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For 10 years, a new instrumentation, called AFM-IR, has been developed in our team to perform IR analyses
at the nanoscale. This technique is based on photothermal effect and is the result of a coupling between atomic
force microscopy and IR spectroscopy to perform local IR absorption measurements. This combination makes it
possible to identify at the nanoscale organic molecules without using exogenous markers. Nevertheless, in its initial
configuration, the instrumentation has reached limits. New experimental approaches are therefore developed to
solve the problems and overcome the technical constraints imposed by the system itself. In particular, two changes
were significant: first, a change of configuration was done that allowed us to go down in terms of resolution and
to reach tens of nanometers. The second concerned the AFM imaging itself: AFM-IR was used mainly in the
contact mode, thus preventing its application in soft or loosely adhered. Here, we will describe this new mode
which enabled addressing the limitations of the contact mode AFM-IR.
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1. Introduction

In the last decade, a new instrumentation, called
AFM-IR, was born at the Chemical-Physics laboratory
to chemically identify samples at the nanometer scale.
This technique is the result of a coupling between atomic
force microscopy (AFM) and infrared (IR) spectroscopy
(Patent US11/803421, A. Dazzi). The aim is to detect
with the tip of the AFM in contact with the surface, the
sample expansion induced within the sample after the IR
radiation absorption [1-4]. This photothermal expansion
occurring in the sample is a rapid process that forces the
cantilever to oscillate on its eigenmodes. It was proved
that the amplitude of the cantilever oscillations is directly
linked to the absorbance [1, 4]. This direct link allows
to easily reconstruct the local IR absorption spectra and
to perform chemical identification at the nanoscale or-
ganic molecules without using any exogenous markers.
The main advantages in the detection of this process in-
stead of a classical optical solution are to get rid of the
wave-number dependence in terms of resolution as well
as the limits imposed by the diffraction. The applica-
tion fields range from biomedical to polymer science and
astrochemistry.

Nevertheless, in its initial configuration, the instru-
mentation has reached limits in terms of sensitivity: the
size of the smallest object (chemically pure) detectable
is around 50 nm [1-3, 5, 6]. New experimental ap-
proaches are therefore developed to solve the problems
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and overcome the technical constraints imposed by the
system itself (configuration of illumination-sensitivity-
study of soft samples).

In particular, two changes were significant. First, a
change of configuration was proposed that allowed going
down in terms of resolution and to reach tens of nanome-
ter |7, 8]. This breakthrough has offered new perspec-
tives such as the study of protein fibers or nanoparticles.
The second concerned the AFM imaging itself: at first,
AFM-IR was used in the contact mode, thus preventing
its application in soft or loosely adhered samples such
as polymeric nanoparticles (NPs) of less than 200 nm.
In those cases, the imaging mode called tapping is more
appropriate: the cantilever oscillates on its fundamental
mode and taps the surface. A so-called intermittent con-
tact is maintained with the surface during the scanning
process, limiting lateral shear forces and preserving the
surface. The major challenge is the synchronization of
the IR measurement with the AFM imaging intermittent
contact mode.

Here, we present the main idea behind the tapping
AFM-IR mode, that enables addressing the limitations of
the contact mode AFM, thus extending its application to
unravel the chemical and morphological features of soft,
spherical samples difficult to fix on AFM substrate [9].
A short theoretical description of tapping-AFM-IR mode
will then be proposed to highlight the physical parame-
ters dominating this new method.

2. Tapping AFM-IR concept

For AFM imaging, the two most common modes are
contact mode and oscillating mode with intermittent
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Fig. 1. (a) Schematic view of AFM-IR setup in contact
mode. The IR illumination is from the top (b). Sketch
illustrates the photothermal process.

contact called tapping mode. The AFM-IR technique
was initially developed in contact mode as the IR mea-
surement is done through the tip (see Fig. 1).

With the tapping mode, the lever is forced to oscillate
constantly at a given amplitude and frequency. To imple-
ment an AFM-IR measurement with this AFM imaging
mode, it is therefore essential to detect the oscillation
generated by the photo-thermal expansion, whereas the
cantilever is already oscillating. The solution takes place
in a very well-known process: heterodyne detection.

This detection process already exists with AFM tech-
nique (referred as HFM [10]). The analysis of the am-
plitude and the phase of the generated heterodyne signal
allow accessing the mechanical properties of the object.

Considering HFM techniques, a strategy for AFM-IR
in tapping mode is thus proposed: the oscillation fre-
quency of the tapping cantilever is mixed with the pho-
tothermal expansion frequency of the object. This is
possible with the use of quantum cascade lasers (QCL)
that possess a tunable repetition rate. As a consequence,
the photothermal expansion of the object is adjustable
to obtain a non-linear interaction as soon as the tip is
in contact with its surface: in practice, the cantilever
in tapping mode oscillates at the fundamental frequency
(written mode 1, Fig. 2) and the frequency of the laser
repetition rate is chosen so that the sum of these two
frequencies corresponds to the frequency of the second
cantilever mode (written mode 2, Fig. 2). The nonlinear
interaction produced is therefore directly related to the
photothermal expansion and will contain all the informa-
tion related to the absorption of the object. The process
is summarized in the schematic view given in Fig. 2.

f = Driving frequency of the tapping Mode1 Mode 2
f, = Repetition rate of the QCL laser -, -
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Fig. 2.

Sketch illustrates the principle of tapping
AFM-IR.

Experimentally, the protocol of the AFM-IR in tapping
mode will be the following: before approaching the sur-
face, the different modes of the cantilever are determined.
The system performs a frequency sweep of the piezoelec-
tric actuator over a frequency range between 10 kHz and
1 MHz. Two modes are identified as frequencies f; (for
the fundamental mode) and fo (for the 2nd mode). The
surface approach is done in a conventional manner with a
feedback loop adjusted with the amplitude of the oscilla-
tions at f1. Once the cantilever is in intermittent contact,
the IR laser source is set to a repetition rate f,, equal to
fo—f1. To detect the IR absorption, the deflection signal
is demodulated at the frequency f>. As in contact mode,
the topography and infrared measurements are intrinsi-
cally correlated.

3. Theoretical background

To describe the AFM-IR tapping mode, the fundamen-
tal mode (wy) is related to the topography of the surface
(tapping) and the second mode (w3) to the infrared sig-
nal. The amplitude of the fundamental mode is A; and
the cantilever—sample distance is D (Fig. 3).

For each mode, the cantilever follows the following mo-
tion equations:

Fig(t Fy;

ts(f ) + 77::;0 cos(wit), (1)

Fis(t)

s (2)
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where 2’ is cantilever deflection for the first mode and z

is for the second mode, I' is damping factor, m; is mass

of the i-th mode, Fig is the interaction force between the

tip and the surface and Fpjeso is excitation force used for

the tapping.

The differential equation is solved in the Fourier
domain. The expression of the deflection obtained
from Eq. (2) gives directly the Fourier transform of the
amplitude of the mode 2, namely
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Schematic view of the AFM using tapping

Here Fis might be described using two terms of the
Hertzian contact

Fis (1) = k(2 (1) = D)7, (4)
where k, is the spring constant of the cantilever and 2’ ()
is the tip position.

During the tapping process (2'(t)), Fis is intermittent.
We can define the following constant:

2 D
- — 5
T X arccos < 1) , (5)

that is the contact duration with the surface. The contact
duration with the surface is directly linked to the force
applied on the surface D/A;.

To explain Fig, a rectangular function I7(7) is intro-
duced. For one interaction cycle, the cantilever oscilla-
tion zgap (t) is

Ziap (t) = II(7) [A1 cos (w1t + ) — D], (6)
where A; cos (w1t + ¢) is oscillation of mode 1. In a con-
sequence the interaction force becomes

Fos (£) = ks (z1ap (8) = u(8))*”. (7)
Then a Taylor expansion is made

Fis (t) = k2 (Zeap (t) —w (£)) + x5 (Ztap (B) — u(t))2 +...,

(8)
where x, is the non-linear elasticity modulus of the sur-
face and u(t) is the phototherrnal expansion, i.e.:

ZétfmTo

Above By, = aGar describes the thermal properties of
the sample (a represent the size of the absorbing area, G
is a geometry-dependent constant, ap is the coefficient
of the thermal expansion of the sample), AT (¢) is the
temperature behavior after the IR absorption, and T} is
repetition rate of the IR laser.

Looking at Eq. (8), the linear terms contribute to wg
or wi and not to wy. The square terms contribute to 2wg

u(t) = By AT (t

or 2wy. Thus, only the double product gives a signal
and Fig:
Fis (t) = —2Xs2ap () u (2)
Fis (t) = —2xsBin I (1) [A1 cos (wit + @) — D]
+oo
x Y 8 (t—nTy) AT (t Z&t—mTD (9)
n=0

It is possible to simplify the expression of Fig(t) if one
considers that the interaction force is constant during
the contact duration (true when the sample is rigid,
k., > k.):

Fi (t) = =2x.II (1) [A1 — D]
+oo
x Y 0 (t—nTy) BnAT (¢ Zé t—mTy). (10)
n=0

Convolution of Fi (t) with a Dlrac comb of a T period,
20 8 (t —nTy), allows to take the periodicity into ac-
count. Then in the Fourier domain

Fis (w) = —2xs [QTSIHQ(:) (A1 — D) 2m Z O(w — nwl)]
n=0

—+oo
tp
X luOZw Zéw—mwo)

m=0

(11)

Taking U ((U) = Bthf (W) = BthTmaX (%7 + Trelax)a one
can see that @ (w) is a constant ug.

Since the contact duration is very short compared to
the period of the cantilever oscillations and the pulse du-
ration, wt approaches O:

“+oo
FP‘;S (w) = —XsT (Al - D) uOtpwlwp lz 5(00 - nwl)]

N n=0
Z O(w — mwo)] . (12)
m=0

Finally, Fis (w) is the convolution product of two Dirac
combs. To explain, let us consider the case n = 1 and
m = 1. This case corresponds to the frequency sum (the
difference is also possible but we do not use it during our
experiments):

Fis (w) = —x,7 (A1 —

D) uptpwiwed(w — (w1 + wp))-
(13)

Equation (13) is then inserted in Eq. (3):

7 (A1 — D) ugtpwiwod(w — (w1 + wp))

m;

zZ(w) =

1
x wi —w?+ilw’
Here Z (w) is maximum when w; + wg = we. The ampli-
tude of the mode 2 is thus given by
Ttp (A1 — D) wWi1Wo

(14)

z =Y, . 15
I )] = g T2 (15)
For Q2 = “# and w = wy — wy, one obtains
5 Tt, (A] — w1 (wy —w
12 @) ] = youp et ZPhesnlr Z) g )
mg W2

Furthermore, we know from previous work [4] the expres-
sion of

~ t
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and
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where p is density of the sample, C), is its thermal ca-
pacity, ki is its thermal conductivity, V is its volume,
Qopt 15 its optical parameter, Tyclax is relaxation time, d
is the diameter of the absorbing object, and ;. is the
incidence intensity (the resolution of this part could be
found in the paper by Dazzi et al. [4]).

Finally, if ¢, < Tvelax (true for the IR laser source used
for our experiments):

t Tincoopt V' In 10
~ - B 'p elax inc®opt s
12 1= B (% w1502 S
t, (A1 — D -
(Tl = D) il —en) () (17)
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The final expression shows the link between ||z(w)]
and the IR absorbance, A(c). Thus, the detected tap-
ping AFM-IR signal is directly proportional to the IR
absorption like the contact AFM-IR.

4. Conclusion

The new AFM-IR acquisition mode has been pre-
sented: the AFM-IR in tapping mode that enables AFM-
IR studies of soft or loosely adherent samples. The de-
velopment of this advanced mode is based on a hetero-
dyne detection. Indeed, a heterodyne signal is generated
during the interaction of the cantilever oscillating at the
fundamental mode frequency (mode 1) and the absorb-
ing object, that expands during the illumination of the
surface by the IR laser. To optimize the signal obtained,
the laser repetition rate is tuned so that its sum with
the first mode, used for the tapping, corresponds to the
second mode of the cantilever.

The theoretical approach has illustrated the direct link
between the observed signal and the IR absorbance of
the object and identified the key parameters to optimize
the IR signal. From these results, the AFM-IR interest in
tapping mode was proved through two applications pub-
lished recently [11, 12]: structural analysis of polymeric
nanoparticles loaded with an antibiotic and investigation

of organic matter heterogeneity in UCAMMSs microme-
teorites. Those studies have highlighted the tremendous
breakthrough offered by this tapping AFM-IR technique
but have also allowed us to identify some limitations, like
the problems of measurement artifacts related to phase
changes. Nevertheless, the quality of the results obtained
may open a plethora of applications especially in material
science.
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