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AFM Measurements

Short range Long range
‘contfact” “non-contact”
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Thermoplastic Elastomers

Scan Size : 2.0 um

Ph. Leclere et al., Langmuir 12 (1996), 4317-4320. U MONS
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Mechanical Properties

Common Adhesive Testing Methods

Tensde

UMONS
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TPE upon tensile loading ...

USTL, Lille (France)

UMONS
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TPE upon tensile loading ...
0% 30 %

Shear (maximum stress directions at an inclination of 45 °©)
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THE ORIGINAL NANOINDENTER
 Pethica, Hutchings, and Oliver, Phil Mag A48, 593(1983)
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Quantitative
Nanomechanical

Mappmg




What do we need ¢
A proper calibration of the AFM and the probe

scanner, photodetector sensitivities : approach-retract curve on stiff
sample (silicon, sapphire, ...)

« probe: spring constant, resonance frequency, quality factor, fip geometry
and dimension (electron microscopy or tip shape reconstruction).

A suitable contact mechanics model
« DMT model, JKR model, Sneddon model, ...

A signal giving access 1o the tip-surface contact

stiffness

"slope” of force-curve in the contact region,
« modulated cantilever vibration,

» phase-shift in AM-AFM,

« contact resonance frequency,

« higher harmonics vibration amplitude,

UI\/IONS

Université de Mor
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Contact Mechanics Forces

Basic Hertz elastic solution (1881)

UMONS
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Contact Mechanics Forces

Basic Hertz elastic solution (1881)

MONS
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Contact Mechanics Forces

To determine the deformation of two elastic objects in contact, we have to
establish and resolve the relationship between the stress and strain tensors.
This functional relationship is called the constitutive equation.

r /15115 + Gg ) is the Lamé coefficient

The shear modulus G is given by :

_E
2(1+v)
At equilibrium, the elasticity parameter
1/3
9R
A =T,
270, E

Wad is the work per unit of area required to fully separate the surfac

1 1-v> 1-v’
— = +
E E E

t S
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Contact Mechanics Forces

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

M-D = Maugis - Dugdale

JKR

Johnson — Kendall — Roberts
(low stiffness, high adhesion, ~ 1000

large tip)

10000

8 &
s 100
= :
% ’
5 i
A JKR
S 1ok M-D :
- E 3
1E E
Bradley 3
(rigid)
0.1 1l p ¥l L aaaanl pal Ll 11511
1E-3 0.01 0.1 1 10 | 100
Elasticity parameter A,
Johnson, Greewood, J. Colloid Interface Sci., 1997, 192, 326. | | MONS
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Force curves

Deflection
A
Repulsive contact
\o“
Approach
-«
Separation
Jump to contact -
N Separation
Jump to contact
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\ —— Deflection
Retract
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Repulsive contact
Retract
i 3 —_—>
: Adhesion
\l Separation

Adhesion
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Peak Force
Tapping

aka Jump Mode, Hybrid™, Pinpoint™,
QI™, « Ringing » Mode AFM, ...



Information contained in a PFM Curve

Adapted from Witec Fmax

Baseline Phase
(long range forces) =

Oscillo’rionl \

Damping
Stiffness

2 points

Stiffness linear Separatio
regression time

N\

Repulsive

Snap-in
Contact Time

Peak -

Oscillation Frequeﬁcy

Amplitude Ro’rio,"

Adhesion
« Ringing »
Sokolov Mode

Contact Time
A >
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Peak Force Tapping (QNM)

approach pv withdraw

Time

Modulus: 0.6 MPa-60 GPa
Energy Dissipation:1eV-tens keV
Adhesion: 10s pNs ~ mN
Deformation: 10s pm ~ 10s nm

—_—
Z. position

DMT fit for
modulus

Deformation

Peak Force

I

3
»

v \ Dissipation

Tip-sample Separation UI\/ION S

Adhesion

sité de Mon
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Analyzing Force Curves

From Deflection and Z to modulus

A —
Deflection

(V) . N :

time 1. Eliminate time
— 2. Apply ‘Deflection sensifivity’
3. Apply ‘Z sensitivity’

Z Position

(V) time

“Load vs. Displacement”

EA “Force Curve”
_t F=4/3 Flx VRd13/2 | 4. Calculate <
£ indentation 5
L 5. Apply ‘Spring 0
O ' o
o) constant =
° Elastic 6. Fit data with contact &
Unloading curve mechanics model : >

> Z Position (nm)

Indentation d (nm)'
UMONS

Université de Mons
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AFM frequency and modulus ranges
Force Volume and PeakForce Tapping

10 11 i
10 10
10°

108

107

Modulus (Pa)

PeakForce

101 10! 102 10° 104 10° 10°
Frequency (Hz)
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Blend of PS/LDPE

Stiffness Macrophase seporoﬂon

Information about
mechanical properties
at the nanoscale

LDPE

T CH,~CH,
Deformation — —

PS

- —1n

Scan Size : 3.0 um

IMONS
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Microphase separation

PSA

DMT Modulus Deformation

Scansize 1.0 um

JMONS
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F|bre de Kevlar - resme epoxy

200 nm 35.0 GPa
180

30.0
160
140 25.0
120 20.0
100
80 15.0
60 10.0
40

5.0

Modulus

0] 0.0

35.0 GPa 35-

30.0 30+
25—-
201
15—-

Modulus (GPa)

10+

54

O T T T T T T T T T T T T T
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Distance (um)

0 Megen=228% 1.7 GPA Mg cqe = 21 GPa

Mskin calc =~ 17 GPa
O. Arnould et al., Ind. Crops Prod 97 (2017), 224-228. U MONS

Jniversiie ae
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Paroi cellulaire de fibres de lin

Image
d’une section de tige

Image optique dans I'AFM

;- 3

IRDL, Université Européenne de
Bretagne, CNRS FRE 3744, Lorient

UMONS
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Parol cellulaire de fibres de lin

en développement

. Module
Topographie d'indentation

35.0 GPa
30.0
25.0

20.0

G CN Résine

15.0

10.0

O. Arnould et al., Ind. Crops Prod 97 (2017), 224-228. U MONS

Université de Mons
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Paroi cellulaire de fibres de lin matures

Module d'indentation

35.0 GPa

| 30.0

25.0

20.0

15.0

Topographie

10.0

My e = 21.3 £ 2.2 GPa

O. Arnould et al., Ind. Crops Prod 97 (2017), 224-228. U MONS

Université de Mons
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Contact
Resonance




Contact Resonance

Sample Stiffness —3»
(Elastic)

<« Sample Dissipation
(Viscous)

|

\__

—>| <« Af ) -
Stiffness is proportional Dissipation is proportional
to Frequency to Quality Factor
~15°
sample k;

Kn
UMONS
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Infroduction

Dissipation
(visco, capillarity,...)
dP/dh

v
Sneddon

Oliver & Pharr

35+
PU (3420) |
R =130 nm 25}
2 -
ke= 2.8 N/m =
o 15F
>
f=1Hz 1+
05}
Pcap™ 110N
D -
05}
1 1
800 600

-400 -200 0

200 400 600
Indentation & (nm)

UMONS
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Contact mechanics

Objectives: Find the relationship between ky and E

[ Paraboloid/plane models for

Existing models: | homoger_leous and isotropic samples
Indentation depth 6 << R (!!)

| + non conforming surfaces (!!)

The oldest , %
Without adhesion kNHe,tz =2Ma, = (6M Req F)

mmmm)> Not frequently used in AFM, used for high applied loads (> DMT — JKR)

v Hertz (1885):

1 1 - VYZ’i 1 - V?am le
M: Reduced/contact/indentation modulus (/inear) ISOTROPIC: = E+ .
M ETip ESample
Orthotropic material in the main axes: C,C,, -C2% C,C, -C%
[Delafargue and Ulm, 2004; C : C
Vlassak et al, 2003] M: =4 1 22
1 2 1 2
S, wood cell wall: M, =~ 20 / E,, =50 GPa + - +
[Jager et al, 2011; Arnould et al, 2015] Cu \/C11C33 +C,4 Css \/C22C33 +C,,

Kevlar fibre: M/, =15-20/E, ~80 GPa

) [Arnould et al, 2017] LIMONS
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Contact mechanics - conclusion
Nanoindentation-like approach:

< Cantilever stiffness requirement

£ 14 ke N
k, | ky<<k.,—d=0

< Calibration of the laser/photodetector

< Calibration of the cantilever stiffness

K

NDM T

Q

- (6M°R(F+F,

)

with
kcd - ch VA—B

2 Measurements of the real tip apex shape + suitable contact model...
< Non-normal load (shear) due to cantilever tilt + tip sliding?
< Limited resolution (>100 nm on polymer) due to large tip surface contact area

< Mapping (Force-Volume mode) of the elastic properties is very time

consuming (256 x 256 points = 18h)

— Force Modulation Mode [Maivald, 1991]:
the ancestor of CR-AFM at low frequencies!

MONS
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CR-AFM

principle

IDEA: To probe the local elastic stiffness of the tip-sample system
by means of cantilever’s resonance frequency in contact mode
at reduce applied force

Force

Applied force is modulated F =F +F x Sinwt

excitation

if Feycitation i SMall  mmmmp  =LINEAR contact stiffness

wAAA
VWA if Fyis small ‘ Good spatial resolution

Cantilever-tip-sample system

Indentation + Hertz theory validity
Point-mass model 1 |k +k, A
[Rabe et al, 1996] fo= o2\ m* with m™ = Zm +m,,

v

F
\ l kc* Amplitude of vibration and

|
3

resonance frequency depend

kn on the contact stiffness k...

but how?

UMONS
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Cantilever dynamic: analytical models
Clamped beam coupled with a normal spring

n= 2 A2 .
2 Clamped end = d [Yamanaka et al, 1994;
% xp= 0 r?(e=e{\ — Rabe et al, 1996]
% /‘\ -1
o ‘ ~/ s »
7 . y \ »Y
/ Cantilever —
% beam L § £ D A
’ 357 kx

; f. [
% n"'0
% Cantilever beam
/
% }
% Spring
% Sample surface k*

Pinned

/ end

I

Sample surface

0 02040608 1 1 10 100 1000
x/L k*/k

’ UMONS

Université de Mons
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Cantilever dynamic: analytical models
Sensitivity of the cantilever
contact stiffness and considered mode

Example: 30
Probe: k. =3 N/m,
R ~ 50 nm 25 ;
F,~200 nN
“Soft” sample 20 L
(Low T, polymer)
ky= 10 N/m 8 -
OKusingn=0 S
NG
“Hard” sample (Silicon) (|
ky= 1000 N/m |
N _ 10 < k\/k,< 500
Not OK usingn=0 5! |
OK usingn>0 | 4.4 0 free
with low applied foree 220 ' 1 < ky/k,< 100
static force for scanning !° ' T l(')o — ' ‘ u')s
‘M kn/k. UMONS

20¢me Forum des Microscopies & Sonde Locale, Juvignac, 21 — 24 mars 2017 34 Drversiedetions



Cantilever dynamic: analytical models

More realistic modelling: cantilever tilt

~12-15° Normal and tangential components

of the tip displacement
CONTACT = normal spring k, + tangential spring k-
sample Ky r%_'k
N
k; modifies the

curve f(ky)

k; = 0 + adhesion === Pinned contact

2 cases {

k; =0ornoadh. mesp Sliding contact

k; =23k,

Problem: Analytical model do not allow
to take into account the exact geometry
of the cantilever (defaults, V-shaped...)
and the specificities of the real excitation

Normalized frequency

- IMOINS

20¢me Forum des Microscopies & Sonde Locale, Juvignac, 21 — 24 mars 2017 35 RS




Cantilever and tip calibration / reference
samples

Nanoworld ARROW FMR:
k. ~2.8N/m, f,=75kHz, R=55 nm
Veeco Enviroscope: F,~ 180 nN

log f, A370-
A : : T =
pinned tip 2 330{ /0~ _ﬂfO_BO—kHZ— -
>
(8]
[
S
3. 290
o
L.
250 ' ' '
0 20 40 60
— = P Indentation modulus (GPa)
k'|: ~ O, _ Material M, (GPa) fo (kHz)
sliding tip oL 0,14 305
, @
PE 1,2 313 ®
PMMA 4,9 350 ®
| 62 370
free - log ky — :
> LR-White 5 338 @
o
o
@

UMONS

Université de Mons
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Cantilever dynamic: effect of scanning velocity

Polystyrene polypropylene blend

Kill tal,l ir, 27, 13983, 2011
PS regions: f,=792.1 +31.7 kHz, Q,=37.3 5 [Killgore et al, langmuir ]

PP regions: f,=801.7 +17.4 kHz, Q,=18.4 +2.7

100 nm - (a) S () scan veloci
i Py ey iy ity v (um/s)
= 2N po T TS (EIS(I\FI)IZCItc?\?V ?:eLMatllfi 14 250 100 50 1.0 0.0 ()
I . A pointma
low T + time temp \i2| ; S il o L
superposition) lﬁn\ =R l

relative modulus

® pointmap

\\\")\ I | ]

o.s_- - ~ \\\\I\% " '
\

0.4 | .

N ]

Tracking images 02} :_"‘ —O—DART -
L pp ====TTS
0.0 %ot /" on E
f Cantilever modelling e acqu% onfime
" +contact mechanics model V=1pmis
Higher scan speeds OK!

NO ! (contact mechanics Image duration ~1h

or instruments effects) 15 HM*15 pm
256*256 pixels

UMONS

Université de Mons
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Indirect vs. direct modulation techniques

) ) Modulation via the cantilever holder
The cantilever is

not directly excited U. Rabe et al Surf. Interf. Anal., 27, 1999
) K. Yamanaka et al, Jpn. J. Appl. Phys., 35,1996

Piezoelectric

transductor
Forced oscillations

Cantilever's
oscillations

fl=

CR-AFM excited by means of piezoelectric actuation of 25 Free
the cantilever's holder 1st resonance
peak offset in contact
10k i P?Iystyrene Fus'ed silica % ® » :
© O E 1
208 Mica & o 15 Zoom  |[\!
i - . .
! ' = ‘ v‘“ ™
g 1 = 10 O
=04} 1 o _\ )
E | }I 3 E 000 «
20.2 v A |‘\- < 5
vl ,
6 RN P S SRR 0. N e ) NG \ T ) |
310 320 330 340 350 360 500 600 700 800 900 1000 1100 0-freimen) ‘
Frequency [kHz] Frequency [kHz] 0 £00 1000 1500 2000
Contact-resonance spectra on polystyrene, clay, mica and fused silica . The spectra Frequency (kH Z)
of the first and the second contact-resonance frequency of a cantilever with a spring constant of i
1.5 N/m are shown L B " . SIlICOﬂ Sample
The sensitivity to “hard” samples is
better using higher harmonics F. Mege, PhD thesis 2011
Prasad et al (2002) Geophys Research Lett 29:13-1 UMONS
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Indirect vs. direct modulation techniques

. . ) ] U. Rabe and W. Arnold., Applied
The cantilever is Modulation via the sample Physics Letters, 64, 1994

not directly excited holder U. Rabe et al, Review of Scientific

Instruments, 67, 1996
Car!tileyer
citaions 41, AFAM (Atomic Force
Q Acoustic Microscopy)
II Transductor
oscillations
Free

in cont]act

CR-AFM excited via a piezo transductor located
under the sample zoom on

1st contact

1st resonance resonance f
peak offset peak f

—
o

Amplitude (mV)
Y

w
._.

0 S00 1000 1500 2000

. Frequency (kHz)
Silicon sample

F. Mege, PhD thesis 2011 [ JMONS

Université de Mons
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Indirect vs. direct modulation techniques

The cantilever is Magnetic excitation

directly excited O. Piétrement,
PhD Thesis (2000)

tube piezo

bobine

4

Signal (A-B) (mV)

35 40 45 S0
Fréquence (kHz)

Université de Mons
40
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Indirect vs. direct modulation techniques

The cantilever is Electrostatic excitation

directly excited

Fooo lVZ aC _ F +F +F S. Cuenot, PhD thesis 2002
dec =57 97 07 T@77 20 R, Arinero, PhD Thesis 2003
sample
Electrostatic
pressure laser
=5 Lock'in
P =~ F,+P,,. *sin(wt) photodetector amplifier
= Puect <<Fy l
3 3
| Acquisition card
2 2 samp'e Frequency sweep
g __ experimental  Sinusoidal Feedback
z 0 . electrostatic loop
o — 1D ﬁnl.te element ., itation
a1 modeling Metallic
- " sample
holder ‘
.30 50 160 150 200 topography /\
fréquence (kHz) Piezo

Example of free cantilever tube Contact

vibrating in the air resonance
spectra

UMONS

Université de Mons
4]
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Indirect vs. direct modulation techniques

The cantilever is Photothermal excitation
directly excited

Imaging in Air and Water

Amplitude cantilever oscillation is induced by
b) Contact tune in air mOdU|ating the blue |aser power that iS

—— focused at the base of the cantilever

L —— photothermal

’>; ol — giczoucouslic |

;;' 201

é 10+ - :

. Advantage of using photothermal actuation
0

200 292 294 2965 298 300 302 becomes clear when the contact resonance
Frequency (kHz) .
tunes are performed in water

¢) Contact tune in water

60 —I p!]ololhct!ﬂz}l 4

>: — piezoacoustic |

$ wl

;é- 20+

. » : [Kocun et al, 2015] - Asylum
080 l(I)O ll20 1210 Ié)()

Frequency (kHz)

UMONS

20¢me Forum des Microscopies & Sonde Locale, Juvignac, 21 — 24 mars 2017 4 niversiecelfions




Indirect vs. direct modulation techniques

—

SUMMARY

Indirect modulation
Possible mechanical coupling effects £
Wide bandwidth ...

piezo excitation piezo excitation
via sample holder via cantilever holder

\ aosinax/\

e I 00sinax

Direct modulation
No mechanical coupling effects -
Limited to low frequencies (< 1 MHz) @

Magnetic excitation

__Magnet Electrostatic excitation

\7[;.
i V =V, sinat

' /. ®\\
B =B,sinax —1

\ \

UMONS
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COHTOCT RGSOHOHC@-AFM priﬂCiple [Arinero and Lévéque, Rev. Phys. Instr., 2003]
with Dual Resonance Frequency Tracking iGannepaii et al., Nanotechnol. 2011

laser

photodiode Lock.-i.n ::}{:
/ amplifier YRS

l Zurich
Instruments

acquisition
frequency sweep

sample

!

1
feedback DRFT ‘ Mapping
close-loop control
BRUKER

Sinusoidal
excitation

Sample holder
+ US piezo

: topography

./’.;, - NN
piezoelectric scanner ’

frequency spectra ™ | IM(ONS
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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 ) \
& o Modulation = sum of two frequencies f; and f,
near to resonance

Cantilever Deflection

B M{WMWMMWWW @ stiffness ky .
o 2

Cantilever Potential
O A=A,  f -

- @ stiffness k’\,
Y Lockin 1 f—>> A’1 S A’2 : k’N < kN
“ A <A, K\ >ky
E
L Resonance tracking:
> Lockir:fzz _A‘;p" Af = f,-f, = constant

+ feedback loop
to maintain A’, = A’,

. f1'+f2'
> 1= UMONS

Université de Mons
45
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Measuring the resonance frequency

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 so 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).
DART®.78 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
Fourier analyzed to recover the full
frequency response.

measured. By exciting the entire band
at once, it is much faster than other full
spectrum techniques (e.g. sweep).

From Asylum (CR-AFM application note)

make the current implementation
significantly slower than DART. Future
speed improvements are possible.

UMONS

20eme Forum des Microscopies d Sonde Locale, Juvignac, 21 — 24 mars 2017
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Some practical examples

Chestnut tension wood
Arnould and Arinéro, Composites A 74 (2015) 69-76

Hardwood anatomy

Topography (nm) Frequency spectra (kHz)
Nanoworld ARROW FMR, k.= 2.8N/m, f, = 75kHz, R = 55nm
_ Veeco Enviroscope, F,~= 180nN UMONS
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Some practical examples

Chestnut tension wood
Arnould and Arinéro, Composites A 74 (2015) 69-76

—15
100
-200
5
Topography (nm) Contact modulus (GPa)
Nanoworld ARROW FMR, k.= 2.8N/m, f, = 75kHz, R = 55nm
_ Veeco Enviroscope, F,~= 180nN UMONS
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Some practical examples
Hysol EA9394 epoxy adhesive/Al particles (using DFRT)

Jumel et al, 5th Int Symp Adv Sci Technol Exp Mech 2010; M. Ramonda, atelier REMiSoL DFRT nanoméca

100

=50

—-100

-169

Topography (nm) Contact modulus (GPa)
UMONS

Université de Mons
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Partial conclusions

® Versatility (air/liquid, bending/torsion, tomography, ...)
®* Ease of implementation + cheap
* “High"” range of material stiffness

) ) Marinello et al, 2010
with the same cantilever [Mar ]

Variability of different parameters for different measurements with the same probe

Ond reduce Opp“ed force and for different probes (— negligible, + medium, ++ high).
Variability
For a given probe Between probes
BU : e E— —
® Cadlibration vs. analytical model };giggjlgc‘;ta’;glwo ' '
° NO mecsuremenT Of F.Cidh!! lTllel:;:;lucse frequency i+ :
(fio coating to avoid it...) Cantilever stiffness - "
© i 22
Irj’rerpre’ro’non and use of Q.. . (Hirsekorn et al, 2001]
* Tip wear (ho.rd coating or high R) -
®* Acquisition time T %
° . . Ultrasonic wave
High order eigen-modes not k amols /
SO eqasy to measure... Receiver
® High frequencies / viscoelastic material
MONS
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AFM frequency and modulus ranges
Contact Resonance

1011 i

10 10

10°

108

107

Modulus (Pa)

10°
4 ‘ _
10 PeakForce 5
103 il .
101 10° 101 102 103 104 10° 10°

Frequency (Hz) UMONS

Université de Mons
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Peak Force Tapping - Contact Resonance

Cht Deflection Error v DataScale: 169.7nm  DataCenter Autonm X Data Type: Time v
10

« CRis based on FASTForce Volume

* Provides standard force curve for
comparison for each pixel in map

Force (pN)

+ Hold Force and sweep frequency
* Reftract

20 40 60 80 120 140 160 180

_ 100
Time (ms)
Ch2 ~ | Heiaht Sensor + [DataScale: 500.0nm  DataCenter: Autorm X Datd Type: Time =

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

-800

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

-700

Height Sensor (nm)

-800

-900

+ Real-time maps of both raw data and I I T B
mech props (E!, E! !' |OSS Ton) Ch3 Amplitude2 v DataScale: 10.00 mv ata Center: Auto my ata Type: Hold v

* Whole sweep is saved, allowing detection
of artifact peaks, etc. (unlike freq tracking
methods like DART)

R e e L i

Amplitude2 (mV/)
A b O 5 o = v o & oo

0.4 08 12

UMONS
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Contact Resonance

From Frequency and Deflection fo modulus

1. Measure frequency (fcr) & Deflection 2. Apply cantilever dynamics to
A calculate k*/kc from fcr/fO
Deflection
>
(nN) time
Amplitude //\\ \
FA/VT (V) > freq . - T
| 10 100 1000 10000

Normalized contact stilTness k*/k,

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

Hertzian Contact

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

ETx =VkT3 /6RF

UMONS

Université de Mons
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Peak Force Tapping - Contact Resonance

Power {fm?*Hz)

0.2 0.4

06 0.8 1
Frequency (MHz)
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Peak Force Tapping Contact Resonance

UMONS

Université de Mons
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Real-time Contact Resonance Sweeping

Force Volume for mapping, Ramp for single points

~ Single point Ramp with sweep

Heigh Sescc v/
|- Remp Rate 102Hz
I+ Forward Velocity 407 /s
- Reverse Velocity 407 yis 10
|- Speedincrement Max 3.0 ym/s
|- Samples/Remp 512
I~ Retracted Delay 0005 /
I XRotate 000° z 0-— ==/
L ZClosed Loop off b ¥
 Trigger g
|- Trigger Mode Relative = -10
- Data Type Deflection Error
k- Trig Threshold 1000 nN
- Trig Safety 1305 0N -
- Baseline Fit 00%
L Baseline Bxrapolation  30.0%
B Surface Controls
[ Hold Time 1005 &40 60 ) 700 760 780 200
|~ Hold Ssmples 1041 Height Sensor (nm)
[ Hold Type Jogqerforce Data T, ) Data Scal Data Cent XDaaT, =
- Modulation Type High Freq 2 to External o 1< \bisight Sanacy S 10100 CokE | Ao P \ima J
b Modulate Amplitude 150 mV 780
- Drive2 Frequency 75.00000 kHz -
- Lock-In2 Phase 0°
- Lock-In2 BW 2001 kHz 760
f- Sweep Type Orive2 Frequency
I Sweep Start 50.00000 kHz ™
L Sweep End 1200.000 kHz. E  w
B XV Scan 5
B Feedback e ™
|- PFT Feedback Type Deflection B3 10
- Deflection Igain 800 z
I Deflection Pgain 150 g
{- Ramp Deflection Setpoint _0.0500 V 70
LP Deflection BW 15.00 kHz
B Force Analysis 630
& Limits
& Other -~
|- Plot Units Force . - s - i
- ilspl.y r\:ear; fnlh Time (s)
- Average Points = —_———— ——
L Effective BW 10417 He 3 - DateTywe | Ampitude: ~) DataScde 2000nm  DataCenter: Autonm  XDalaType: [Hold -~
1000
500
=
S
3 0
3
B 415.35 kHz 1092.54 kHz
-500
02 04 06 1
Frequency (MHz)
Cht ~ DataTyoe [Phase2 v DalaScde 500° Data Center. Auto ® XData Type: [Hold. -
200

., Force Volume maps

00 120um ()

Height Sensor v DstaScale: 130.0nm  DstaCenter: -740.8rm
[~ 50000

7 r! 0o vzcw‘b
Sweep Q) v DataScie: 9000 DataCeters 418 | | SweepArolf) + DotaScsle:  3.000mv  Data Center: 4.000mV
W3 » DoaType (Angude2 | DaScoe G403nv  DataCemtor Auorv  XData Type: [Hold -

2 { \\\"

/

tude2 (m)

1 7SR
. VU A A A 4 A b AT AL 4 Bt i sy Ay

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

Y 325 GPa

CR Storage Modulus 2.0 um

Load=200nN

Si: 165+15 GPa
Al: 85+24 GPa
Cr: 192431 GPa

e 32.5 GPa

CR Storage Modulus . 20 MM

Load=500nN

Si: 16510 GPa
Al: 101+29 GPa
Cr: 201+30 GPa

SR 325 GPa

CR Storage Modulus 2.0 ym

Load=1000nN
Si: 16517 GPa
Al: 103125 GPa
Cr: 202426 GPa
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Water on Mars ...

Soft Matter (2016), 12, 619.




Peak Force Tapping Contact Resonance

PCL-PS
Polymer blend

UMONS
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Results
Comparing PFTQNM and CR

* PFTQNM « CR 128x128
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Contact Resonance : Tip or Sample ¢

Cantilever Deflection

Adapted from Asylum Research

f;
ref 1
AP,
Lockin 1 b—>»
\ 4
A
f,
|
ref 2
Ay,
Lockin 2 pb—»
Y
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Conclusions

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

Huge range of properties covered

FV based Contact Resonance for stiff samples at higher frequencies

FV force curves for soft samples at low frequencies

FV and PFT cover wide range of ramp rates for time-temperature studies

- 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
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