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Imaging Modes
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Scanning Probe Microscopy (SPM)
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Scanning Probe Microscopy (SPM)
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Scanning Probe Microscopy (SPM)
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Scanning Probe Microscopy (SPM)

Morphology
- Contact AFM e
* AM-AFM (Tapping Mode)
* FM-AFM (nc-AFM)
* « Multifrequency » AFM
Mechanical Properties
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« Friction Force Microscopy

(tip-to-sample separation)

 Force Modulation

» Contact Resonance
* HarmoniX

* Bimodal Dual AC

» Peck Force Tapping

* Sub resonance AFM

* Intermodulation AFM
* Band Excitation

» nanoDynamical Mechanical Analysis
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The ingredients ...
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What do we need ¢

A proper calibration of the AFM and the cantilever/probe
« scanner, photodetector sensitivities :
» approach-retract curve on stiff sample (silicon, sapphire, ...), ...

IMONS

04-12-19



What do we need ¢

A proper calibration of the AFM and the cantilever/probe
» Probe (cantilever): spring constant, resonance frequency, Quality factor.
Thermal Tune

- Simple Harmonic Oscillator, for use in fluid:

VoE
A(V) =Ag+Apc-

W
- ] 7 P
Jove? v + L5
A

where:
A(v )= amplitude as a function of frequency, v

Ag = baseline ampiitude

Apc = amplitude at DC (zero frequency)

Vg = center frequency of the resonant peak

@ = quality factor

+ Lorentzian, for use in air

€1

A(v) = Ag+ =
(v—vg)+C,
where:

A(v ) s the amplitude as a function of frequency, v

Ag s the baseline amplitude

v gis the center frequency of the resonant peak

G4 is a Lorentzian fit parameter

C»is a Lorentzian fit parameter

UMONS
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What do we need ¢

A proper calibration of the AFM and the cantilever/probe
+ Probe (cantilever): spring constant, resonance frequency, Quality factor.

Laser Doppler Vibrometry
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What do we need ¢

A proper calibration of the AFM and the cantilever/probe
» Probe (cantilever): spring constant, resonance frequency, Quality factor.

Sader Method

The spring constant, k_is evaluated using the Sader Method (Ref 1)

which requires only the resonant frequency, fg, and quality factor, @. of the uncalibrated
cantilever in air, measured far from any surface.

The coefficient, A, is universal for a particular cantilever geometry, regardiess of cantilever
thickness or coatings, and is obtained from measurements of a reference cantilever.

ket
Qut 2

where the subscript 'ref refers to the reference cantilever. Multiple reference cantilevers are
used to determine the A-coefficient (Ref. 2):

1 15 ke
A=i— A== T
N Z N i Qreti fi%‘riﬁr

where N is the total number of measurements and the subscript § refers to an individual
measurement This average systematically reduces uncertainty in the A-coefficient which is
used to standardise calibration.

J. E. Sader et al., Rev. Sci. Instrum. 87, 093711 (2016). UMONS
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What do we need ¢

A proper calibration of the AFM and the cantilever/probe
+ Probe (cantilever): spring constant, resonance frequency, Quality factor.

Sader Method

@ Crossblck

REVIEW OF SCIENTIFIC INSTRUMENTS 87, 093711 (2016)

A virtual instrument to standardise the calibration of atomic force
microscope cantilevers

John E. Sader,"® Riccardo Borgani,® Christopher T. Gibson,” David B. Haviland,?
Michael J. Higgins,* Jason |. Kilpatrick,® Jianing Lu,® Paul Mulvaney,®

Cameron J. Shearer,® Ashley D. Slattery,® Per-Anders Thorén,? Jim Tran,’

Heyou Zhang,® Hongrui Zhang,* and Tian Zheng*
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SE-10691 Stockhoim, Sweden

3Flinders Centre for NanoScale Science and Technology, School of Chemical and Physical Sciences, Flinders
University, Bedford Park, South Australia 5042, Australia

*ARC Centre of Exceilence for Electromaterials Science, Australian Institute for Innovative Materials,
University of Wollorgong, Wollongong, New South Wales 2522, Australia
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https://sadermethod.org/
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What do we need ¢

A proper calibration of the AFM and the cantilever/probe
» Probe (cantilever): spring constant, resonance frequency, Quality factor.

Sader Method

Using the API Interface for Asylum Research

Enter your username and password for the Sader Method GCI (sadermethod.org), and press Enter, to enable the GCI Panel.

&

o= ; | g "

Thermal frequency, quality factor and spring constant in the GCI Panel are taken directly from the Thermal Panel in the
Asylum Research AFM Software,

Retract your cantilever at least 100 um from the surface prior to taking a Thermal.
##Approach 1:

o First calibrate the spring constant using the Thermal Method.
o Tick the Enable checkbox next to Thermal Spring Constant,
o Select your Lever from the pull down menu and press ‘Upload & Calculate

« The frequency, quality factor and spring constant are merged with the GCI database. The Sader Method gives a new

calculation of your spring constant and its uncertainty. U M : N S
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WhCI'l' dO we need 2 SADER

A proper calibration of the AFM and the cantilever/probe
+ Probe (cantilever): spring constant, resonance frequency, Quality factor.

Sader Method

N
Rectangular cantilever Rectangular cantilever
125 40
Length (microns)  Wicith (microns) Langth (microns)  Width (microns)
305 510
Frequency (kHz)  Quality factor Frequency (kHz)  Quality factor
Calculate Clear Calculate Clear
Normal spring constant (N/m) Normal spring constant (N/m)
Select anather cantilever Select another cantilever

UMONS

18

04-12-19



04-12-19

What do we need ¢

A proper calibration of the AFM and the cantilever/probe
» Probe : tip geometry and dimension (tip radius).

UMONS

. . N o - niversité d
Journée Nanomécanique en Champ Proche - Grenoble (France) 19

What do we need ¢

A proper calibration of the AFM and the cantilever/probe
* Probe : fip geometry and dimension (tip radius).

Scanning Electron Microscopy

1,u
UMONS

Journée Nanomécanique en Champ Proche - Grenoble (France) 20 MRS
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What do we need ¢

A suitable contact mechanics model

Basic Hertz's elastic solution (1881)

LIVICINS

Journée Nanomécanique en Champ Proche - Grenoble (France) 21

What do we need ¢ See Ol &
. . Talk 11/

A suitable contact mechanics model

* Hertz model, DMT model, JKR model, Sheddon model, ...

Linear Contact

= 1\
K&E

F i)

[]
d {nm)
FIG. 66: Tip-sample force versus gap for the piecewise linear contact model.

VEDA: A web-based virtual environment for dynamic atomic force microscopy

https://nanohub.org/resources/veda UMONS

Journée Nanomécanique en Champ Proche - Grenoble (France) QQ rerEEeE
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What do we need ¢ Lo Dot
Ttk 11/

A suitable contact mechanics model
* Hertz model, DMT model, JKR model, Sneddon model, ...

Linear Attractive/Repulsive
K= l_ i
z i 0, d< Lo
u : Fio(d)=¢ kald—Lg), [gy<d<0
E —keg i, dz0
E | A
F“1 fedW) f
0
d fnm)

FIG. 67: Tip-sample force versus gap for the piecowise linear attractive /repulsive contact model.

VEDA: A web-based virtual environment for dynamic atomic force microscopy

https://nanohub.org/resources/veda UMONS
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What do we need ¢ Soo Ol s
Tk 11/

A suitable contact mechanics model
* Hertz model, DMT model, JKR model, Sneddon model, ...

Hertz
2 g 0, d=0
Finld) = { LEyR(-dP?, d<0
'z; -1
: I (B N
) B B cample '

FIG. 68; Tip-sample foree versus gap for the Hertz contact model.

VEDA: A web-based virtual environment for dynamic atomic force microscopy

https://nanohub.org/resources/veda UMONS
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What do we need ¢ Lo Dot
Ttk 11/

A suitable contact mechanics model
* Hertz model, DMT model, JKR model, Sneddon model, ...

DMT
T
~8 d=a,
Fpuyr(d) = )
BB A Ria - d)Y2, d < ag
9 =%
i L R R
B Eiip 2 cample

H = Hamaker constante

—Fq (vdW)

[}
d nm)

FIG. 69: Tip-sample force versus gap for the DMT contact model.

VEDA: A web-based virtual environment for dynamic atomic force microscopy

https://nanohub.org/resources/veda UMONS
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What do we need ¢ Soo Ol s
Tk 11/

A suitable contact mechanics model
* Hertz model, DMT model, JKR model, Sneddon model, ...

DMT + DLVO
1
T ) d>a
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VEDA: A web-based virtual environment for dynamic atomic force microscopy

https://nanohub.org/resources/veda UMONS
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What do we need ¢

A suitable contact mechanics model
* Hertz model, DMT model, JKR model, Sneddon model, ...

See Mlter &
7otk 11/ I

JKR is nonconservative and
includes a dependency to the
history of the tip-sample
contact.

VEDA: A web-based virtual environment for dynamic atomic force microscopy

https://nanohub.org/resources/veda UMONS

27

Contact Mechanics Forces

DMT = Dejarguin — Muller — Toporov (stiff contacts, low adhesion)

M-D = Maugis - Dugdale

10000F e WL he el e Rl
JKR
Johnson — Kendall - Roberts §
(low stiffness, high adhesion, 1000
large tip) E
o
& 100k
2 E
B F
3 [
o 10
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L (rigid)
0‘1 sl sl g aaanl PEETENEE FETi] PR
1E-3 0.01 0.1 1 10 100
Elasticity parameter A,
Johnson, Greewood, J. Colloid Interface Sci., 1997, 192, 326. UMONS
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What do we need ¢

A signal giving access to the tip-surface contact stiffness

“Slope" of force-curve in the contact region,
Modulated cantilever vibration,

Phase-shift in AM-AFM (Tapping Mode AFM)
Frequency shift & bandwidth (Q)

Contact resonance frequency (CR-AFM)

Higher harmonics vibration amplitude (HarmoniX)
In phase and Quadrature signals (IMAFM)

Observables !

Limcins

Journée Nanomécanique en Champ Proche - Grenoble (France) 29

HIFA : High Frequency.
‘FHS¥ Heating Stage

o

UA : Ulfrasonic Ac

_UMONS

Joumnée Nanomécanique en Champ Proche - Grenoble (France) 30 M
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Sub Resonance
Tapping

aka Pulsed Force, PeakForce Tapping,
Jump Mode, Hybrid™, Pinpoint™, QI™,
« Ringing » Mode AFM, ...

Information from a Pulsed Force Curve

lFde
: ) Baseline
Stiffness linear Separatio
regression fime (long range forces
\ Oscillation
Damping \
Stiffness
Snap-in Repulsive 2 points
Peak .. ContactTime . :
Oscillation Frequency
Amplitude Roﬂo,."
Adhesion
B « Ringing »
Sokolov Mode
Contact Time R

Adapted from Witec LJ MON S

32
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Analyzing Force Curves

From Deflection and Z

Deflection

to modulus

V)

I 7 Position \

“Load vs. Displacement”

Load F (nN)

(V) v fime

Calculate
indentation

Apply ‘Spring
constant’

Fit data with contact
mechanics model

<=

Peak Force Tapping

Eliminate time
Apply ‘Deflection sensitivity’
Apply ‘Z sensitivity’

{

“Force Curve”

©IN e

Deflection (nm)

l/ Z Position (nm)

UMONS

>
B
7
m

P =
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B
approach pV withdraw
Time Z position

Modulus: 0.6 MPa-60 GPa

Energy Dissipation:1eV-tens keV

Adhesion: 10s pNs ~ mN
Deformation: 10s pm ~ 10s

Peak Force

DMT fit for
modulus

Deformation

v

nm

Adhesion

Tip-sample Separation U |§/lONS
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Blend of PS/LDPE

Sy /Macrophase separation
Information about
mechanical properties
at the nanoscale
LDPE

ECHZ—CszL
n

3l

Scan Size : 3.0 um

UMONS
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Deformation Adhesion

size 1.0 um

UMONS
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4
DMT Modulus ¢ Indentation

o
5 l - 3
- F!r'n“\féjl

Tip = RTESPA 525-30
(k = 242.3 N/m)

Scan size 20.0 ym

Zone A =20.0-22.0 GPa
Zone B =5.0 GPa

DMT Modulus Deformation

Sample provided by O. Arnould
(Univ. Montpellier, France)

UMONS
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Kevlar + Epoxy Resin

Tip = RTESPA 525-30
SR (K = 242.3 N/m)

Scan size 20.0 ym

Zone A =20.0-22.0 GPa
Zone B =5.0 GPa

UMONS

39

Zone A=13.0-14.0 GPa
Zone B =8.0 GPa
Zone C =5.0 GPa

sl Topography ‘ 3 ARiegiz =

= RTESPA'525-30 -
(K= 242.3 N/m)j

Sample provided by O. Arnould
(Univ. Montpellier, Fragce) ®
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PS — PCL (25:75)

Topography

-

_A—
~_

Force volume Tip : RTESPA 300 - 30
64 x 64 pixels k=39.22N/m
Scale bar=1.0 um Radius = 30 nm
UMONS
4] ’

PS — PCL (25:75)
Tip : RTESPA 300 — 125

k =29.22 N/m
Radius = 125 nm

PeakForce Tapping

512 x 512 pixels, PFSP = 15 nN
Scale bar=2.0 um

04-12-19
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Viscoelastic
Properties

Solid-state deformations

Several classes of deformations in materials are the following:

Elastic: The material recovers its initial shape after deformation.

Plastic: The applied force induces non-recoverable deformations in the
material when the stress (or elastic strain) reaches a critical magnitude,
called the yield point.

Viscoelastic: If the time-dependent resistive contributions are large, and
cannot be neglected. Rubbers and plastics have this property, and
certainly do not satisfy Hooke's law. In fact, elastic hysteresis occurs.

Anelastic: if the material is close to elastic, but the applied force induces
addifional time-dependent resistive forces (i.e. depend on rate of change
of extension/compression, in addition to the extension/compression).

Hyperelastic: The applied force induces displacements in the material
following a strain energy density function.

UMONS
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Viscoelastic Properties

Dynamical Mechanical Analysis (DMA)

VIIIIIIIIIIA

LLLLLLLL

II“““‘I§ LLLLLLLLLLL,

J ¢i ¢ 0

()]

Shear

3-point bending

Dual cantilever

Single cantilever
Tension or Compression

1
2
3
4
5

UMONS
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Viscoelastic Properties )
orce
Dynamical Mechanical Analysis (DMA) F‘”i
o(t) = g, sin(wt) &t) = g, sin(wt) i
8= 0° *
G, G" E'.E”

€o

do/dt = ¢ gy cos(wt) = g, sin(wt +1/2)

Gy 2
5= 90° % @

-

&t) = g sin(mt +9)

UMONS

Journée Nanomécanique en Champ Proche - Greno

ble (France)
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Viscoelastic Properties

Dynamical Mechanical Analysis (DMA)

The behavior of viscoelastic materials lies between these two limits, that is, the
difference between the applied stress and the resultant strain is an angle, 6

g(t) =¢gpsin( f+6)
This equation can be rewritten as :
£(t) =gy sin(ew t) cos(8) + g, cos(w 1) sin(8) = €'sin(c 1) + " cos(cw 1)
Or a(t) = g E* [sin(e t) cos(8) + cos(w 1) sin(8)] = ¢, sin(co 1) E' + ¢, cos(c 1) E”’
= E*is the ratio of maximum stress o, to maximum strain &,
o, cos(6)/e, and o, sin(68)/¢, are the storage and loss modulus (E', E*').

= The two moduli are also known as the elastic and viscous modulus.

The ratio of the loss to the storage modulus is the phase angle and is called damping:

tan(8) =E" / E
UMONS
47 e
Viscoelastic Properties
Dynamical Mechanical Analysis (DMA)
o =¢,E'sinot +¢,E"cos wt
) —F
Phase shift J— D(i)sr;Ieacement
N

8

S

w Force,

displacement and
phase angle are

o measured.

g

=

@

s

Iy

(=]

Time

UMONS
4g TmeEEeEE

04-12-19

24



04-12-19

Viscoelastic Properties

Shear modulus and loss factor of an amorphous polymer

glass transition .
glassy state range rubbery plateau flow region
_ ! tan !
1 Gpa !
~ 1.5
100MPa—|
(2] —
= [o]
= &
3 10MPa— -10 g
= 2
°
1MPa— L 05
100kPa—
""" i ~ 0.0
Temperature
UMONS
49 HrveriErEtions

Viscoelastic Properties 0
Poly(lactic acid) - PLA o 1

MPa E E

glass transition

Sample:
1073 9x3.5x0.98 mm

1 Mode: Tension
4 7N, 10 pm, Autooffset 150%
1 3K/min, 1Hz

10724

tan delta

10714

-40'-2'0'0'20'40'60'80'1(')0°C
UMONS
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Multifrequency
AFM

Bimodal

AFM
The methodology

European Polymer Journal
Volume 49, Issue 8, August 2013, Pages 1897-1906

Feature Article
Nanomechanical mapping of soft matter by
bimodal force microscopy

Ricardo Garcia * 2 B, Roger Proksch P&

04-12-19
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Bimodal AFM = Dual AC Mode

APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 3 19 JANUARY 2004

Compositional mapping of surfaces in atomic force microscopy
by excitation of the second normal mode of the microcantilever

Tomas R. Rodriguez and Ricardo Garcia®
Instituto de Microelectronica de Madrid, CSIC, Isaac Newton 8, 28760 Tres Cantos, Madrid, Spain

(Received 4 August 2003; accepted 20 November 2003)

We propose a method for mapping the composition of a surface by using an amplitude modulation
atomic force microscope operated without tip-surface mechanical contact. The method consists in
exciting the first two modes of the microcantilever. The nonlinear dynamics of the tip motion, the
coupling of its first two modes, and the sensitivity of the seccond mode to long-range attractive forces
allows us to use this mode to probe compositional changes while the signal from the first mode is
used to image the sample surface. We demonstrate that the second mode has a sensitivity to surface
force variations below 107'" N. © 2004 American Institute of Physics

[DOLI: 10.1063/1.1642273]
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Force

Distance
d . =
Feedback loops Quantitative observables ‘:’:
Mode 1 Mode 2
Mode 1 Mode 2
At Af,
Afy = 0.95 1.00 1.05
Contstant A% = At
main feedback variable i"oi
Contact mechanics f Material properties
$1=1/2 $p=n/2 Eeir Damping, n
o Hamaker
A,=constant A= constant Additional information
I Fpeak " True topography I
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Bimodal AFM = Dual AC Mode |-
Afi(dm) = —foi ﬁf;‘Z“ e Az% / T+iFf,(z(—zl —z)zdt
dn=2.—A) — A
M) = \/f;TI’_f’zP ) ff’ZF(Z)=ﬁ f . (:Wﬂf
Af’(d“‘)zzszzﬁlwz”dm) D E(E)- r(1/2 dzf (t— z)’f2
Young's Modulus Viscosity
Mi(dn) = [ B = s Ak (d) = Fo (Af‘}l‘f“‘)+ ‘{f‘%”' 1B(d ))
M) = \[ 52 B = fFurd B =2 [ VR
1V2B(d,,) = 0.5vVRnS
UI\/IONS
55 )
Bimodal AFM = Dual AC Mode Iy
PS:LDPE polymer blend
UMONS
56 HmeEEeet
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Bimodal AFM  ps:PCL 70:30 blend

Scansize : 3.0 um

Afi =ﬁn(‘/l +%¢0@— 1

Japaness Joumal of Appked Physics $5. 0BNBOS (2016)
10005 T 10.TSETAMAP 55 0INB0S

Elastic and of
by bimodal atomic force microscopy

Hung K. Nguyen', Makiko lto', and Ken Nakajima'*

Data obtained by Michel Ramonda (Univ. Montpellier) - michel.ramonda@umontpellier.fr U MONS

Université de Mons
57
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Bimodal AFM  Ps:PCL 70:30 blend

Scansize : 3.0 ym

0.0 ym 0.5 1.0 1.5 2.0 2.5
. - 20.7 nm
18.0
16.0
§
14.0
-
® 12.0
10.0
. . 8.0
. 6.3
Japanese Joumal of Appked Physics 5. 08NBOS (2016) .
5. 2 g 10.THETILIAP 55 OANBOS AmplITUde (A])
Elastic and of poly

by bimodal atomic force microscopy

Hung K. Nguyen', Makiko o', and Ken Nakajima'?*

Data obtained by Michel Ramonda (Univ. Montpellier) - michel.ramonda@umontpellier.fr U MONS

58 Université de Mons

Journée Nanomécanique en Champ Proche - Grenoble (France)
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Bimodal AFM  Ps:PCL 70:30 blend @@

Scansize : 3.0 um 00um 05 10 15
0.0 > 1.0 rad
0.9
0.5
0.8
i 0.7
1.0
0.6
i 0.5
1.5
0.4
a 0.3
2.0
0.2
25| ot
0.0
-0.1

Japanese Joumal of Apphed Physics $8. 0BNBOS (2016)
182 10 TSETIHAP 55,0808

Elastic and of
by bimodal atomic force microscopy

Hung K. Nguyen', Makiko to', and Ken Nakajima'*

Data obtained by Michel Ramonda (Univ. Montpellier) - michel.ramonda@umontpellier.fr U MONS

. . . Université de M
Joumnée Nanomécanique en Champ Proche - Grenoble (France) 5g HrversiEdeions

Bimodal AFM  Ps:PCL 70:30 blend

Scansize : 3.0 ym

= 426
for = 321,873 kHz

Japanese Joumal of Appled Physics $8. 08NBOS (2016)

1578 crp 10.TSATILIAP 55 INBOS A f]

:Iy.t"“.‘m‘-hmicfnfu i o o AO[ 9
vy Afi = fo 1+ cosqp — 1
Hung K. Nguyon', Makiko o', and Ken Nakajima'2* QlAl

Data obtained by Michel Ramonda (Univ. Montpellier) - michel.ramonda@umontpellier.fr U MONS

. . N Universite de M
Journée Nanomécanique en Champ Proche - Grenoble (France) 60 M o
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Bimodal AFM  ps:PCL 70:30 blend

Scansize : 3.0 um

0.0pm 0.5 1.0 1.5 2.0 25
1 1 L 1 L
00 [ o : 1.14 kHz
1.00
0.5
0.80
10§
B 0.60
15
: 0.40
2.0
i 0.20
25
-0.07
Japanese Joumal of Apphed Physics $8. 0BNBOG (2016)
g o g V0. TSETIMAP S5, 00NBOS A f2
Elastic and v s of g

by bimodal atomic force microscopy

Hung K. Nguyen', Makiko to', and Ken Nakajima'?*

Data obtained by Michel Ramonda (Univ. Montpellier) - michel.ramonda@umontpellier.fr U MON S

. . . Université de Mons
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Bimodal AFM  Ps:PCL 70:30 blend

Scansize : 3.0 um 0.0pm 0.5 10 15 20 25
oo T L 4.04 GPa
o= 198404kHz  + -
ko= 7118 N/m - N
CAY ¢ = 301,573 kHz e
3.00
1.0
2.50
15 2.00
1.50
20
1.00
257]
0.50
— 0.00

Japanese Joumal of Applied Physics 58, 0BNBOS (2016)
g e crg 10 TSETLLIAP 55.0NB0S

2 2

8 ,\2 / 01 Af 2

by bimodal atomic force microscopy ) .
Hung K. Nguyen', Makiko o', and Ken Nakajima'® RA 1 l\ 1 I(i-z A.Il

Data obtained by Michel Ramonda (Univ. Montpellier) - michel.ramonda@umontpellier.fr U MON S
de NS

Elastic and i of poly E:(l _ 2)

Journée Nanomécanique en Champ Proche - Grenoble (France) 62

04-12-19

31



Bimodal AFM  ps:PCL 70:30 blend

Scansize : 3.0 um 0.0pm 0.5 10 15 20 25

strbution des hauteurs
Austement

- 2.00

Japaness Joumal of Apphed Physics 85, 08NBOS (2016)
150 g 10.TSETIAAP 55 0MB08

Elastic and v i of g polymers
by bimodal atomic force microscopy
Hung K. Nguyen', Makiko lto', and Ken Nakajima'®* ! . i

Data obtained by Michel Ramonda (Univ. Montpellier) - michel.ramonda@umontpellier.fr U MON S

Iniversité de Mons
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Bimodal AFM  Ps:PCL 70:30 blend

Scansize : 3.0 um : : . . : Tan &

o

e

Japanese Joumal of Applied Physics 58, 0BNBOS (2016)
g e crg 10 TSETLLIAP 55.0NB0S

Elastic and v lasti s of polymers
by bimodal atomic force microscopy

¥ [Loss tangent]

Hung K. Nguyen', Makiko lto', and Ken Nakajima'®*

Data obtained by Michel Ramonda (Univ. Mc 0o 05 :‘,0] 15
x[ym)

Journée Nanomécanique en Champ Proche - Grenoble (France) 64 "

04-12-19

32



Contact
Resonance
AFM

Contact Resonance Soe Olsir
Tk 11/ I

Sample Stiffness —»
(Elastic)

«— Sample Dissipation
(Viscous)

- Af
stiffness is proportional Dissipation is proportional
to Frequency to Quality Factor

sample ks K
Adapted from Asylum Research N

UMONS
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Cellulose (2016) 23:1031-1041
DOL 10 1007/510570-016-0883-4

Contact Resonance

Soe Mo &
7otk 11/

® CrossMark

Mechanical properties of cellulose nanomaterials studied
by contact resonance atomic force microscopy

Ryan Wagner - Robert J. Moon - Arvind Raman
(A) (®)
W(xc,t) s S
e ‘ & o o
LC
—> X ke
“]_AFM cantilever §
1 =
Kq < $
v
Sample
Frequency
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Measuring the resonance frequency

From Asylum Research (CR-AFM application note)

Methods What it does | Benefits | Disadvantages
Fixed The cantilever response is measured at Simple to implement and produces Produces only qualitative results since
frequency? a fixed frequency, which varies as the elastic contrast images. the frequency shift itself is not measured.
contact resonance frequency shifts. Contrast is lost if the peak shifts too far
from the selected frequency.
PLL A phase-locked loop (PLL) uses the The actual contact resonance frequency | Difficult to tune the PLL to achieve stable
frequency phase of the cantilever response to track | is tracked. frequency tracking due to spurious
tracking' the contact resonance frequency. phase shifts in the response. Does not
measure the Q of the resonance.
Frequency A frequency sweep (chirp) is done at Measures the entire frequency response, | Mapping is quite slow when collecting
sweep each point. The cantilever response 50 both the frequency and Q are large numbers of pixels. Each sweep
(chirp)34> is Fourier analyzed to recover the full obtained. Additional analysis is possible | must be done slowly enough for the
frequency response. based on more complex models. cantilever to respond (rate limited by Q).
DARTS678 The amplitude and phase response at Provides both the contact resonance The full response is not measured, so
(DRFT) two frequencies (bracketing the contact | frequency and Q. The tracking is analysis is more limited than frequency
resonance) is measured, which enables extremely fast, so DART imaging can be | sweep or band excitation methods.
the contact resonance to be tracked. done at normal imaging rates.
Band A continuous band of frequencies The entire frequency response is Data transfer bandwidth limitations
Excitation8® | is excited. The cantilever response is measured. By exciting the entire band make the current implementation
Fourier analyzed to recover the full at once, it is much faster than other full | significantly slower than DART. Future
frequency response. spectrum techniques (e.g. sweep). speed improvements are possible.

LIMGHS

Journée Nanomécanique en Champ Proche - Grenoble (Franc
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Measuring the resonance frequency

Dual Resonance Frequency Tracking (DRFT) Use of 2 lock-in amplifiers

B J Rodriguez et al 2007 Nanotechnology 18 Modulation = sum of two frequencies
(f, and f,) near to resonance

Cantilever Deflection

MWMWWMWMMMW . ) @stiffness ky
- Cantilever Pote

A=A, f =
A @ stiffness k'y

A,> A, Ky < ky
AL <A, Ky > ky

e,
2

Resonance tracking:

ni i3 endy Af = f,-f, = constant

Amplitude

+ feedback loop
to maintain A’, = A,

O — ) T
1k . f1+f2

f =
Adapted from Asylum Research ‘ 2 UMONS
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Contact Resonance : Tip or Sample ¢

Cantilever Deflection

BLadd

Cantilever Potential

A9,

AP,

Adapted from Asylum Research U M ON S

ole (France) 70
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Contact Resonance
Difficult task ... or not !l

UMONS

Journée Nanomécanique en Champ Proche - Grenoble (France) 71 e

Cantilever dynamic: models

Soe Qliior &
Clamped beam coupled with a normal spring Tatk 71/ ‘
n=2 z

7] Clamped end Free end o
/ Xp= 0 x=L — Rabe et al, 1996]
N
y
Cantilever \ -~
beam ] ' L '
357 K
P . fnfo 7
30 /s n=3
k*/k.= 10
C 25.
Point mass
201 ~~ model
<
1 i
k*/k,= 100 \—' - n=2
101
5 n=1
o
0 02040608 1 1 10 100 1000
o K7k,
UMONS
Journée Nanomécanique en Champ Proche - Grenoble (France) 7o e fetiers
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Cantilever dynamic: models Soe Mlvir s
Sensitivity of the cantilever Tl 1/
contact stiffness and considered mode

Example: 30

Probe: k.~ 3 N/m,
R ~ 50 nm 251

F,~ 200 NN
“Soft” sample 201
(Low T, polymer)
ky=10 N/m j: -l

OKusingn=0 "\‘:

“Hard” sample (Si) ~ w0l
ky= 1000 N/m
Not OK usingn =0
OK usingn>0 ]

e 4-4ﬁ) free
with low applied fypee M =0 1< Kk <100 |

static force for scanningdt = =
0 5
10 10
UMONS
73 e

Cantilever dynamic: calibration

Soe Mlter &
Pointe utilisée (Bruker MPP-32120-10) : 7otk iz
Raideur : k =0.1 N/m

fo= 14 kHz (a l'air) 240
Rotated tip

230

Calibration sur :

PU3455 (0.15 GPa ) 5 220

PE1 (1.2 GPa) =z

PMMA (4.9 GPa) 210

Soufre 010 (15.8 GPa)

HOPG (18.0 GPa) 200

Soufre 001 (26.5 GPa)

Calcite (900 GPa) 198 .

Silicium (181.0 GPa) H M (GPa) 17
Force d'appui ~20 nN et force d’adhésion ~ 20 nN

otk
Loi de régression: fi = fos| 1 —exp ( )
M,
Courtesy of O. Amould, M. Ramonda & R. Arinero LUMONS

74
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Back to Sub Resonance Tapping ...

UMONS

75

PFT — DataCube - Confact Resonance

Hold segment

e

UMONS
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Peak Force Tapping - Contact Resonance

Doteoin e - Daascds lga7m  OvsCesr fwarm  KDsTwe [l <]

* CRisbased on FASTForce Volume

Provides standard force curve for
comparison for each pixel in map
Approach
Hold Force and sweep frequency
Retract

More repeatable: lateral force on tip is
minimized, reducing tip wear

More information: allows measurement of
adhesion force for each pixel better
contact mechanics modeling

Real-time maps of both raw data and
mechanical props (E’, E, loss tan)

Whole sweep is saved, allowing detection
of artifact peaks, efc. (unlike frequency
fracking methods like DA(F)RT)

Adapted from Bruker

Foree GN)

ot ()

Faght 5o

2 @ e w_w om owm
Tor s}

"5 | Aotz < Daasode 1000w/ DdaCenlr puany XD To~[jol

ez ()

UMONS
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Peak Force Tapping - Contact Resonance

From Frequency and Deflection to modulus

1. Measure frequency (fcr) & Deflection

Deflection /l: |

mm|

Amplitude 8

3. Convert Deflection to Force
using deflection sensitivity &
spring constant (kc)

4. Apply Contact Mechanics to calculate
E* from Radius (R), Force (F) and
contact stiffness (k*)

Adapted from Bruker

time

—_—>
V) freq

2. Apply cantilever dynamics to

Freqf./fy

 |Becond C,

3

calculate k*/kc from fcr/fO

7###

1 10 100 1000 10000
Tormalized contact stiffacss k*/k,

Hertzian Contact

k3
6RF

UMONS
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Peak Force Tapping - Contact Resonance

Hardware

UMONS

79

Peak Force Tapping - Contact Resonance

Hardware
g
] 0=0,C;
Y Gt
= 6623
- Yo 75
kS
E YOAN (=344
B
i
- - & ﬁ
08 1
® a2 B e Frequency (MHz)
i T

Aghdama s

80
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Peak Force Tapping - Contact Resonance

= Single point Ramp with sweep -

| Force Volume maps

In Force Volume: Ramp and hold trigger force, then sweep at each pixel.

UMONS

81

Real-time Conftact Resonance Sweeping

Force Volume for mapping, Ramp for single points

I

8550nm

|
00 Height Sensor 180 m

500f 10608 Force curves pitted. Ampitude2
4 | |
e 1 !
o 2 i i
. ) d
< i i
i
07 08 0o 1 1
Force Curve Modk
e © e © Fange |55 [save vl (Gl i Fams | (G Sampl Fams
ingle Pl © Range
[[Cearl ] [ Summay [l (Save CRPams) [ Losd CR Pams
1 I 901368kHz |
21525 kz | 51265 |
ET ] 697329
56,000 N/m II= 04301 ‘
2A3um \‘ 1448 nm
100% I 501N |
120um &
s 202GPa 000000 kHz
000GPa 0000
0.0000 0.00000 |
Specify n 0000 -
0750000 0.00000 GP:
0.00000 GP.
Deflection Sensitivity 19402 nm/V 000000 GPa
Cantilever Angle 800° 0.0006Pa

UMONS

82
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Peak Force Tapping - Contact Resonance

Calibration on known modulus materials

28 320.5 GPa

S5 325GPa

CR Storage Modulus 2.0um

Load=200nN

Si: 16515 GPa
Al: 85+24 GPa
Cr: 192431 GPa

CR Storage Modulus

2.0 um

Load=500nN

Si: 16510 GPa
Al: 101+29 GPa
Cr: 201430 GPa

8 320.5 GPa

32.5 GPa

320.5 GPa

@ 325GPa

CR Storage Modulus 2.0 um

Load=1000nN
Si: 1657 GPa
Al: 103425 GPa
Cr: 202126 GPa

UMONS
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Peak Force Tapping - Contact Resonance

Property maps

Slice
M odulus

Log Modulus
Shiffness
Adhesion
Force Section
Real Height
Height Sersor

ChRa
~ CR Amplitude Il
Ch R

CR Stiffness (k*/kc)

CR Loss Modulus
CR Laoss Tangent

CR Damping [p] B24.6 kHz
CR Radius

oo CR # Solutions 100 1
CR Storage Modulus ency wm

[z] ss2850kH:

[ Save Image

84

UMONS
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Peak Force Tapping - Contact Resonance
PS-PCL

ol o iy | Gt D]

e — 27d peak

Fron )

i) [Svacinn (o] (Coe o) oS Foms

S Se T oot ] [sm g | Sosnay. | (s i | LoiGa e

Sen 3Carmag o3
s e

R Lo Wodus o

UMONS
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Peak Force Tapping - Contact Resonance

PS-PCL

Cartrol Pane! | Densty Flot | Cantour Plot - Disabled

50.0f 848 Force curves plotied, Anpltude? -

Ampliude? (mV)

0z 0s 06 08
Freq (MHz)

Force Curve Mode

Select Al | [Save Curves | [Recalc Maps
J

)Single ) Multple © Range

inputs | Cortact Resonance

2 Cantilever/Tip - | |2 ReferenceResults
Eigenmode M Avg Contact Frequency
Free Air Frequency3 Avg Contact
Free Air Q3 Avg Stifness (k" /ke)
Spring Constant = Avg CR Tip Radius
Cantilever length (1) | L avglosd
Tip Position (LL/L) B Sample Results
Tip Height 20um Avg Contact Frequency
Tip Storage Modulus 300 GPa Avg Contact
Tip Loss Modulus 000 GPa Avg Stiffness (K'/kc)
Tip Poisson'’s Retio 0.0000 Avg Storage Modulus
Tip Model Specify n (K-M) Std Dev of Storage Modulus

L Tip Model paromn 066700 Avg Loss Modulus

8 System Std Dev of Loss Modulus
Deflection Sensitiity 22009 nm/V. Avg Loss Tangent
Cantilever Angle 120° -1l L Avgload

(Cale Ref Pams | [Calc Sampis Pams|

Save Inages [_Sunmay | [Save CR Pams| [ Load CR Pams |

107918 ke
12837
107987
1357 nm

136N

000000 kHz
0000
000000
0.00000 GPa
0,00000 GPa
0,000 GPa

00
0.00000
000N

UMONS
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Peak Force Tapping - Contact Resonance
PS-PCL

G v |t ot -]

39 peak

UMONS

Journée Nanomécanique en Champ Proche - Grenoble (France) g7 M

Peak Force Tapping - Contact Resonance
PS-PCL < ey

UMONS

Journée Nanomécanique en Champ Proche - Grenoble (France) gg e
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Peak Force Tapping - Contact Resonance

Comparing PFTQNM and CR

* PFTQNM « CR 128x128

UMONS

Journée Nanomécanique en Champ Proche - Grenoble (France) 90 “MEEEE
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Nano
Dynamical
Mechanical

Analysis

The methodology
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Fromm DMA

| D(t)= D, ei@!el +D,

to NDMA ...

O

urant

Detector
Sample
— Displacement
Sensor
(Measures Strain)
“Niotor — i
o [ z()=2,ei1*v) +7, |
Force
(Stress)
" ——Force )
Phase shift Displacement Phase shift
@
- g
& 4
E ﬁ
f=
g 8
o -
Qo o
5 [}
a =
& ©
(=]
Time
UMONS
93

NDMA - Equations e

8
|Z(t)=2,6v +7,] [D{t)= D, elet+o) +Dy | ¢
S
Stiffness: S'=F/L g
[=]

Deformation: L'=Z, eil@™*v)-D, eil@t+) e

If the cantilever spring constant K is assumed to be calibrated and known :

F'=K. D, eiltal

S =S+iS'=K_ D, el /[Z, gilotw).D, gil@to)]

_ KeDy cos(@-y)-(D1/2y) G Kela sin(p-y)
Tz (D1/21)% -2(Dy/21) cos(@-) + 1 2y (Dy/2Z1)? —2(Dy/Zy) cos(p—) + 1

X

UMONS
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NDMA - Equations -

IZ(T)=Z1e‘(®f+‘“’ +Zo| ID(f): D, eilot+o) +D0|

Deflection  Force

hift

v _ KeDy

Time

sin(p-1)

§r = KePs cos(@-¥)-(D1/Z1) S

Zy  (D1/Z1)? —2(Dy/2;) cos(@-9) + 1 Zy  (D1/21)* -2

E = §' _ KDy cos(@p—y)—(D1/Z1)
2a.2, (D1/71)? —2(D1/7;) cos(p—f) + 1

B S KDy sin(g@—-1y)
2ac 2acZy (D1/Z1)? ~2(D1/Zy) cos(p—y) +1

ot enjer sinipg)
b= B =50~ e drmap
UMONS
95 ’

(D1/2y) cos(p—) +1

NDMA - Hardware

Fast heating
NDMA heater
(RT-250 °C, 0.1Hz — 300 Hz) -
R

Heater

Wide bandwidth actuation Aduamr% =

High frequency sample actuator Bracket
(RT measurements, 0.1Hz-20 kHz)

Pre-calibrated probes

Calibration sample
(Sapphire)

04-12-19
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nanoDynamical Mechanical Analysis

HFA : High Frequency Actuator
FHS : Fast Heating Stage

UMONS

B B . N Université de Mons
Journée Nanomécanique en Champ Proche - Grenoble (France) 97

nanoDynamical Mechanical Analysis
Pre-calibrated tips

Spring Const. | Tip Radius | min E' | max E"

AU (N/m) (nm) (MPa) | (MPa)
SAA-HPI-DC-125 025 125 01 10
RTESPA150-125 5 125 2 200
RTESPA300-125 40 125 20 2,000
RFESPA-40-30 0.9 2] 0.8 80
RTESPA150-30 5 33 4 400
RTESPA300-30 40 33 0 4,000
RTESPA525-30 200 33 200 | 20,000
UMONS
Joumnée Nanomécanique en Champ Proche - Grenoble (France) gg nivesiedeors
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NDMA — Ramp Scripting

A E D
150 ! I . A 'l' 1 ’l' L g 10
- ] o
50 A =
: I W@V@NM/\MAWH oF
L Tove  —— 1
2 7 A 208
-50 [ I\ 1 l N
/ Z4|) \IL
100 \ 30
\ /
150 / 40
) 2 4 6 8 10 12

Time (s)

Calibration on Sapphire in
the exact same conditions |

UMONS

99

Forca (nN)

Adhesion
quantified

UMONS

100
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Modulus

PS — PCL (25:75) stiffness
Tip : RTESPA 300 - 125

k=29.22 N/m
Radius = 125 nm

PeakForce Tapping

512 x 512 pixels, PFSP = 15 nN
Scale bar=2.0 um

PS — PCL (25:75) Stiffness

Tip : RTESPA 300 - 125

k=29.22N/m
Radius = 125 nm

PeakForce Tapping

nanoDMA

128 x 128 pixels,
Frequency = 80 Hz
Scale bar=2.0 um

04-12-19
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PS — PCL (25:75)

Tip : RTESPA 300 - 125

k=29.22 N/m
Radius = 125 nm

PeakForce Tapping
nanoDMA

128 x 128 pixels,
Frequency = 80 Hz

Scale bar =2.0 um

F o

Log Modulus

PFT vs. n(DMA

Log Modulus

PS:PCL 30:70 blend

UMONS

104
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nanoDynamical Mechanical Analysis

1
p > P : - 1
| & | 4 }-Y %
! { | \ // \ ( 1 i
— i | i f § | i
Ol | H———{ Al {{ ~—}
NG L/ | l /
Preload | 4 // b 4
control : = = Hm =" JKR contact
e
I\_/ 10 20 30 ‘r 40 Etl ! T area model
Time ( s)
Relaxation Reference
Segment Segment

Modulated force, embedded in force curve
Sub-nm amplitudes, stays in linear regime.
No ripping out of contact during modulation

Imaging and point spectroscopy
Quantitative data in both

UMONS

105

100
PeakForce QNM LogDMTModulus AFM-nDMA 100Hz Storage Modulus

1 10
Frequency (Hz)

cocC PE LDPE

Adapted from Bruker UMONS

106
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nanoDynamical Mechanical Analysis

Time -Temperature Superposition (TTS)

The time-temperature superposition principle is a concept
in polymer physics and in the physics of glass-forming liquids.

This superposition principle is used to determine temperature-
dependent mechanical properties of linear viscoelastic materials
from known properties at a reference temperature.

E' (Pa) T<T,

L s . T>T,

T
To
2 -1 0 1 2 3 4 5 Jogf
UMONS
1oz e

nanoDynamical Mechanical Analysis

Time —-Temperature Superposition (TTS)

MPa
Isothermal temperature: -60 °C
10"3+
Baaauu :::====‘
10/2—4 Isothermal temperature: =50 °C
Isothermal temperature: —26 °C ~__g.@
10M +

10"0 10M 10"2 Hz

UMONS
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nanoDynamical Mechanical Analysis

Time -Temperature Superposition (TTS)

MPa 7

-60 °C

103

102

C\(T - Th)

logar = —————
ogart 02 n (T—TD)

B
Williams-Landel-Ferry (WLF) equation

10M

Loig il

T T T T T T T T T
10%0 10M 102 103 10%4 10%5 10" 10%7 10"8 Hz

LIVIGINS
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nanoDynamical Mechanical Analysis

o N\
1000 0.16
Fluorinated Ethylene Propylene (FEP) .
o 0.14
o
= %0 042
w700
; 0.10
e g
3 500 008 &
H s
= 0 0.06
@ 300
o
B 56 0.04
2w 002
0 0.00
10 30 50 70 90 10 130 150
Temperature (°C)
~— E'(0.1Hz) »- E'(1Hz) E'(10Hz) E'(100Hz)
——Tan3(0.1Hz)  —o—Tan5 (1Hz) Tan & (10Hz) Tan 8 (100Hz)
10
FEP Arrhenius Analysis AFM vs DMA
—E, (1
LK ] .. [
. 0 Ink=— (T)+lnA.
s X
= (= DMA: E, = 212.5 ki/mol
o 8
c o
s 53
S 10
e
9 20
e 0.0026 0.0028 0.003 0.0032 0.0034
Frequency (Hz)
1/T (1/K)
Adapted from Bruker LUMONS
Journée Nanomécanique en Champ Proche - Grenoble (France) 11Q U e
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nanoDynamical Mechanical Analysis
Block Copolymer : PS-b-PMMA

* Both adhesion and loss tangent contribute to energy dissipation.
* Adhesion usually dominates in intermittent contact methods.

Tan §~0.01 E'=2.6 - 3.1GPa

AFM-nDMA Storage Modulus

Height Sensor 100.0 nm AFM-nDMA Tan Delta 100.0 nm

* E' map shows expected contrast correlating fo 20 nm domains.

Decoupling adhesion from loss tangent !

AFM-nDMA measures Tan § in contact — no adhesion artifact

UMONS
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Intfermodulation
AFM

The methodology
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Intermodulation AFM

Input spectrum Output spectrum

I Linear system fij;,

Amplitude
Amplitude

0 @ 20 %0 4 5o 6@ 0 @ 20 30 4o e G
Frequency Frequency
Input spectrum Qutput spectrum
L @
o o
2 " 2
= | Nonlinear system /i, i—b = I
E| £ I l
< < I
0 @ 20 3 4@ 5@ 66 0 @ 20 3@ 4w 5w 6w
Frequency Frequency
Input spectrum Output spectrum
L L
o -
2 - 2
= |I| Nonlinear system /i, =
E @ E
<€ <
0 @ _ 20 8w 4o 0 @ 20 % 4o
Frequency Frequency

UMONS
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Infermodulation AFM

‘ ‘ 1l ‘ ‘ i — Drivel
_ _ 12t | Drive 2
£ E 1} il — mmp3L
s g sf | IMP3R
= 2 6l Il — mpsL
£ E al ] IMPSL
<< <<

2L ]
3 ‘ ) ‘ ‘
10 265 270 275 280 0 Piezo extension

Frequency (kHz)
£
£
8
E hF—————~
8

012345678
Time (ms) . .
www.intermodulation-products.com UMONS
114 '
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Force Quadratures

tip motion:  Z(t) = h+ Acos(w,t)dt

2w
in-phase (conservative): F,(A)= f F, (z,2)cos(wt)dt
0

quadrature (dissipative):

F,(A)= f F, (z.2)sin(w,t)dt

Lo

0.5

F.(A) o

1.0

/\

0.00

FQ( A) -0.05

-0.10

-0.15
-0.20

10
D. Platz et al. Nature Comm. (2012)

15

5 20 25
Amplitude A[nm] | |\ONS

115
Spectra Envelope Functions

- Free motion 21 F [nN] attractive

|dfree| [NM] 0
1072
i I|II|||| |||| L1l S bl .

4 il I 1] =& repulsive
10%1 Engaged 20 — rase [ 1T
100 |d| [nm] -6
0.0

I ositd

- T ~02] FolnN]
10° Force 6 i

[Frs| [nN] - dissipative
10! 0 0 _os
s ull ([ — |, 08

448 452 456 460 464 0 1 2 0 10 20 30
Frequency [kHz] Time [ms] Amplitude [nm]
UMONS
116 “MEEEeEE
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Intermodulation AFM

Intfermodulation
AFM

Some results

04-12-19
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Blend of PS/PCL

10! 10t
(f) (9)
10° 10°
EEIDI EE -
107 - |
L =gl
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Frequency [kHz]

PS:PCL 30:70 blend

Soft Matter (201¢), 12, 619.
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Blend of PS/PCL

Amplitude

#3383 kHz

Amplitude
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Phase Phase
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PS:PCL 30:70 blend
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Blend of PS/PCL il

Amplitude Phase Amplitude Phase
.= 341 .3 kHz | ‘@ E 3428 KHz 7 o

@ £3418kHz e T (ov3433J<Hz

PS:PCL 3070 blend
UMONS
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Blend of PS/PCL gﬂ‘f MMMMM
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Blend of PS/PCL ol

Amplitude Phase

Phase Amplitude Phase
®2a51 8k | !

Amplitude

o 48503 kHz & 3533 kHz

© 8508 kHz ®/=352.3kHz o £ 353,8 kHz

03513 kHz £ 352.8KkHz £ 3543 kHz

PS:PCL 30:70 blend
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Amplitude
o £ 354.8 kHz

Phase Amplitude Phase
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o £ 355.8 kHz

PS:PCL 30:70 blend

Blend of PS/PCL =
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Height

Deflection

Blend of PS/PCL

Drive 1 - Amplitude [nm]

700.0 nm

1.0 um

1 10.8mV

-14.5 mV

Q:}%_l 42
PS:PCL 30:70 blend

1.0 ym
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Blend

of PS/PCL
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Moving Surface Model

md + ymd +kd

nd +kd.

separation s

FTs(S, S’) = {0

= F(s.8)+F,..
= —F.(s,5)
—(d-d)+h-z,

if s >0

—Foq —kys—mnys ifs<0

s 7
Soft Matter (201¢), 12, 619. )
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Fit to moving surface mode|

—— cantilever — surface
0
-1l

F, [nN]

- experiment
— simulation
g 5 10 15 20 25 30 35 0.0 0.5 1.0 15 2.0
Amplitude [nm] time [ms]
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Fit to moving surface model

Courtesy of P.A. Thoren
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Fit to moving surface mode|

PCL amorphous phase

— cantilever

— surface
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0.0

40
-0.2 ) E 20
+ experiment =
-0.4f — simulation | M—— o
V] 5 10 15 20 25 30 0.0 0.5 1.0 15

Amplitude [nm] time [ms]

2.0

UMONS

Journée Nanomécanique en Champ Proche - Grenoble (France)

131

Iniversité de Mons

Fit to moving surface model

Courtesy of P.A. Thoren PCL omorphous phose
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Fit to moving surface mode|

Sample: PS-PCL Cantilever: Tap300 ( f5=310.6 kHz, k=26.03 N/m, Q=465.1 )
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Liquid Crystal Blend

.Topography.

SFD3020, 77 wt%
(Soft LC)

SFD0647, 16 Wt%
(Rigid LC)

SFD0209, 5 wt%
(More rigidsLC)

+2 wt% additives

Journée Nan

|

400.9 kHz (n=1336) - Amplitude [nm

%
Rigidit

5y el 1N

L |

¥Modu|(§ Y.

| 1

]
0

04-12-19

68



Conclusions

AFM frequency and modulus ranges

Modulus (Pa)

10°
10 10° 10!

102 103 104 10° 10°

Frequency (Hz) UMONS

Université de Mons
138

Journée Nanomécanique en Champ Proche - Grenoble (France)

04-12-19

69



04-12-19

Take home message ...

Combined, AFM measurements with non-resonant modes and
resonant modes can provide :

» Huge range of properties covered including E', E'" and Tan 8.

+ FV based Contact Resonance for stiff samples at higher
frequencies.

* FV force curves, nDMA and ImAFM for soft samples at low
frequencies.

+ FV and PFT cover wide
range of ramp rates for
fime-temperature studies.

Log G(t)

UMONS

139

Take home message ...

Understanding the relative contribution of the various error sources
allows us to prioritize improvements to address them

» Spring constant and tip shape are key parameters for all of
the methods.

+ Force Volume can have fairly high accuracy if k and R are
well known, PFT is not quite as accurate, but is often worth
using for resolution and speed.

+ Contact resonance has a lot of parameters that need to be
calibrated, making ‘relative’ measurements more practical
than ‘absolute’.

+ Appropriate modeling is required to quantify the modulus
depending on the sample and measurement conditions.

UMONS
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Conclusions

SPM is a powerful characterization tool for materials science and
biology, capable of revealing surface structures with high
resolution and provides useful information on the morphology of
materials ... complementary to other techniques.

Force distance curve-based analysis allow multiple material
properties to be decoupled and measured independently ... even
of very soft materials |

UMONS
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Conclusions

For instance, recording of stiffness, deformation, adhesion and
viscoelastic (E’', E'", tan §) property maps in parallel to the
topography image is now possible with quantitative values.

UMONS
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Conclusions

New methods (such HMX, PFT, BE, CR, nDMA...) are able to
« rapidly » map the mechanical properties at the nanometer
scale due to the (very) fast data acquisiion and analysis
processes.

_’? PeakForce FASTForce FASTForce
anNm

Volume Volume CR

Storage Modulus:

Frequency [Hz)

AFM-nDMA U MON
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Conclusions CRATI TTAE,
nanoDMA, BE
A decade ago ...

TappingMode Pulsed Force

PeakForce ONM Harmanik Phase Imaging Single Harmanic Dual AC Mode Force Volume
e I I e e e
Deformation depth mapped? Yes Yes lNo No No No Possible offline
Quantitative Modulus range | 0.7 Mpa - 0GPa | 10 Mpa - 79 GPa - - - = <1MPa - 100 GPa
Adhesion noise level <10pN 200pN - - - <1l <10pN
Feedback on Peak Force? Yes No lNo No No Yes Yes
Peak force <100pN <5pN <3N <10nN <5l <I0nN <50 N
Lateral resolution <Gnm <0nm <5nm <10nm <10nm <60 nm <100 nm
E;mmg n‘;sa;:gg Yes Yes Yes Yes Yes Moderate No
Mapping Time b minutes 4minutes 4 minutes G minutes 4 minutes 4 minutes 18 hours
Easy to use? Yes No Yes No No No No

Viscoelastic properties (E', E'’, tan §)
o UMONS
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Recent developments in data processing ...

Big, Deep, Smart Data !l

Recent modes further expand these capabilities by enabling the
acquisition of multidimensional data cubes. For materials scientists
and engineers, this breaks long-standing efficiency and
characterization barriers.

These new capabilities provide simultaneous captfure of
nanometer-scale mechanical (and electrical) characteristics in
high-density data cubes, previously impossible to attain in a single
measurement.

LIMICINS
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DVA Inner layer

K-means (n = 5)

10' [nm Fourier amplitudes at pixel marked O

100 i .

1ot | . RMS datector noise
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Conservative Dissipative
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Amplitude [nm] Amplitude [nm]
Polymer 135 (2018, 348-354 UMONS
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Conclusions

Multifrequency methods are extremely promising but also need
some (new) models to provide quantitative parameters.
Data-driven materials development and design (machine learning,
Al) are most probably the key issue to achieve this goal.

Property mapping UMONS
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