 nN/nm is the
spring constant of the cantilever
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Detection technique: an optical lever

Deflection
vertical displacement
Qﬂ Alpp= (A+B) - (C+D)
split

photodiode
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W !
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L

laser diode

High vertical sensitivity: ~ 10¢ nm/vHz
ie. t,=0.1ms->0.1A
obtained by having the cantilever short compared to its

i <<
distance from the detector (L<<d) Butt H.-J. et al. Surface Science Reports 2005

The AFM probe

Magnified
Top View Tip Area
W
4
cantilever

Cantilever

Commercial micrometric
pyramid-shaped tip with very
sharp tip apex (R< 7nm)

chi
N\
For even higher resolution:
.t HE pm single wall carbon nanotube
S e ) (SWNT) tip apex

%g

Nanosensors Catalog
Cheung et al., APL 2000
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The AFM tip - substrate interaction

The AFM measures the force (attracted or
repulsive) between atoms at the tip and those of
the sample in the range of distance 0.1-100 nm.

Fi(z) (nN), I:(z) (nA)
=]
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Giessibl, Rev. Mod. Phys., 2003

- magnetic force

in ambient conditions:
- capillary force (water meniscus)

21

Main operational modes of AFM

FORCE
A

ATTRACTIVE

Contact

1

1 -

: B
i Intermittent
X contact

Z'(tip-sample distance)

Non-contact
(advanced mode)
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Contact mode
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Example of contact-mode AFM

Graphene MoS,
l[ N Friction monotonically increases with
\ the number of atomic layers
Optical image rj
){: 4

The friction profiles show that the tip
moves unstably with stick-slip motion
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Intermittent-contact mode

Forced cantilever oscillations: the cantilever can be brought into oscillation at one
of its natural resonance frequency, typically the first one, by mechanically oscillating
the probe holder, typically using a piezoelectric element.

The cantilever oscillates at /' with an amplitude 4
An approximate expression for the amplitude is

£
A(w) = m Q = quality factor (dissipation)
- 2 2 fo= natural frequency of oscillation
B AL Fo/m= forcin, litud
- + o g amplitude
(0’ -) o

TESPOITSE [a.u]

Af

max

Amax forfo() A ~ FO_Q and Af ~ &
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The phase difference between the forcing force and
the response also depends on the frequency

frequency [a. u.]

e,
plw)=arclg| —————
Ofw, —o” )

Intermittent-contact mode
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Example of intermittent-contact mode

The phase-shift between the excitation and its response is related to energy
dissipation - material composition of surfaces

¢ adhesion
A elasticity Topography Phase
* viscosity X

reduced

% amplitude
\/\/\/\ phase shifi

Salmonella Suo et al. Langmuir 2006

bacteria

AFM not only in vacuum or air: also in liquid!

Example of in-liquid-AFM setup

Liquid exchange ports Liquid volume
can be <20 ul

XA

l 0.2 nm 2 nm
Voitchovsky et al. Nat Comm. 2016

(from Asylum Research)
AFM images of the molecular arrangement
of alcohol molecules on a graphite surface

in a water-alcohol mixture solution

08/06/2023
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AFM in liquid environment

AFM can be operated in liquids under physiological conditions

- Seing biomolecules at work without staining or fixation

Human communication

channels that open/close

as a function of the pH of

the solution Topography

R/M/N complex, free and bound to a DNA molecule
(dynamic AFM in liquid, 3D image, 100 x 100 nm)

Mdiller, D. J. et al. EMBO J. 2002 Moreno-Herrero et al. Nature 2005
29

Not only 2D imaging, also 3D!

- thickness information
Topography

Optical

20 um

graphene
1L

2 layers 3 layersI ‘

Height (nm)

s W\

Fig. 1. Graphene films. (A) Photograph (in normal white light) of a relatively large multilayer
raphene flake with thickness ~3 nm on top of an oxidized Si wafer. (B) Atomic force microscope
AFM) image of 2 um by 2 um area of this flake near its edge. Colors: dark brown, SiO, surface;
orange, 3 nm height above the SiO, surface. (C) AFM image of single-layer graphene. Colors: dark
brown, SiO, surface; brown-red (central area), 0.8 nm height; yellow-brown (bottom left), 1.2 nm;
orange (top left), 2.5 nm. Notice the folded part of the film near the bottom, which exhibits a
differential height of ~0.4 nm. For details of AFM imaging of single-layer graphene, see (75). (D)
Scanning electron microscope image of one of our experimental devices prepared from FLG. (E)
Schematic view of the device in (D).
Novoselov et al. Science 2004

Datta et al. Nano Lett 2009
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AFM atomic resolution is possible
Atomically resolved images of single molecules

chemical structure

Computer image

. AFM at T =4K
~

~
2 S
E >
Pentacene single molecule LOW TEMPERATURE AND VACUUM
Gross et al. Science 2009 REQU'RED'

3D AFM imaging of the solid-liquid interface

3D data cube ..

P

2.0 nm

Uhlig et al. Nature Comm 2019

Fukuma et al. ACS Nano 2018
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Nano-Lithography: writing with an AFM tip

. Plp-Pen Nano-oxidation
_ liquid molecules induced by an applied voltage bias
using the meniscus effect

Thermal Dip-Pen

polymers and metals
by heating a solid ink

10.0 nm

5.0 nm Qm trata de in condicibn y @ jercicio del Famase
den Quijote de \n Manchs

0.0 nm

UL T R A
RN Ay N

Ely # v % v v s

Piner et al. Science 1999
Nelson P. A. et al. Appl. Phys. Lett. 2006
Garcia R et al., Chem. Soc. Rev., 2006

33

Other examples of nano-manipulation

Unfolding single
molecules
Understanding molecular bonds
within or between the molecules
(proteins, DNA, ..)

Protein

L] 1
0 20 40
Stylus—sample distance

BR monomer
is missing

Rief M et al. Science 1997
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AFM lateral resolution

Typical lateral resolution in air: ~1-10 nm B .
given by tip apex radius (typically a few nm) \
plus longer range contribution (cone)

- generally worse than in STM

-> problem tip-sample convolution

Atomic resolution is possible but using
advanced modes or in certain environmental
conditions, e.g. at low temperature or in liquid
environment

General rule

The sharper and the nearer is the
tip to the surface, the smaller is

Tip-sample
the object that can be imaged

convolution

Not only structure:
electrical, optical, magnetic properties
‘ Topography

e
2L SNOM (b)

.graphene - — 1—’

>ET
#’ym‘iﬂ:::‘
Polariton Wave
Electrostatic potential (] (e)

9,

ptical
Interference Fringes

Datta et al. Nano Lett 2009
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AFM advantages

multi-modes: Simple or no preparation of the biosamples

contact, dynamic, B . .
Nano - manipulation
non-contact, ...

multi-substrate: ——> Glass cover slides or atomically flat mica
conductive, insulating

High resolution imaging in
multl-enVllrorlmm‘ent —3 native liquid environment
vacuum, air, liquid

Dynamic processes

multi-information
—> Physical properties

topographic, mechanical, X
No chemical labels needed

chemical, electrostatics, ....

Main disvantages:
A Only supported samples (not in suspensions)

Slow modes compared to electron and optical microscopy

(High-Speed AFM under development) .
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