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Nanoscale metrology — Part 1: Atomic force microscopy



=P7L Why we need nanoscale microscopy
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_Ihe Scale of Things - Nanometers and More
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4

De

200 um

s

Human hair
~60-120 um wide

Red blood cells
(~7-8 pm)

~10 nm
diameter

Atoms of

DNA
~2-1/2 nm diameter silicon
= sgacmg
0.078 nm

10-2 nr— 1cm
10 mm

5 1,000,000 nanometers =
10° nf==" 1 millimeter

10-5 ni=— 001

1,000 nanometers =
1 micrometer

(pm)

10-8 n— 0.01 um

|

Red bloo!

Outer ring spacing ~35 n

Things Manmade

Head of a pin
1-2mm The Challenge

MicroElectroMecha
nical (MEMS)
devices
pm wide

P(Jlen grain
cells

Zone plate x-ray “lens’

Fabricate and
combine nanoscale
building blocks to
make useful devices,

e.ﬁ%, a .
photosynthetic
reaction center with
integral

Self-assembled, semiconductor

Nature-inspired

10 nm structure
10° 1 nanometer (nm)
5 buckyball
3 Carbon nanotube ~1nm diameter
~1.3 nm diameter
101 0.1 nm Quantum corral of 48 iron atoms on copper
surface R

positioned one at a time with an STM tip

Version 05-26-06, pmd

Corral diameter 14 nm



Why is it difficult to measure small things?
The diffraction limit

In any (far field) microscopy system
where we create a magnified image of
an object via an image projection using
diffractive elements ?such as lenses) we
run into the diffraction limit:

Point sources (with zero size) are
projected to an Airy disk with a certain
size. Two point sources that are close
together will result in two Airy disks
close together. If the disks are too close
together they can no longer be
separated based on their intensity. That
is then the resolution limit of the
microscope.

Point Source

10 Units
Imaged Spot Size
(High NA)

Point Source

Imaged Spot Size
(Low NA)
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What determines the achievable resolution

Abbe Resolution,, = A/2NA

= A... Wavelength

= NA ... Numerical aperture

What can we do to get around this?

= Work with smaller wavelengths: instead of photons use particles with much
smaller wavelength (such as electrons: de Broglie wavelength of an electron
with acceleration voltage of 10kV = 1,22-10-'m, which is 40’000 times smaller
than that of a photon). That is what we use in electron microscopy

= Try to use non far field microscopy techniques (near field techniques or

scanning probe techniques). This is wat we do in atomic force microscopy
(AFM) or scanning near field optical microscopy (SNOM)



Microscopes we will cover

= Atomic Force Microscope (AFM)
= Scanning Electron Microscope (SEM)
= Transmission Electron Microscope (TEM)



=PFL  Resolution is NOT everything...

...but it's sure nice to have a good one

@ Comparison of resolution of other microscopes
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Today’s Lesson...
Atomic Force Microscopy

A basic introduction to Atomic Force Microscopy (AFM)
* Whatis an AFM?
* What can we do with it?
* What are the major components?

AFM imaging modes
Contact mode
Force curves
Tapping mode
Non-contact mode
Off resonance mode

The AFM cantilever
* Fabrication
* Actuation

Resolution and imaging artefacts
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What is an AFM?

(don’t be fooled by the word afomic)
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Letter from PhD applicant...

“Dear Professor,

... | found that your research interest are very well aligned with mine. | am
fascinated with nuclear energy and atomic engineering. | therefor would
like to pursue a PhD in your laboratory...”

10



=PFL - “Scanning Force
Microscopy “SFM

Force

set point

The AFM measures the effect of
forces acting on the sharp tip on a
spring as a function of the position on

the surface. — sometimes these
forces are due to topography
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It all started with 7unneling ...

= Binnig, Gerber, Rohrer, Wiebel
Tunneling through a controller
vacuum gap.(Applied Physics
Letters 40, 178 (1982)

= “This investigation is the first
step towards the development
of scanning tunneling
microscopy, where the surface
is scanned by a tunnel current
and should open the door to a
new area of surface studies.”

Scanning tunnelling microscopy was
invented by Gerd Binnig (right) and
Heinrich Rohrer (left) in 1981. They were
awarded the Nobel Prize in 1986.

...but only for conducting samples!

12



=PFL The AFM...

* G. Binnig, C. F. Quate and Ch. Gerber, PRL 56, 930 (1986)

(a)
! SFCEAENDNB%%?(. FEESOT’B“:CK . |Im
-~/ __FRONT ATOM AFM l
BLOCK (ALUMINUM) 4%»2
y
(b) 25um o -
A: AFM SAMPLE .25 mm
FIG. 1. Description of the principle operation of an STM B: AFM DIAMOND TIP DIAMOND
as well as that of an AFM. The tip follows contour B, in one C: ST™M TIP (Au) TP 1
case 1o keep the tunneling current constant (STM) and in C: g‘mnéﬁxg& 8mm
l(hc other to maintain c?nsu.ml forcc bcl\-.vccn tip and sar.nplc £: MODULATING PIEZO LEVER J
AFM, sample, and tip either insulating or conducting). £ VITON (Au-FOIL)
The STM itsell may probe forces when a periodic force on
the adatom A varies its position in the gap and modulates FIG. 2. Experimental setup. The lever is not to scale in
the tunneling current in the STM. The force can come from (a). Its dimensions are given in (b). The STM and AFM
an ac voltage on the tip, or from an externally applied mag- piezoelectric drives are facing each other, sandwiching the
netic field for adatoms with a magnetic moment. diamond tip that is glued to the lever.

= Binnig invented the AFM in 1986, and while Binnig and Gerber were on a
sabbatical in IBM Almaden they collaborated with Calvin Quate (Stanford) to
produce the first working prototype



EPFL ... Became a Versatile Tool for Nanoscale Measurements

Surface

Cantilever

conductivity, surface potential, electrochemical potential, ion currents, magnetism, NMR....and many
more

14



=P~ Atomic Force Microscopy eismrsesmns )

= a Versatile Tool for Nanoscale Biology

Single molecule resolution

High resolution imaging in aqueous solution

Nanomanipulation

Single molecule mechanics

Imaging of living cells



=P7L  Single molecule resolution

Plasmid DNA on mica

= Single molecules can
be easily resolved

= Even the double helix!
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= Pyne et al. Small, 10, Nr16, 2014

Source: SciencePhotoLibrary




=PFL  High resolution images in fluid of
proteins

= Imaging of membranes and membrane bound proteins
= Imaging of live cells

From Review Nature Nanotechnology 2008,D. Muller and I. Dufren,



AFM can be used for Nanomanipulation

Image from:
http://www.veeco.com/library/nanotheater

= AFM patterning of a silicon
surface using anodic oxidation

= Other approaches have been
developed such as
* dip-pen nanolithography and

* Thermal scanning probe
lithography (tSPL)

Image from: https://www.swisslitho.com
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=PFL  Different types of scanning probe

microscopes

= SPM = scanning probe microscopy

= AFM= Atomic force microscopy
(AFM), also known as

= SFM =scanning force microscopy

= STM scanning tunneling
microscopy

= SSETM = scanning single-Electron
transistor microscopy

Wikipedia lists 41 different SPM
modes!

19
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=PFL What’s in an AFM?

cantilevers resonances
contact: 50 kHz \
tapping: 300 kHz

piezo tubes
z=2 kHz :
x,y = 400-800 Hz
|y %y sample
VWWWWW voltage [ >
amplifiers |,
scan command ) S
signals
77

20-100 kHz

( «—
| Z controller
controller loop rate

deflection

data acquisition
20-500 lines/sec

data
acquisition

image

topography



A few principles we should understand

= Optical lever detection
= Piezos

= Feedback

= Setpoint

= Force curves

= Imaging Modes
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Optical Lever Detection
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Optical lever detection

Transduces cantilever deflection into a voltage

Deflection signal
(A+B)-(C+D)
(A+B)+(C+D)

= A very sensitive way to measure
cantilever angle change

= The change of angle is amplified by
the distance from the cantilever tip to
the 4-quadrant photodiode

= Each quadrant creates a current which
is turned into a voltage using a
transimpedance amplifier (I/V
converter)

= The cantilever deflection is the
normalized difference of the top
quadrants minus the bottom quadrants

23
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=PFL  Pjezo scanners

Piezo materials expand when a voltage is applied

Piezo scanners can be:

= Tubes

= Stacks

= Plates

= Monolythic piezo blocks

Or other types of actuation can be
used:

= Voice coil actuation

= Electrostatic combs
= Linear magnetic motors



Piezo scanners

Piezo materials expand when a voltage is applied

Z2

N

[+X] Y] (X ]
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Piezo scanners can be:

= Tubes

= Stacks

= Plates

= Monolythic piezo blocks

Or other types of actuation can be
used:

= Voice coil actuation
» Electrostatic combs
= Linear magnetic motors

25
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£PFL  Pjezo scanners

Piezo materials expand when a voltage is applied

PaaN Pho;gdiode voltage AN [
R P A *

o
N
hotodi ¢
)

Z actuation

X,Y actuation
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Sensor response (V)

Hysteresis

(a) Hysteresis compensation

—Open loop
—Closed loop

0
Reference (V)

(&3]

(&)}
(A) Joud uonezueaul doo| paso|d

L Problems with piezo actuators

(b) Open loop nonlinearity

Downward scan direction (image 1)

Upward scan direction (image 2)

0 nm

200 nm

(¢) Closed loop nonlinearity

Downward scan direction (image 1)

Upward scan direction (image 2)

400 nm

200 nm

27
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PFL Problems with piezo actuators

Creep

* The piezo only moves ca 90% of the requested
distance right away. The rest of the way it creeps very
slowly!

» This causes image artefacts like distortion

(b) 56um offset in closed loop

40 nm

(a) 56um offset in open loop

spot x-displacement (pix)

40 nm

-0.5

-1.5
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Feedback
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Why do we need feedback?

Constant height mode

Contact AFM. Constant height mode

Vertical tip position

Cantilever deflection

Why don’t we just drag the cantilever
over the surface?

= Cantilever deflection isn’t linear —
height measurement is distorted

= Force on cantilever is not constant
— tip and sample can get damaged

30



=PFL What do you do if you are cold?




Rearranging into a feedback loop

Setpoint
23°

Controller

Actuator

W

Sensor

Current

>
temperature



=PFL Rearranging into a feedback loop

AFM Error image

A

A

Setpoint

23°

4

A

AFM topography image

Controller

[ z controller ]

Actuator

(VYW sample

7

Sensor

ay

Current

>
deflection

33



=PFL  Feedback keeps the tip/sample interaction constant

Contact AFM, Topography imaging

_}

O
w

-

Vertical tip position

Cantilever deflection

Benefits of operating in feedback:

= Cantilever deflection varies only
slightly around setpoint

= The amount that the controller has
to move the piezo up or down
approximates the topography of the
sample

34
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Height image vs error image

Height

Error



=

Fig. A. Sample and scanning probe.

=PFL  What is the meaning of the error signal?

Fig. B. Profile of scanner moving.

Fig. C. Profile of cantilever detlection
changing.

36

= The deflection/error signal is as
much part of the AFM image as the
topography image (also called
height image)!

= |t accentuates edges and features
with small spatial frequencies

= The height image combined with
the error image represent the “true
topography”
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AFM simulation

= The faster you scan, the larger is
your error signal

= Constant height mode means
feedback gain is zero

= |f the gains are too high the AFM
becomes unstable

37



=PL  PID controller

Proportional, Integral, and Differential controller

P K e(n)
= Y
—Sclpoimjb@— Error -»i | K,I e(r)dr -0<2>—-— Output —»
A (! 4
s D «k, de(t)
dt

= The P gain reacts to the current deflection
= The | gain reacts to all the past deflections

= The D gain tries to predict the future deflection based on
the slope

38



Feedback isn’t infinitely fast!

Danger of oscillation

Procedure to tune the feedback gains of an AFM:

Set all gains to low values

“Increase” the setpoint until the cantilever comes to the surface
Increase the | gain until you oscillate — then slightly decrease it
Increase the P gain until you oscillate - then slightly decrease it
(Increase the P gain until you oscillate - then slightly decrease it)
Go back to 3 and iterate until you have a good image

oo s L bh =

We always want to operate the AFM borderline unstable!
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Force Curves
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Tip sample interactions "

Force curves

There are many forces that can act between the tip and the sample
= Van Der Waals forces (attractive)

= Pauli repulsion (repulsive)

= Electrostatic forces (attractive or repulsive)

= Capillary forces (attractive)

= Magnetic forces (attractive or repulsive)

We can measure what forces act on a cantilever as a function of distance from
the surface by measuring a Force Curve



Force curves

Force curves can tell us a lot about the tip
sample interaction:

= What is the adhesion of tip to sample

Force-distance curves

= What is the hardness of the sample
= What is the energy dissipation per cycle
Or about our measurement setup

= What is the deflection sensitivity (how many
nm do we have to deflect the cantilever to
measure 1V shift in the 4-quadrant
photodiode)

-10 0 10 A°
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Force volume mode

Creating mechanical properties maps

3 -

eeee Silica
e Collagen
2.5 - |=e— Hertzian fit, E=2.2MPa

Force (nN)
—
— (8] N
] ] ]

o
(3]
|

-200

-150

-100 -50

Indentation (nm)

http://www.imaging-git.com
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=PFL  Surface adhesion

a4

Capillary forces are always present when imaging in air!

Force-distance curves

7 _
| —

All surfaces in ambient are covered with a thin
water layer.

= Capillary forces act between tip and surface

= When imaging in air they create a “snap-in”
as well as adhesion

= They can lead to many artefacts and
instabilities



=PFL  Single molecule force spectroscopy

Force curves as a tool for single molecule mechanics

force force
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=P7L  Single molecule recognition imaging

Detecting specific antigens on a surface
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Imaging modes
(dynamic modes)



=PL  Dynamic modes

Reduces tip sample interactions

= Tapping mode™ (intermittent contact mode, amplitude modulation mode,
dynamic mode,...)

= Non-contact mode

= Off resonance modes (Peak Force Tapping™, QI mode™, hopping mode™,
HybriD mode™,...)



=P7L  Lennard-Jones potential

The cantilever feels different force regimes

A intermittent contact mode

et s

\ 1repulsive

............ > 7

oo / ‘ attractive

l<> ————>;

contact mode non-contact mode

49



=PrL  QOscillating approach curves

AM-AFM. Frequency-dista _ i
equency-distance curve = As the cantilever approacheS the

|
/ surface it feels different forces (due
to the Leonard Jones potential)

= When the cantilever is in the

rn attractive regime the resonance
_ frequency decreases
-
F
Z

" When_the cantilever is in the
repulsive regime the resonance
frequency increases

A

Attractive regime Repulsive regime

Amplitude

Frequency
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=F*L Amplitude modulation
(a.k.a. Tapping mode™)

Ttk coob s A = |n tapping mode we excite the cantilever at a
RN G flxecF requency wyve_slightly below its
resonance frequency

= As the cantilever approaches into the repulsive
regime, the resonance frequency (of cantilever +
sample force) increases.

= At the fixed frequency w, the resulting amplitude
will therefore drop as we enter the repulsive
regime

= The amplitude error is used for the feedback
parameter

A

Ao

MAF

Asetpoint

Amplitude

o
.
----

o, 0 ¢ Frequency



=P7L  Phase imaging )

In tapping mode
Pe

Amplitude
Phase

>

Q’o»:’o % Frequency

= The phase difference between the cantilever drive signal and the cantilever oscillation

is called the “phase signal”
= The resonance shift Aw also introduces a phase shift Ag at the driving frequency wg;ive

= This shift could also be used for feedback, but...
= ... other factors such as materials properties affect phase as well
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=P7L " Phase imaging

In tapping mode

53

AM-AFM, Phase-distance curve

W > = The phase signal “represents” the damping
< that the cantilever feels due to the tip sample
interaction

= This damping can be due to topography
(especially side walls)

= Or it could be due to damping by the sample
material

¢
90’

¢

g




=P7L Phase imaging )

In tapping mode can give materials contrast

IC AFM. Phase imaging = |n tapping mode, the phase channel
IO" is an additional observable channel
W B |
= |f no topography is present, the

Ao <«

phase signal can be used to
distinguish materials properties

. » But beware of interpretation artefacts!

o

i

¢




=PFL Height vs Amplitude vs Phase

a0 Lipid phase contrast from intermittent
contact mode AFM in liquid, 18 x 7

micrometer area. The height (top) and
Amplitude

(error signal) phase (bottom) images show contrast
between the lipid phases. The
amplitude image (center) shows

Phase shift

contrast at the edges of the patches.

http://www.microscopy-analysis.com
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£PFL - Non contact mode

Imaging in the attractive regime

ReTELaNaC Moce = In non contact mode, the cantilever “never
touches” the surface

= Non-contact mode is difficult to maintain due
to the low forces and small force gradients

= Primarily used in vacuum
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Frequency modulated AFM

However less frequently used...

= The feedback loop controls for the
resonance frequency, rather than the
amplitude.
A self excitation positive feedback loop keeps
the cantilever oscillating at the resonance of
the cantilever + sample

» A phase locked-loop detects the resonance
frequency

» The PID gets the resonance frequency shift
as the control signal

F

57

A intermittent contact mode

T

\ 1 repulsive

........... > 7

o / ‘ attractive

l<> -

= |s often used in vacuum to increase imaging contact mode non-contact mode

speed
= |s more difficult to use since it is bi-stable
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Off-resonance modes



=PFL  Off-resonance modes

Peak Force Tapping, QI mode, hopping mode, HybriD mode,...

() Sl = |ike force-volume mode, but faster
L muso
A ﬂ/ S S . = Ramp often done sinusoidally
approach D\\;j withdraw ("') \s,r"’ = After base“ne COI’I’eCtIOn a fOI’CG
I —————— 1§ ——— . .
Time Z position curve for each pixel is extracted
A = Data extracted from the force curve:
Ve « Elastic modulus
/ DMT fit for (IV) o AdheS|On

* Indentation
* Energy dissipation

Peak Force

»

\* Dissipation

Adhesion
A =

Tip-sample Separation

Image adapted from Bruker application note 128



Measuring multiple sample properties

Multilayer polymer optical film

60
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Other scanning probe modes...

... you might come across

= KPFM (Kelvin probe force microscopy): measures work functions

= C-AFM (conductive force microscopy): measures sample resistance

= EFM (electrostatic force microscopy): measures electrostatic field

= MFM (magnetic force microscopy): measures magnetic properties

= PFM (piezo response microscopy): measures piezoelectric properties

= SCM (scanning capacitance microscopy): measures sample capacitance

61
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The cantilever

62



=PFL  Cantilevers

What considerations govern the probe dimensions?
L

< >

h¢ﬂ g W
] ¢

E h
Resonance frequency ~ e
p L
3
Normal spring constant kN — EWh
3
4L
L2
Lateral spring constant kL — 0 SkN -
: 2
t

E= Young’s modulus, p = density



=PrL  Cantilever dynamics

Cantilevers have multiple resonance modes

(b) o ' ' T
1ok |'© — Centered drive m Flexural resonances
] — Offset drive
f

m Torsional resonances

> hm

0.01

Amplitude (nm)
o

m Multiple Eigenmodes

0.001 | E
0 5 10 15 20
Frequency (MHz)
2 F3 A F5 6
s % 167 4 s
2 300 : e
,»,5 434 464
s 0 21 3 56 o 564
Y
5.31 93.1 302 451
1 I”l | 1 ‘—__l ________ %y : ! ’—_1—-_1—"1 e
r L T T ) | GHRL | LI — L
{0 geimsse e SR : “s=<. 1000

3§0Fr9quency [kHz]

F2 4 T1 ; T2 £
-i"’ - g
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Image resolution and artefacts



Image resolution

Influence of tip sharpness

\
’ 4 g
Ra 19, Snm

Ra=3.5nm

66
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=PFL  Cantilevers are made by microfabrication

_— Mask layer

4 Z Z L e L

f _/ \ ' ;’:"c:‘: = Cantilevers can be made of a
/ Nask I 3 . . g ags
REYED variety of materials: Silicon, silicon

nitride, quartz, metals, polymers,...

= \Wafer scale micromachining makes
e them (relatively) inexpensive

» Different methods exist to make
sharp tips

\ :
/ VL L L

Cantilever

) =
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=PFL  Integration of tips onto the cantilever

Dry etched tips Beaked tips
Mask layer
\rrrrn
i Silicon
l
K i
Molded tips Deposited tips
il
(a) /.Sm,‘?,f,’;?\ ©)

Siicon”
Dioxide

Silicon
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Resolution depends also on sample

= Resolution depends on:

* Instrument noise floor (Az)
 Tip radius (R)
« Sample topography (dh)

Ly =V2R(Az +Joh+ Az

If the sample is compliant the resolution is

)
4
4F

even further reduced by the indentation (I):

69



L Estimation of tip radius

Blind tip reconstruction

Image sample with sharp features

Calculate “blind tip reconstruction”

X[nm] 50 -

Calculate uncertainty map

70
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=PFL  Tip artefacts

Draw the height profile the tip would measure

v
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Tip artefacts

Draw the height profile the tip would measure

72
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Tip artefacts

Draw the height profile the tip would measure

v

73
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==L AFM image processing

Line flattening and plane subtraction

= The raw data that we get from the AFM often needs to be processed before
we can see what we want to see.

= One main issue is that if the sample isn’t perfectly level, we will have a slant in

our image.
Unlevelled (raw) data 1st order levelled Znd order levelled




=PFL AFM image artefacts

Always be critical when interpreting your AFM images!

Double tip Piezo creep Piezo hysteresis Parashooting

Laser interference Gains too high Bad image
processing

Sample drift

75
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=PFL  Having fun...
Low tech AFM




