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1. Conventional IR spectroscopy and imaging

Spectroscopy principle:
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1. Conventional IR spectroscopy and imaging

Coupling spectrometer and microscope
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Mode Theoretical Experimental
resolution resolution
Transmission 2\ ~10-30 um

ATR 0.5 ~3-10 um




2. AFM-IR theory and concept

AFM (Atomic Force Microscope) InfraRed laser
—

Infrared spectroscopy and imaging at nanometer scale



AFM-IR technique principle

ptical
licroscope
iew




2. AFM-IR theory and concept

- Absorption Spectrum (fix tip position and scan the wavelength of the laser)

Wavenumber (cm1)

- Chemical mapping (fix the laser wavelength and scan the surface with the tip)

topography Chemical mapping (A=5,76um)



2. AFM-IR theory and concept

Laser illumination _
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2. AFM-IR theory and concept
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2. AFM-IR theory and concept

Temperature evolution of the sphere (a<< L)
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Wollaston wire

different types of samples (I-6). For example, photoacoustic applicat Laser diode
spectroscopy (PAS) (I-4) involves the detection with a enzyme
sensitive microphone of the pressure fluctuations in a gas The -
arising from heat produced by the absorption of radiation from (PTS), i
a modulated light beam. This technique has the advantage sample
of not requiring optical detection of transmitted or reflected (i.e., the
light, and it can be applied to samples which are difficult to with hig 4 :
examine by conventional spectroscopic methods. Thermal similar Irror Photodiode
detection methods also have been suggested for the deter- light ab
mination of absolute quantum yields by employing calori- sample ¢ Platinum
merric techniques which are free from the geometrical cor- PTS shy
rection problems of optical methods (5-8). These have also absorpti core
frequently employed microphone detectors (6, 8) or the a large t
ANALYTICAL

Resolution bigger than a few micrometers ! Figure 4: STHM schematic view



2. AFM-IR theory and concept

Evolution of the sphere deformation
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ARrT. XXXIV.—On the Production and Reproduction of Sound
by Light; by ALEXANDER GRAHAM BELL, Ph.D.

[Read before the American Association for the Advancement of Science, in Bos-
ton, August 27, 1880.]

I~ bringing before you some discoveries made by Mr. Sum-
ner Tainter and myself, which have resulted in the construction
of apparatus for the production and reproduction of sound by
means of light, it is necessary to explain the state of knowl
edge which formed the starting point of our experiments.

I shall first describe that remarkable substance ‘“selenium,”
and the manipulations devised by previous experimenters ; but
the final result of our researches has widened the class of sub-
stances sensitive to light vibrations, until we can propound
the fact of such sensitiveness being a general property of all
matter.

We have found this property in gold, silver, platinum, iron,
steel brass, copper, zinc, lead, antimony, german-silver, Jenk-
in’s meta] Babbitt's metal, ivory, celluloid, gutta-pelcha hard
rubber, soft vulcanized 1ubbe1 paper, parchment wood, mica,
and silvered glass; and the only substances from which we
have not obtained results, are carbon and thin microscope
glass.*

* Later experiments have shown that these are not exceptions.
AM. JOUR. Sor.—-lér(x)mn Ser1Es, Vor. XX, No. 118.—OcT., 1880,

306 A. Q. Bell—Production of Sound by Light.

We find that when a vibratory beam of light falls upon these
substances they emit sounds, the pitch of which depends upon
the frequency of the v1bratory change in the light. We find

tarther, that when we control the “Form or character of the
light, vibrations on selenium (and probably on the other sub-
stances), we control the quality of the sound, and obtain all

varieties of articulate speech. We can thus, without a con-
ducting wire as in electric telephony, speak from station to sta-
tion wherever we can project a beam of light. We have not
had the opportunity of testing the limit to which this photo-
phonic effect may be extended, but we have spoken to and
from points 213 meters apart; and there seems no reason to
doubt that the results will be obtained at whatever distance a
beam of light can be flashed from one observatory to another.
The necessary privacy of our experiments, hitherto, has alone
prevented any attempts at determining the extreme distance at
which this new method of vocal communication will be avail-

able.
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Figure 1. Experimental setup for opto-acoustic spectroscopy.

offers the possibility of observing absorption at the
parts per 108 level or, for a gas at 1-atm pressure in
the cell, the possibility of observing transitions with
an oscillator strength of only 10-22 or so. This is the
feature which first attracted us to the technique, but
we have not yet realized the anticipated sensitivity.
Under what conditions does absorption lead to a
signal at the microphone? In general, following elec-
tronic excitation, a molecule has three channels open
to it: (i) it may luminesce, leaving little or no heat in
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Figure 2. Comparison of the carbon black opto-acoustic spectrum
with that of a calibrated radiometer.



2. AFM-IR theory and concept

Differential equation of cantilever motion :

2
Elﬂf+ rAﬂ—z+kE:O
/4 /t

ﬂZ

E Young modulus, l inertia moment, p density, A section, k damping

3El :

p —l/W\/Lﬁ
z L length, H tip height,
k lateral spring constant, k, normal spring constant

kz >> kc NO indentation



2. AFM-IR theory and concept
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2. AFM-IR theory and concept

Mechanical sensitivity of contact resonance modes
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2. AFM-IR theory and concept

Differential equation of cantilever motion with external force :

f/z 7/2 L L-Ax
—+ rA—- "'k— X,t “ —
”X P Jx1)

with S(x,t) external excitation

Induced force by the sphere expansion gives :
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S 1
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2. AFM-IR theory and concept

Fourier transform of Z(t) signal
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2. AFM-IR theory and concept

0.2 4

0.1

0.0

-0.1 H

Oscillations du levier

-0.2

-0.3
0.00

T E T ' T E T E T E 1
0|.05 0.10 0.15 0.20 0.25 0.30

il
1 laser shot ms

0.4

modes

0.2 4

0.1 —} J
0.0 '
v T T T T T M 1
0 500 1000 1500 2000
kHz

Classical AFM-IR (old version)

Amplitude des modes du levier




2. AFM-IR theory and concept

Classical AFM-IR

Demonstration that photothermal measurement give a direct
estimation of imaginary part of the refractive index.

AFM-IR Spectrum similar to those obtained by FTIR

Polystyren

—AFM-IR
—FTIR
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2. AFM-IR theory and concept

Classical AFM-IR

Detection of lipid vesicles in Streptomyces bacteria (1740 cm™?)




2. AFM-IR theory and concept

AFM-IR imaging mode : contact resonance mode
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2. AFM-IR theory and concept

AFM-IR imaging mode : contact resonance mode

Deflection signal
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2. AFM-IR theory and concept

Enhanced resonance leads to have a better sensitivity and then better resolution

Laser repetition rate
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2. AFM-IR theory and concept

Deflection for 1 pulse (OPO)
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2. AFM-IR theory and concept

Bacteriorhodopsin detection inside a purple membrane
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2. AFM-IR theory and concept

AFM-IR imaging mode : tapping AFM-IR

AFM image

Vv

Contact mode

AFM image

Tapping mode




2. AFM-IR theory and concept

Tapping AFM-IR principle

If non linear interaction then: f2=f1+fp ou fz:fl'fp
f,= drive frequency of tapping mode

f, = QCL laser frequency

Z,(t)=A; cos(2nf,t) Z,(t)=A, cos(2xf,t+0,)

1

\

L




2. AFM-IR theory and concept

Differential equation of motion for the mode 12 :

. : F (1
L, +1z, + (2Jl’f2)2 2, = —“(* )
m

Interaction force between tip and sample surface

Fts(t) — K(Al COS(a)lt) — D — uo(t))3/2
F(t) = K, (A cos(

Muo(t)) + ¢, (A cos(it) - D -y (1)) +..
A l l

f, f, 21, 2

F.(t)=-2 (:saéAi cos(2p flt)P(t)*éa’(t -m/ fl)(—:)aéuo(t)*éd(t -n/ fp)g
€ m ge . g

T Is the contact time led by f,



2. AFM-IR theory and concept

Fourier transform
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2. AFM-IR theory and concept

Mode f2 (f,=f,+f ) amplitude give :

H22H= X Arccos(D/A)) , [k

/P

non linear elasticity coefficient Pulse duration

(A, — D)a,

Tapping setpoin Tapping amplitude

Cantilever modes

Thermal expansion
a absorbance

Tapping AFM-IR signal is proportional to the absorbance (even if non linear)



2. AFM-IR theory and concept

Examples of tapping AFM-IR results PMMA-PS polymer blend 1-1

— PMMA
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2. AFM-IR theory and concept
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2. AFM-IR theory and concept

Probing depth of AFM-IR ?

epoxy

Burried PMMA bead




2. AFM-IR theory and concept

Probing depth of contact resonance AFM-IR
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2. AFM-IR theory and concept

Probing depth of contact resonance AFM-IR

f_.. =550 kHz
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2. AFM-IR theory and concept

Probing depth of contact resonance AFM-IR

f
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2. AFM-IR theory and concept

Probing depth of contact resonance AFM-IR
= 1750 kHz

@1730 cm?
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2. AFM-IR theory and concept

Surface sensitive AFM-IR setup

Cantilever
deflection
detection
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2. AFM-IR theory and concept

Motion equation of the cantilever mode

. . 1
Zy +T'Z, + (2nf)?z, = WFint(t)

Fint(®) = k(8o + Ay sinufit) — a(figeer t))3/?
= kZ(50 + A sin(2rfit) — a(f 456 t)) + )(Z(50 + A; sin(2refit) — a(f 10 t))z

+ ...
= 2x,41 Sin(27Tf1 t)a(flaser; t) EZ.jE;ZE;l ;;laseriz;
1 laser
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Q
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2. AFM-IR theory and concept

Surface sensitive mode Resonance enhanced mode
(f,=2130kHz ; f_..,=1650 kHz) (f....=1750 kHz)
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2. AFM-IR theory and concept

O—CH,
PMMA-PS polymer blend 1-1 é=0
(Philippe Leclere , Université de Mons, Belgique) {CHZ_Eﬁ
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2. AFM-IR theory and concept

s

4

if‘

.

®

0.8 1

0.6 1

0.4+

AFM-IR signal (a.u.)

0.24

0.0

f

laser

=1565 kHz

1800

T
1700

T
1600
wavenumber (cm™)

T
1500

l
1400

surfsens mode
contact mode

T
0.001

T
0.002

cross section (um)

1
0.003

AFM-IR surfsens signal (a.u.)

f1=1500 kHz, f2=62 kHz
= 1438 kHz

f

laser

1.0 5

0.8 1

0.6

0.4 +

0.2 4

0.0 1

1800

T
1700

T
1600
wavenumber (cm™)

T
1500

1
1400



2. AFM-IR theory and concept

PMMA-PS blend

Surface sensitive mode
Resonance enhanced mode




APPLICATIONS EXAMPLES:

from bio to space via polymer and surface chemistry

« when ICON makes AFM-IR more powerfull»
* Quality of electronics

* Mechanical and acoustic stability

* Minimum thermal drift (0.5 nm/min)

$

Lead to have a PLL working very well and able to correct perfectly the mechanical change during IR mapping
Better data quality with better S/N ratio, get rid of most of the artifacts, reproducability of IR maps.



Field of applications - Biology

TISSUE — Human cells
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Field of applications

Polymers sciences — Heritage sciences Nanoparticles

AFM topography —| Local IR spectrum
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3. Applications examples

PS-PMMA multi-layers film

PMMA

nm mv
topographie R @1730 cm™? I @ 1600 cm'?
10

10

Collab. G. Miquelard-Garnier CNAM



3. Applications examples

Overlay imaging (1730 and 1600)

6000- Profil du signal AFM-IR
60 nm :
5000 <—>°
4000
s
= 3000
[}
5
x
= 2000
L
<
1000+
0_
'1000'I'"'I“"I""I""I""I""I"'

500 550 600 650 700 750 800

cross section (nm)



3. Applications examples

3D overlay imaging




3. Applications examples

Structuration of PLA/PS copolymer

topography

Irléans



3. Applications examples

Molecular monolayer (OC18) on HOPG

_ I octadecyl 4’-octadecyloxy-4-biphenylcarboxyloate

11h00 Ali HAMADEH
Toward conformational identification of molecules in 2D and
3D self-assemblies on surfaces

Collab. F.Palmino et F.Cherioux institut FEMTO-ST



3. Applications examples

Arylalkyl ether

20.0 nm

2.22nm 0.94 nm 2.26 nm

B _100.0 Hz

PLL1 Frequency 20.0 nm
Collaboration with
* Resolution: 1-2 nm (10-90% ‘level’)

* Monolayer (0.8 nm) sensitivity on HOPG
e Low drift: < 0.2 nm/min

= Dr. Peter Dewolf (Bruker)
= Pr. Frank Palmino (Université de Franche-Comté, FEMTO-ST)
= Dr. Frédéric Chérioux (CNRS, FEMTO-ST)



Sk %sbl Hayabusa2 spatial mission

20
latter,

11h40 Jérémie MATHURIN
Caractérisation a I'échelle nanométrique par AFM—IR des
échantillons de la mission spatiale japonaise Hayabusa 2




4. Evolution of the AFM-IR technique

contact brevet Mode contact Mode résonant Peakforce tapping IR tapping AFM-IR  Surface sensitive ForceVolume-IR

2004 2007 2010 2011 2017 2018 2022 2024
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5. Comparison with competitors
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5. Comparison with competitors

* PIFm (Photo-Induced Force microscope)

J. Jahng et al. Acc. Chem. Res. , 48, 2671-2679, 2015
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5. Comparison with competitors
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5. Comparison with competitors

* PIFm (Photo-Induced Force microscope)

When conflict of interest (business) meets science
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CONCLUSION and PERSPECTIVES

 AFM-IR is the only technique that allows a direct measurement of the imaginary part of the refractive index. IR
spectrum are comparable to FTIR for amorphous materials.

* Lot of imaging modes : contact resonance, tapping, peakforce, surface sensitive, ForceVolume that allow us to
choose the best investigating mode for specific sample and to suit in an optimum way.

 The advantage of AFM versatility open the door to numerous applications in a wide range of scientific domains
* Technique is still evolving : liquid, tomography, controlled environment

 AFMIR community increases each year that stimulate discussion and exchange between scientists

MuUsIICS

musiics.icp@universite-paris-saclay.fr
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1. Conventional IR spectroscopy and imaging

Polarisation is defined by:

A -e m1
P=Np=Na E _ =¢é,ct —
p p tOtaI O Etotal k
r
e
where N number of bonds, a, polarisability,
&, vaccum permittivity and y dielectric susceptibility . 2
e m

Refractive index can be expressed by: Wy = /k/m

3Na,
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n“=1+y=1+ xo-



1. Conventional IR spectroscopy and imaging

Refractive index expression can be written :

(&) 1m(w,’ - w?) (/e (e Im)’

n*=n’-n’+i2nn =1+ c,+(N/e
S - o+ (N/) (W, - w?)? + (wb/m)’ (W, - w?)? + (Wbl m)’

Considering organic material, then imaginairy part of the index is always smaller than real part (n,<<n,).
This approximation allow to have a simple expression of n, represented by a Lorentzian function

n, n;
* 2
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2. AFM-IR theory and concept

Temperature evolution of the sphere (a<<|)
bs
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2. AFM-IR theory and concept

Relaxation time 7, exemple for polymer sphere (PMMA):

C
K a 10 pm 1 pm 100 nm 10 nm T — Psphtsph a2
ext relax 3K
air ext
0.025 2.3 ms 22.7 us 227 ns 2.3ns
Wm-1K?
water
0.58 98 us 980 ns 9.8 ns 98 ps
Wm-1K?
silica
1.38 41 pus 411 ns 4 ns 41 ps
Wm-1K?
gold = 1200 kg m3, C=1420J kgt K?
317 0.18 us 1.8 ns 18 ps 0.18 ps P= gm= L= &
Wm-1K-?




3. Applications examples

Prions amyloid fibers analysis
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Silica beads in polystyren film

topography
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