Recent Developments in Nanomechanical
Characterization Techniques in AFM

John Thornton, Sr. Applications Engineer, john.thornton@bruker.com
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Influence of nanoscale mechanical
properties on macroscale behavior

< Distribution of domains in
heterogeneous material

< Mechanical properties of those domains

Bulk methods require large amount of
material

Nanoscale methods allow access to
components in-situ

« Small amount of material

« Domains confined within matrix or
adjacent to filler

Power lrains

"= Engine cover

Interior & Exterior
»  Side trim
* Door inners

g =

Epitaxial lamellae at barrier-tie interface: heat
sealed food packaging
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AFM Imaging Technology

Mapping topography -> More information

< Contact mode & force spectroscopy (1986)
- TappingMode & phase imaging (1992)
< Force-Volume Mapping (—1992)
< Contact Resonance (AFAM, UAFM~1996)
< HarmoniX (2008)
< PeakForce Tapping/QNM (2010)
« PeakForce TUNA (2011)
 PeakForce KPFM (2012)
 PeakForce sMIM (2015)
» PeakForce SECM (2016)
= Fast Force Volume (2014)
» FFV — Nanomechanics/CR (2016)
< FFV — Nanoelectrical (2018)
= AFM-nDMA

More to come ...

8/27/2016



Nanomechancial Measurement Techniques
with AFM

BRUKER
Force Spectroscopy (Elastic Modulus)

Phase Imaging (Convolution of elastic

and viscoelastic properties)

Contact Resonance (Viscoelastic CR Storage Modulus 8000

Properties at high frequency)
PeakForce QNM (Elastic Modulus)

AFM-nDMA (viscoelastic moduli)

20 March 2019 Bruker Nano Surfaces



Different AFM modes & cantilevers cover
wide range of modulus and measurement BRUKER
frequency

= At first glance, covers range of
frequencies and moduli 10%

10
e For sure AFM offers attractive 0

spatial resolution 10°

- Repeatable measurements 10f
possible with good system

calibration

107

Modulus (Pa)

108

10°

AN

104 ' . |
PeakForce Tapping

10’ . : . .
10 10° 10 10? 10° 104 10° 10°
Frequency (Hz)




Force Spectroscopy for (<)
Nanomechanical Measurements ( D<)

c
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Sneddon Hertzian =
(conical) (spherical) 3
o

=

e Force-Distance curves collected
and fit with models to measure

Fluid, blood Endothelial Smooth Skeletal Plasti
= = e or mucUS Lung tissue Stromal lissue muscle muscle glass
- Elasticity/Stiffness T |
Icl I %M R \
V X (
- =
® Ad h es I O n Neural Cartilage Bone
l & "'\\ h
Y N
- o = -
= Attraction
50 200 400 800 1200 2000 3000 5000 12,000 20,000 2-4 GPa

Elastic modulus (Pa)

Increasing stiffness

Modified from Cox and Erler. Dis. Model. Mech. (2011) 4:165-178.
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Interpreting Force Curves (<)
BRUKER

( ><I

M easures Approach Retraction
) attrac“ve , van der Waals e Adhesion

 repulsive, and % - P
« adhesive forces between 12

tip and sample

b Electrostatic f Capillary force
. . _ 4mRhopO: .
Applications g RO — e F = 4mRy cost
* investigating fundamental IR -

force interactions

C Brush g Polymer extension
« nano-scale adhesive and ST ASELNES
elastic response 3 LE i \ s
« binding forces b
d Elastic h Binding

e collodial studies

4E1R 52 E= U— kTIn(Tig)
 chemical sensing % T A
TETFFTRTF

WE Heinz, JH Hoh - Trends in biotechnology, 1999

7/17/2019 Bruker Nano Confidential



Nanomechanical Properties of Tissues an
Mammary Gland (_,.X_)

Log scale bar of stiffness (Pa)

L v

mammary
tissue

Deflection Errar (%)
Deflection Errar (%)

0s 1 15
Z(pm)

* Role of forces in disease states (eg. breast cancer).
« Mammary gland becomes increasingly stiffer with tumor progression.

* Force curves show lymph node stiffness > mammary tissue stiffness.

7/17/2019 Bruker Nano Surfaces Division



Example: Indentation Analysis

é -Choosing an indentation model BRUOKER

[é.]ndentatmn [&lndentatlnn
2 15
0
£ Hertzian Sneddon
g (spherical) .
(5]
S (conical)
L
-0.4 -0z 0 02 0.4 0.6 0.8 1 1.2 0 0z 0.4 0E 08 1 1.2
Separation {pm) Separation (pm)
B Inputs B Inputs
Active Curve Extend Active Curve Extend
Fit Method Linearized Model Fit Method Linearized Model
Include Adhesion Force MNo Include Adhesion Force No
Max Force Boundary 100 % Masx Force Boundary 100 %
= Min Force Boundary 5% Min Force Boundary 5 %
(& _Fit Model Hertzian (Spherical) ) (= Fit Model Sneddon (Conical) ]
H Results H Results
- R 0.9950 - R 0.9929
[ ~ Young's Modulus 0.000922 MPa ] — Young's Modulus 0177 MPa ]
— Reduced Modulus 0.00123 MPa — Reduced Maodulus 0.237T MPa

Force curve taken on a live HEC1A cell with a 5pum
radius colloid probe cantilever

Force curve taken on a live HelLa cell with an
unmodified MLCT probe




N Princi BRUKER
Force Volume Imaging: Principle ()

B A force-distance curve in
each pixel of the image

B The force-distance curve is |

:__ |
‘triggered’: the Z movement % Wi /7 T 7 /

stops when a user-defined
force (trigger) is reached.

g _ _ T4 ____/?/j T A
The Z position at this force is il | ]
used to construct the Height

. = -

| I [

|
7
_EJ“&L
\
I -
>

Image

B All force distance curves are '
sued to create ‘force slice’
Images.




Force mapping in mechanobiology — (<)
conventional approach ( D<)

= 2-Dimensional array of force curves conducted over a
defined scan area.

e Disassembly of actin filaments after treatment of living
3T3 fibroblast cells with the drug Cytochalasin B.

e Slow acquisition speeds and low resolution have
hindered wide adoption.

- leg ( E [Pa])
B 30 35 40 45 5.0

Omin  ————

Exposure Time >
Radmacher et al. (2000) Biophys. J., vol 78: 520-35.
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Widest Range — High Speed Quantitative

- BRUKER
Data with @V@Iume
= Highest speed linear ramping, to 300Hz ] e .
/

< All the data: pixel resolution up to
256x256x2048 or 956x956x256

e Real-time analysis: Instant property
channels incl adhesion and modulus

e Force control with <50pN low force trigger

e Study time dependence — closes gap
between traditional slow ramps and
PeakForce Tapping

7/17/2019 Bruker Nano Surfaces



Phase Imaging for mechanical contrast

; ; /\Aj "Free" Amplitude
*"hﬁ r

Fluid layer

I
/\/\/ Amplitude reduced

BRUKER
73 )

—amplitude
/.~ | Extender
<__| Electronics —phase

"Tapping"

phase
]

Polyurethane
material

Sample courtesy
Y.Tang, U.of Toronto




Phase Imaging:

Component maps, more complex BRUKER
- Rubber Material (EPDM+iPP+CB), Sum scan (_,.X_)

Height Phase

CB particles

EPDM areas
with
different
Cross-
linking
density

Phase imaging shows high sensitivity, allowing one to differentiate different
components

7/17/2019 Bruker Nano Surfaces



Phase contrast highly variable C><)
- Polypropylene-Rubber blend, 5um scan BE%R

Height (nm)
Light Tapping | & '_"E"

Hard Tapping

Light Tapping

Limitation: Phase images strongly depend on parameter settings (drive
amplitude & amplitude setpoint) and can even reverse contrast

7/17/2019 Bruker Nano Surfaces



PeakForce Technology

Controls and measures force as feedback BRUKER

Z motion

Resembles a
typical force
curve...

i\
Deflection *‘-‘-»-m-uu...,.,.,_;f T 5 —

Time Z position

2 e e
Wﬂﬁrﬁy

PeakForce Mode:

Probe modulated at small amplitudes at low frequency (1-2kHz).
Feedback signal is peak force between tip and sample.
Direct control of imaging forces with ultra-low setpoints (<100pN).

Images acquired at typical scan rates (1000’s force curves/sec).

7/17/2019 Bruker Nano Surfaces Division



PeakForce Mode

<)
BRUKER
(>

e When the linear motion is replaced with a sinusoidal motion, we can
ramp much faster: for example 2kHz — this is unique

‘peak force’ = much better force control

Force (nh)

Forca (nk)

Z (hm)

“Peak Force

50 100 150 200 250
Time (ps)

300

390

400

450

Instead of ‘force trigger’, we will use true feedback on the maximum or

Force (nh)
o =

Result:

Standard imaging speed
Full force mapping

o] | Pl | R |l | ] | ] | e | e | ] | e | I

e Extreme good force control (down to < 20 pN)

7/17/2019




PeakForce QNM
Topography and material property channels BRUKER
pograpny property ( <0

collected simultaneously Iin a single scan

{; DMT fit for

| modulus

{ Letormation

Peak Force

|

g ¥

e 3

2 | 5

r-4 ] :

= | b

<y e’ | Dissipation

Tip-sample Separation

Modulus Deformation Adhesion Dissipation

Bruker Nano Confidential




Quantifying PeakForce QNM data

DMT fit for
modulus

Deformation

Peak Force

v “... | Dissipation

Adhesion

-
Lt

Height, Modulus & Adhesion maps of
Polydiethylsiloxane (PDES) on Si showing the 3
different materials with high resolution and in

Tip-sample Separation

normal imaging time (9 min for 512x512 image)

i, "
Yy Height
.

3-compound polymer: hard matrix
with rubbery inclusions & semi-
crystalline phases. The modulus
image & histogram show the 3

—=.| materials with high resolution.

7/17/2019
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Polymer composites

Heat-sealed bag

Zolalel

r
00 4: LogDMTModulus

1
20pm

93

80

Barrier layer
Nylon
Strength & gas impermeability

Tie layer
ULDPE
Preserves layer adhesion

Sealant layer
Metallocene PE/LDPE blend
Adheres to itself when heated

Barrier and Tie layers are incompatible, so
we expect a relatively abrupt interphase.

= Single scan line has a clear step in
modulus over a distance of ~75nm.

= Lamella do not cross the interface, but
grow epitaxially from the Barrier layer
~250nm into the Tie layer.



Polymer composites
Heat-sealed bag

T 1
0.0 3: DMTModulus 4.0pm

723 MPa

150
100

MPa

Barrier layer
Nylon
Strength & gas impermeability

Tie layer
ULDPE
Preserves layer adhesion

Sealant layer

Metallocene PE/LDPE blend
Adheres to itself when heated

Tie and Sealant layers are more
compatible, so we expect a wider
interphase.

= Single scan line: the variation in
modulus is dominated by individual
lamella.

= Collectively: modulus varies over a
much wider range —250nm to —1um.

= Lamella from Tie layer act as nucleation
sites or penetrate into the Sealant layer
resulting in a more ordered region up to
~1um from the interface.




Analyzing Force Curves: FV & PFT

From Deflection and Z to modulus BRUKER

/
| Deflection - o .
(V) | . . .
time 1. Eliminate time
\ — 2. Apply ‘Deflection sensitivity’
~ 3. Apply ‘Z sensitivity’
Z Position : 7~
N .
(V) N\ p time
“Load vs. Displacement” . “Eorce Curve”
. . €
4 4 4. Calculate indentation S
E F= 3E VRd 5\6‘0 5. Apply ‘Spring constant’ I5
LL (\a\‘l \ 6. Fit data with contact o
5 2 ¢V _ ks
g 2% ¢ © mechanics model D
S| el a
F‘I»a bo’\“ - >
> Z Position (nm)
Indentation d (nm)
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Force Volume Error Analysis

Potential sources of error include:
< Tip radius (R) — 15%

= Spring constant (Kc) — 6-16%

= Deflection sensitivity (Sd) — 5%

= Deflection voltage (V) — 1%

= Z position ~1%

Conclusion Application Note #149
Improving the Accuracy of Nanomechanical

= Low modulus limit is dominated by error TFEas'Flrehm?nts with Force-Curve-Based
in R and Kc echniques
Tha structure and machanical propertias of sub-micron for clibration of mulipks paramedars associated with the

= High modulus limit dominated by error s et m———— s e B3 et
function. Atsrmic forea micrsscepy has the high rasclution,  Addressing the speed problem, FASTForce Welume™ has
been intreduned on Brukor Dimension loon®, Dimsrsion

in Z and Deflection Sensitivity el o o T T PP e, B Fscht and Wk AF

. . . G b i forca mea
nota disoussss the desslopment and implomrentation of ;‘ﬂdirgmﬂmm y m. Py
savamml now featus that improve the Alaubility, accuracy, Volumg can make the sama measy it but gt ruch
and . ity P“Im: h“'.“‘m“p'.“ IAFMal in highar ramp rabas, resuliing in & fenfold decrsass in
nnn_such impoartant material propartice sa moduks eoquisition ime. For sampls, & foros curve map of
arvd adhasian. 1281128 pisals previcusly took 30 minutas, but now
Introduction onky takas about 3 minuiss. Tha same maps of modubs,

adhasion. and heiakt in real tme are stil oaformed. but

7/24/2017 Bruker Confidential 23



How did we improve the accuracy of
Force Volume & PeakForce Tapping?

= New probes for materials
= LDV calibrated spring constants
= Controlled tip radius =33nm

= Selection of spring constants to cover
range of moduli

« 0.25, 5, 40, 200 N/m

Scan QR Code

Probe Type  RTESPA-300-30 Batch A28 Wafer 13 Box

Probe#  Die K ResFreq [(Q Tip Radius| 1/2 Angle

< New probes for cellular work
= Calibrated spring constant <0.1N/m
= Controlled tip radius =65nm
= Tip Height — 17um

6-8 51.047 369608.000 643.600  33.000 25.000
6-9 48,352 366990,000 609.500  33.000 25.000
6-10 51.862 365225.000 626,000 33.000 25,000
6-11 48.787 363411.000 574300 33.000 25.000

Use this record ] I Cancel

e Guided calibration software for
deflection sensitivity

= Better contact modeling

July 11-12, 2017 Bruker Confidential



PeakForce QNM — Guided calibration

Touch Calibration B?UKER

eeeeeeeeeee

e High accuracy, guided
calibration of key
parameters for force
spectroscopy and PF-
QNM

- Calibrates Deflection
Sensitivity, Spring
Constant, QNM Sync
Distance, PFT
Amplitude Sens Xz

Ramp

03.07 nm/NV

e No-Touch calibration _
also available

= Spring constant D e e ———
calibration by Thermal T e [ | |1 4|
Tune or Sader Method ‘ e '

)
= -

10/25/2016 Bruker Confidential



Accuracy of PF-QONM (vs. DMA)

Ternary polymer blend BRUKER

DMA and AFM comparison (5% error on DMA values)

0 II I. II
PP PE PS

B DMA WAFM

w
i

e
M

w

‘DMT Modu Iu s

Modulus (GPa)
= ~
= (%] N (%))

o
n

DMA 219 195 292 0.89 1.33

avg AFM 198 124 2.63 0.62 1.32

stdev 0.16 0.22 0.35 0.08 0.10
stdev/avg 8% 18% 13% 12% 8%
DMA-AFM 10% 45% 10%  36% 1%

July 11-12, 2017 Bruker Confidential



Force spectroscopy maps can be collected using
PeakForce Capture during PeakForce QNM imaging,
or FastForce Volume BRUKER

Recalculation of saved data with different models for modulus and
adhesion

Corr P! Doty k[ Corton i D] PeakForce Capture provides
D A . the force curve at each pixel
05
: = p up to 256x256
B e
s o8 A o | Individual force
H ; N zian {Spherical -
= “ - Hertzian (Spherical) curves can be
i = gneddsnnh{(:nnical} accessed and
R . T | analyzed at each
Force: Curve Mode e . . JKR 2 Poirt i
Sge @ik ORuge WENUA) ENmBese Enviies TR Biomnd JKR 2 Poirt - Stffness pixel.
Clesr Al | | Save lmages | | Dy Bognd Rameval
Modulus models Modulus, Adhesion,
i . and Stiffness maps
B Cffiine Parameters 2 (|E Properties I L
L 2Display 0.001007 Arn L BassineFit Offset Extend % can be recreated
- Time Display 0.000 - Basehine Fit Min 500 % Threshold Crossing . .
I Force Display 000 AN - Baseline Fit Max 0% Pastive Slope using different models
b= I Direction Fetract = Modulus Fit Model Hertzen (Spherical) Absolute Minimum iciti
= Display Mode Marmnal + Deflection Sensatraty 65000 nmsV . or vaUISItlon
b XData Type Height ||+ Spring Constant 012627 Mjm / Adhesion models parameters, such as
— Plot Unis Farce = Ti Ha||:;u1g|: 00000 = .
= Max Curves Plotted 50 I TIE Radis 1.5000 nm Spnng constant or
— Autcprogram Export Mo + Poisson's Rabo 030000 H H
B PeakForce Tapping = Include Adhesion Farce fieg deﬂect'on SenSItIVIty
= Syne Distance 1482 = Adhesien Algenthm Absalute Minimum
= Drive3 Senstaity 358.78 nm'¥ = Man Force Ft Boundary 500 %
= Harmaonics To Comect 1 = Max Force Fit Boundary 100 %
= Interaction Tema 0.500 = Data Limits Full Scale
[~ Dynarnic Syne Distance Mo =

7/17/2019 Bruker Confidential



Hydrogel in fluid - FastForce Volume map 20um area —s__—

|‘E Force Volume Data ‘
Control Panel | Density Plot | Contour Plot - Disabled o
47 um
Force Curve Index 780 plotted Deflection Emor -
= 5 I
E 4 H
§ 3
] 2
5 1
E R = =
K -1
o
] 7 &
Height Sensor (um)
Force Curve Mode
Select Al Save Curves | |Recalc Maps E
@ Single ) Multiple ) Range
-C!ear Al -_Save Images 5 5 R S H
Each image of ] -2UM =amp o176
Inputs
fo rCe data Can be B Offline Parameters B Properties
Z Display -3242 nm — Baseline Fit Line Extend
Saved and Time Display 500000 < ( Baseline Fit Min 100 %
Force Display 0,409 nm (— Baseline Fit Max 500 %
analyzed 7 Direction Extend — Maodulus Fit Model Snedden (Conical) o
. o 18 um Display Mode Normal — Deflection Sensitivity 22,583 nm/V
Indlvldua”y X Data Type Height Sensor — Spring Constant 0.82982 N/m
T 1
00 Height Sensor 200 m Plot Units Metric (— Tip Half Angle 15.000 @
Max Curves Plotted 50 — Tip Radius 20.000 nm
L Autoprogram Export No — Poisson's Ratio 0.30000
( Include Adhesion Force Yes
— Adhesion Algorithm Absolute Minimum
55.0 pN — Min Force Fit Boundary 200 %
— Max Force Fit Boundary 80.0 %
— Data Limits Full Scale
Often use Live

Cell pre-
calibrated
probes for this
measurement
on Hydrogels

9.8 kPa

gModulus

m

19.1 pN

1
00 Adhesion 20.0pm

- 39.889ph

o Sample courtesy
bo Modulus 20m Fangzhou Xia, MIT

todulus ~ T.298kPa




Modulus map — 20um area

Using Sneddon model for modulus calculation BRUKER
Mean value = 7.4kPa, Std Dev 0.541kPa

&7 [.de]

9.8 kPa

| 5 Pams - Functional I 5 Pams - Hybrid | 5 Pams - Spatial
Results | 5 Pams - Height
H Results
I— Image Mean 7430 Pa
L Image Standard Deviation 541 Pa

Depth Histogram of Modulus map

— .W.WWM Hﬂﬁﬂilm 5

3.9 kPa

0.0

|
3: Modulus 200 pm

Sample courtesy Fangzhou Xia, MIT

7/17/2019 Bruker Confidential




Ramp & Force Volume Expansion
Ramp&Hold based measurements

long relaxation times
« Hold Force or Z sensor
- Measure Z sensor or Force

Relaxation: best for very soft samples with

= Fit hold data to calc. viscoelastic props

stiffness samples

= Add modulation: single frequency or sweep during

hold

= Measure amplitude and phase at frequencies far

below contact resonance

= Calculate storage & loss modulus from hold data

= Add modulation: sweep frequency while holding

force

Force Modulation: best for moderate

Contact Resonance: best for stiff samples

° Range chosen to cover contact resonance

< Fit CR peak to find f, Q

= Calc. storage & loss modulus from f, Q

“Stress relaxation”

F

Trigger

— Trigger Mode

— Data Type

—+& Trig Threshold

— Trig Safety

— Baseline Fit

— Baseline Extrapolation

H Surface Controls

& Hold Time
Hold Samples
Hold Type
Modulation Type
Maodulate Amplitude
Drive2 Frequency
Lock-In2 Phase
Lock-In2 BW
Sweep Type
Sweep Start
Sweep End

time

Relative
Deflection Error
300.0 nM

3624 ul

0.00 %

300 %

100 ms

520

Trigger Force
High Freq 2 to External
100 mV

400.0000 kHz

U ]

1.000 kHz

Drive? Frequency
400.0000 kHz
700.0000 kHz

10/25/2016
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Ramp&Hold Z or Force
Stress or Strain Relaxation

e Hold Z, hold trigger force, or
hold user defined force

e Integrated with Force Volume

e Easy: similar to ramp mode
= Typical ramp time—0.1-10sec
< Typical Hold time —1-5000sec.
= User definable sample rates

e For Rampé&Hold>a few sec, the
plot is updated during
acquisition and can be cancelled

e Offline analysis

“Stress relaxation”

Approachi Hold Retract
o i

Ll *

» .
i ",
,,,,,
.........
H "tasmsmmmmmms

“Strain relaxation” =
Approaché Hold Retract

Z

<)
BRUKER
(>
F

time

time

November 10, 2016 Bruker Confidential



@RampScript Editor

e Multi-segment types and
control in a single script.

e Force Ramps and
Frequency Sweeps.

Ramp Script Editor

A -

Script Name:

7 Home Position:

Script Notes:

0

1

0.00 Hz

750

Off -
No -

Z Lift Height: 500 nm

N P | | PN =

N F INIEE

Tirneline

1 F 4 5 6

VA L L L[>
1 Advanced 2 Advanced 2 Advanced
Samples 0 Samples 0 Samples
Time (5) 05 Time (5) 05 Time (5)
Sample Rate 0.00 Hz Sample Rate 0.00 Hz Sample Rate
Ramp Size (nm) 200 Ramp Size (nm) 20 Max Z Move (nm)
Tip Velocity 400.00 nm/S Tip Velocity 40.00 nm/S Force Setpoint
Trig Threshold (nN) 20 Trig Threshold (nN) -20 EOS TTL Qutput
Trig Safety (nM) 1000 Trig Safety (nM) 1000 EOS Reset Baseline
Baseline Fit (3a) 0 EOS TTL Qutput Off b
Baseline Extrp(36) 0 EOS Reset Baseline Nao -
EOS TTL Qutput Off -

EOS Reset Baseline

November 10, 2016

Bruker Confidential




Viscoelastic Properties of Cells
Studying Time-Dependent Mechanical Properties

To fully understand cell mechanics
need to consider viscoelastic
properties (time-dependent)

Ramp Scripting on ICON and
Resolve

- Easy to use software interface for
designing customized, advanced
force measurement studies

= Scripts can be conducted at single
point positions or as an array for
mapping viscoelastic properties

(pN)

Force

10/25/2016 Bruker Confidential

Ramp Script Editor 2=l

= .
s DiAProgram Files\NanoScope\2.3b33\RampScripts\CellRelaxation2_Step.ml
- ol | *nl‘

Q
@

Script Notes:

Z Home Position: Lift v| Stress Relaxation

Z Lift Height: 3000 nm

PN P e

4

'F
N

Samples 1041

[] Advanced

Time (S) 1
Ramp Size (nm) 1000

Tip Velocity 1000.00 nm/S

N

2
Time ( s)




Ramp Scripting for Mechanobiology

Viscoelastic Creep Response of Living Fibroblast Cells BRYKBER

50
\NMM -
z Mm

Dt bbb bdb bbb bbb bbbt
£ ; :
£  Z movement %
2 of 50nm in |3 i
3 ~1lmsec ] |.

MIROView was used to target the:
(1) cell nucleus, (2) cell extension, (3) petri dish. 1862 1864 180 TeE 3 PO 2004 2006 2008
MLCT-Bio-DC probes (k—0.011N/m).

Force (pN)

= Advantages of Ramp Scripting on Icon: SRR
= Fast feedback (z movement <10msec) |

= High stability (holds over several seconds)

= Most sensitive force control (—10pN) L. :

= Per segment TTL for synchronization

0s 1 15 T\mezts} 25
F
on v ors N—=N\|=k )~z
In collaboration with Prof. Manfred Radmacher, Universitat Bremen, German

10/25/2016 Bruker Confidential



New Force Hold with Frequency Sweep W,
- - - BRUKER
for Dynamic Mechanical Analysis

e New integrated frequency sweep during hold enables dynamic
mechanical analysis (DMA).

e DMA provides frequency domain response spectrum. Amplitude and
phase, can be converted to storage and loss modulus as function of
frequency.

0

i

Frequency 50-250Hz

<I Deflection

w*‘

\ “

M l) I w
‘\ \ !

Al “1’1]

‘»JI \J \,‘ lL" L’ '\‘ i) L UI ‘L I

Bruker Nano Surfaces
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Elasticity and Viscoelasticity Characterization
Accurate Measurements of Materials 1kPa to 300+ GPa

<)
RUKER
(>

Complete Solution for Nanomechanical Characterization

PF-QNM Performance

>
© Cell Biology Polymer Materials Composite Metal
o € > <€ >
T <€ >
10 3 kpPa) 10 6 (mpa) 5 10 ° (GPa) 10 12 (TPa)
a
2
0
17
% Cell Biology Polymer Materials Composite Metal
o
3 <€ <> <€ > >
~ 103 (kPa) 10 6 (mPa) 10 9 (GPa) 10 12 (TPa)

Pa

7/17/2019
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Contact Resonance Mode B(I:ZK(E7R
Principle (O

e Developed in the 1990s
e Tip is in contact with the sample

e Sample is placed on an actuator which oscillates the sample at fixed
amplitude over a frequency range

e Cantilever (contact) resonance spectra are measured in each pixel and
provide storage & loss modulus at a discrete (high) frequency
= Dissipation is proportional to Quality factor Q
= Stiffness is proportional to frequency

1
1
1
1
1
1
1
1
1
1
I
i
I
1
1

fif,
Material 2 has higher Material 1 has higher
stiffness than material 1 dissipation than material 2

7/17/2019 Bruker Confidential




Contact Resonance Mapping Bmﬂ
Principle (O

chi Deflection Error ~ DataScsls: 1687nm  Datalenter Auorm  XDatsTws  [Tme =]
< In every pixel, a standard force curve +
contact resonance spectrum is acquired )
e Approach : \ﬁ

e Hold Force and sweep frequency
= Retract

Ch2 sight Sensor + |DataScaler S000mm  DataCenter Autanm X Datd Tupe Time

40

e Compared to contact mode: More
repeatable & longer tip lifetime (lateral
force on tip is minimized)

-60

nsor (nm)

-70

Height Se

-80

-850

= Allows measurement of Adhesion force for
each pixel = better contact mechanics e 2000 e
mOdeI i ng Ch3 Amplitude? » DataScale: 1000 my T”’;:tawt-lesr::tel Auto m/ ¥ Data Type Held

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

Amplitude2 (mv)

4
3
2
1
0

-1

-2

-3

4

7/17/2019 Bruker Confidential



Contact resonance for hard materials
- Al & Cr film on Si, 10um scan BRUKER

e Principle:
< Tip is in contact with the sample

< Using a transducer, the sample is excited mechanically
at & around contact resonance frequency

= Measure f; & Qcr at the contact resonance s
- f.r & Qg can be translated into storage & loss modulus |

e (Good sensitivity for stiff samples (10-300GPa) ot My

Height Sensor
CR Frequency
CRQ

CR Amplitude

CR R"2

CR Stiffness (k*/kc)
CR Damping (p)
CR Radius S o V4
CR Storage Modulus : Com
CR Loss Modulus
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Contact Resonance Mapping an
Probes & Samples (<O

e 3 probe types
- Diamond coated
= Various spring constant cover modulus range from 1 GPa to 300+ Gpa

= Note: During development, our engineering team used 6 probes to collect over
2.7 million CR spectra and lasted 257 hours of CR operation

e 7 reference samples
HOPG, Mica, Fused Silica, Al (50nm film), Si, Cr (50nm film), and Sapphire

n  Det WD Exp 50 pm AccV  SpotMagn WD Bp ————— Sum
P

0x  TLD49 1 500kV 30 5000 TLDSO 1
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ontact Resonance Mapping
‘Raw data’ Example

. I . .
- Sl 1gle point Ran 1P with sweep L.
flamp Rate 102H:
- Forward Velocity 407 pvi's
|+ Reverse Velocity 407 ymi's 10
- Speed Increment Max 300 pm/s
Samples/Ramp 512
|- Retracted Delay 0005
I X FRotate [ =3 o
- Z Closed Loop off = i
B Trigger g
|- Trigger Mode Relstive TR
|- Dsta Type Deflection Error
|+ Trig Threshold 1,000 ni
Trig Safety 1305 0N P
Baseline Fit 0%
L Baseline Edrapolation 300 %
B Surface Controls
Hokd Tene: A S 540 860 680 W 740 ] 780 80
Hold Samples 1041 Height Sensor (nm)
|- Hold Type Trigger Force [ T T
2 o e cde 10000nm  DataCenler: Auta XDala T, =
|- Modulstion Type High Freg 2 to Extermal bl -1 n = P (e
|+ Modulate Ampltude 150 my 780 I
Drive2 Frequency 75.00000 kHz ¢ - :
| Lock-In? Phase o° b b 120 G| |00 120 [if]
t Lodk-In2 BW 2001 kHz 760 Feight Sersar v DataScale: 1X.0nm  DetaCenter: -740.8nm Sween 10 - DataScale: 3000kt OataCeriers L700Mu
|- Sweep Type Drive Frequency ==
Sweep Start 50.00000 kHz T [~ hagraad 5]
L Sweep End 1200.000 kHz £ 740
B XV Sean P
B Feedback 2 ™
|- PFT Feedback Type Deflection 3 720
|- Deflection Igsin 800 5
|- Deflection Pgain 150 s m
|~ Ramp Deflection Setpoint _0.0500 ¥ = o
LP Deflection B 1500 kHz
B Force Analysis 580
B Limits -
£ Other
Piot Units Force v =
Display Mode Both s L 'ﬁmbtét 5 o
|+ Average Poims 1 =
L Etfective BW FTT ™ Date Type: [Amplludez | DetaSede 2000nm  DalaCenler futaren X Data Type: | Hoid =
1000
500 |
£ |
= / r 1
] o 120 ™5}
= ¢
= k Sweep QD) Data Scale: 99,00 Deta Center: 4338 Sween ATp{R0) DetaScale:  3.000m%  Data Cemer: 4,000 mv
: 415.35 kHz 1092.54 kHz o Dk ke e | Ot e DT =
500
4
02 06 1 2
Frequency (MHz}
ot - Do Type [Frama. < DstaScde 00t  OotaComor Awa® | XData Ty [iud = R J ""hm
| 0 | 7 Wl AT b 4 A o AT A ol gt i pbyhin_ Ay
s T
i 2

In Force Volume: Ramp and hold trigger force, then sweep at each pixel.
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Contact Resonance Mapping Bg&@n
Sample: Al film on Si (<O

10x10 pm scan

: 34.1 kHz
Large amount of data:
= Every force curve includes 4

channels
= 256x256 pixels (2048 spectra

points) s
= Maximum 956x956 pixels (256 Topography S ___20im

spectra points)

More than 15 data types can be Sis _
SeIeCtEd: t/loogdthj/lltcj;ulus < S
. Stiffness ; T 144V
= Frequency, Amplitude & Q Adhesion x
Force Section
® Real Height
Loss Modulus & Storage Modulus Hoght Sensor
CRF i
- Tan delta CRa e .
. CR Amplitude
= Adhesion CR R2 3.6V
CR Stiffness (k*/kc) 2
- CR Damping (p) £
CR Radius TR S S
Amplitude 2.0 um
CR Loss Modulus
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Contact Resonance Mapping BQ&@R
Loss Modulus & Loss Tangent (<O

e Loss modulus can be calculated from the Q of the CR peak
e Research community lacks consensus about the best way to do this, so we
implemented three algorithms

< YHT 2008 and Rabe 2006 are very similar and both require the reference sample
to have a known loss modulus

= PKAS 2016 does not require a reference sample with known loss modulus

| Inputs | Contact Resonance |
H Cantilever/Tip

H System
Deflection Sensitivity 96.000 nm/V |
Cantilever Angle 120¢° |
kLateral/kNormal 0.850 |
L plLateral/pNormal 0.850 |
H Reference
H Sample
H  Other
Hold Force 300 nM

|
Usze Adhesion in Load fes |
Sigma rejection factor 0 |
Modulus calc, method  Fixed avg radius |

Loss Modulus method  |PKAS 2016 -
L Invalid Data Display YHT 2008
Rabe 2006 .
PKAS2016 coloring by loss modulus.
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What about frequency dependence? o)
_ BRUKER
AFM-nDMA (S0

B E’and E” (or tan delta=E”/E’) vary with
frequency & temperature

e E’ of amorphous polymers increase with
loading rate or decrease with temperature

e Variation can be quite significant!

E- {GPal

B Rheologists need measurements at
multiple frequencies and temperatures
for a complete analysis

E" (& Pa)

1077 109 10 in* 10°
t{Hz)
Bulk dynamic modulus of Isotactic polypropylenez(Read, B.E 1989)

27 November 2018 Bruker 44




Imaging focused modes - not suited

for quantifying viscoelasticity BRUKER

Force (nN)

Time (ms)

= Probing sample impulsively
= Plunge-in and rip-out in each cycle, make-and-break contact
= Not a linear measurement
< Since it’s not linear, the nominal frequency is not the only frequency
< Cannot really quantify frequency dependence
e Tapping based methods introduce added constraints
< Frequencies fixed and 100,000x too high
< Challenge in quantifying load and adhesion

20 March 2019 Bruker Nano Surfaces




Start with time dependence

Basic idea of AFM mode for rheology BRYKER

Force (nM)

< Approach: Preload the sample at known force

e In contact: Modulate at well-defined, rheological freq, low amp
< Low amplitude provides small perturbation in force: linear regime
< Cover 0.1Hz to 300Hz: single frequency or spectrum

e Retract: fit with contact mechanics model that includes adhesion
(e.g. JKR) to obtain contact radius (ac)

< Need contact radius to extract moduli (E’, E”) from raw data

T. lgarashi, S. Fujinami, T. Nishi, N. Asao, and K. Nakajima, Macromolecules (2013)
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AFM-nDMA theory

_—

z(t) = Z; sin(wt + ¥)

e Need to extract amplitude ratio (»,/Z;) and phase shift (¢ — ) and
do a little complex algebra to get

stiffness = force/deformation

o S*=S8+iS"=K.De'?/[Z,e" — D,e'?]

o S = KD, cos(p—Y)—D1/Z; . .
71 (cos(@—1)—D1/Z1)%+ (sin(@—1))2 Elastic component, in phase
o " =KD sin(p—¥) Viscous component, out of phase

Z1  (cos(p—y)—D1/Z1)?+ (sin(p—-1))?
- Loss tangent is then: tan§ = §"/§' = — 0@~ ¥)

cos(¢—)—(D1/Z1)
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Two modes quantify viscoelasticity
E’, E”, tan ¢ at bulk DMA frequencies BE%R

; j' 0 +ﬁ

. . 2.0 GPa
e Mapping with Fast Force Volume
. . . AFM-nDMA storage
- Simple, single modulation segment modlus map o
embedded in force curve (100H2)
With correlated,
frequency spectra at
selected locations 0.0
AFMnDMA Storage Modulus m—
1 : : 2000 e e e Ty ST S S ot
e Spectroscopy with RampScripting prg- et
= measurements at multiple 3
frequencies at a single point : " ===
S PO P ® 9

Frequency (Hz)
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How are these spectra collected?
BRUKER

|
30 40

Time i s:

e An AFM-nDMA “RampScript” has segments that allow for control

of preload, relaxation, modulation, and calculation of contact
radius

e Low frequency segments use raw deflection for better filtering,
while higher frequencies use lock-in based demodulation

20 March 2019
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Managing changes in contact radius
BRUKER

B‘ZCuntad Radius Curve

81

a0

Wduli E', E”, we also s
R to estimate contact radr.
s s

== [==—

2a,' 20,

78

78

Contact Radius { nm )

nce segments correct evo!
-2 Sf.¢) and assume F

77

e To get moduli E’, E”, we also need a contact mechanics model
like JKR to estimate contact radius (ac)

e EF=2. =5

2a.’ T 2a,
e Reference segments correct evolution of contact radius over time
= Measure S'(f..;) and assume E’(f..¢) is constant during script
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NnDMA Mapping & Spectroscopy,
and PeakForce QNM in same F :
analysis session

\

PeakFo r::EElNM

AFR - DA Storapge Sodusis | K
1

Log O ThA DT is Ty

100 200 300 400 500

Time (ms)

/ Adhesion

Low-frequency, in-contact quantified
“Zo0pm

AFME-nLINGA Storape Modulus
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AFM-NnDMA Temperature Study
Cyclic olefin copolymer / PP

Storage
Modulus

Loss
Tangent

03
_ 10000
N
I
Uu-‘ O ...................... a o —_ COU:"‘B”’]
o] T | B 0.2
------------------------- ; T "
RO i h . NSRRI IR v, a @ Matrix
€ 1000 -
= - e e
w  F 1 T T e = | L e K3
-g : BOL gt
g = Do T T
100 . pramttte oy
E TF | e Matrix 2 N I e SR
[n_.ln PR e
g 0
2 2 100 125 150
v a
10 Temperature (°C)

7/17/2019 Bruker Confidential




What is AFM-nDMA — Hardware BFREER

B NnDMA heater

e Ramps and stabilizes 5x faster than
standard heater-cooler

e RT-250C, 0.1Hz-300Hz

B High frequency sample actuator

e For 300Hz to 20kHz range at room temp
e Produces total range of 0.1Hz to 20kHz

= - ; . AR

B Precalibrated probes solution Heater §. . a1
. Actuator St o //
e 2 end radii — 30nm and 125nm ol -

: Bracket
e 3 spring constants — 0.4, 5, 40N/m

e QR reader for probe parameter reading

with Dimension lcon®

B Test & training samples

e Validation (PDMS, FEP) and imaging (PPE,
PC-ABS)

7/17/2019 Bruker Nano Surfaces




Setting up AFM-nDMA spectroscopy

Efficient generation of scripts BRUKER

e Quick set up with DMA focus

< Frequencies, preload, modulation i
H /" Script Path
amplitude = BT

§ AFM-nDMA Script Genera tor

Script Notes

Total # Segments: 18

= Advanced parameters if wanted
= Log vs linear frequency distribution e

@Ad\ranced
= Frequency shuffle avoids artifacts e e =

Py M Od Ify refe rence se g me nts Highest Frequency (Hz) # Reference Frequencies 5

# Freguency Steps Reference Frequency (Hz)

= Change length of relaxation
segment

~ General Controls

® Advanced

PreLoad (pN) Ramp Size (nm)

e Adj u St aﬂy ram p param ete r Force Setpt Mod Amplitude (pN) Tip Velocity (nm/s) 500

Relaxation Segment Time (s) 30

Minimum # Samples/Cycle 50

. . Minimum # Cycles/Segment )

e Or edit segment-by-segment in
Approx Ext Mod Sens (nm/V) i

general ramp scripting interface

# Lock-in Updates/Segment

= Maximum flexibility
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Addressing the smallest nanoscale
domains with the highest AFM Br SR
resolution on polymers

MACView | 1 Channel image Voew | 4 CharmelmageView | BampView | Foree Volume View

B PeakForce QNM achieves the SN ==l | R AFM-nDMA

frequency spectra

highest resolution — allows -

targeting the smallest
domains _ y & AFM-nDMA maps:
' 100Hz storage modulus
B MiroView integrates AFM-
NDMA with PeakForce QNM —
use same probe, allows full
automation
Ramp arrays
B Use AFM-nDMA maps for
added quantitative |
information and to distinguish | FASTForce Volume
multiple phases : AR data cubes

B Use AFM-nDMA frequency
spectra for most complete .
information at targeted points RampScript

vectors

7/17/2019 Bruker Nano Surfaces




Can a nanoscale measurement tie
directly to bulk DMA? BR: U: K:E:R

PDMS-MED AFM-nDMA vs. bulk DMA and Hysitron nanoDMA
80.00 -
o E(MPa)
o E'(mpa)
70.00 + Collaborator E' (MPa) ”
Collaborator £ (MPa) o E
Hysitron E' [MPa] OO o
E G000 Hysitron E" [MPa] o (8]
s DMAE' [MPa]
E DMA E" [MPa] o °©
2 50.00 8 ° %
=]
: o * ggod
@ 40.00 5
(8] ]
: 0528 8
& 606
% 3000 g0 0%
& ] E—m;
Q o -
& 2000 = © L
o-9 P
6--0-0C o 00
10.00 o g.0 ®ad 28 ; 2
00 + oo
oo feB S8o0gmo
¢—o—0—o—0—o 0
0.00 : . . i
0.10 1.00 10.00 100.00 1,000.00 10,000.00 100,000.00
Frequency (Hz)

< Nanoscale AFM-nDMA results show excellent agreement with
= micrometer scale Hysitron Nanoindenter
= millimeter scale Bulk DMA

< Consistent results across labs and operators (no reference samples)

= Directly cover bulk frequencies and extend to 20kHz with external
actuator
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Time Temperature Superposition
BRUKER

TTS master curve construction

e Collecting frequency spectra at several
temperatures enables a more complete analysis

E T=-40C
E —

e TTS principle: near glass transition, raised
temperature is equivalent to lowered frequency
and vice versa

log Modulus (Bulk, Shear or Tensile)

= Master Curve

[ r=110C
ARERRARERRANRRNARRRRRRRRRRRRREE

log Frequency

e Master curve: single curve resulting from shifting
data measured at different temperatures

Activation energy analysis for a polymer

= Shift factors: can be parameterized via either Arenius:nam) = Ea/R (AT - 1170

0.6

WLF or Arrhenius model. T -10°C

03} E,=78Lkl/mol

= Arrhenius equation gives activation energy from j:;’ﬂ_ﬂ_
temperature dependence of a rate — energy needed
to kick off a mechanical relaxation process

0900 205 200 2.15 220 225 230
1000/T (1/K)
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Summary C><)
Recent Development in Nanomechanical BRUKER
Measurements by AFM (<O

Force-based and Nanomechanical Techniques:

- Force Spectroscopy i

\

< FastForce Volume % "

- Peakforce Tapping/PeakForce QNM

FRA-r1 DIty St

< Ramp Scripting and Ramp and Hold < W ewry
< AFM-nDMA (released Nov 2018)

= Contact Resonance based on FastForce Volume
= PeakForce QNM-High Accuracy (PFQNM-HA)

= MIROView

< Probes

——
AFM-nDKA Storage Maodulus 20 Em
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