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Abstract

Photothermal AFM-IR microscopy enables label-free chemical imaging with nanometer scale
spatial resolution through the integration of atomic force microscopy (AFM) and infrared radiation.
The capability for subsurface and 3D tomographic material analysis remains however largely
unexplored. Here, we establish a simple and robust relationship between probing depth and laser
repetition rate. Using this relationship, we demonstrate how Photothermal AFM-IR of thin
surface/subsurface layers of PS-PMMA blends can result in 3D representations revealing the size
and thickness of PS droplets in the PMMA matrix with nanometer scale resolution. Experimental
findings are confirmed by analytical models.

Introduction

Atomic force microscopy (AFM) is an efficient technique for surface and sub-surface analysis at
the nanometer scale, with applications in many scientific domains, including surface science,
polymer science, cellular biology, molecular biology, molecular engineering, solid state physics,
and medicine. The main advantages of this technique are its simplicity, robustness and the
possibility to probe a wide variety of physical properties of the surface directly below the tip of the
AFM with nanometer scale spatial resolution. Several AFM technigques have been developed to
identify or discriminate the different nature or composition of materials through characterization of
the chemical properties at the nanometer scale. During the last decades, two different approaches
have been developed to perform unambiguous chemical characterization of samples using infrared
spectroscopy: AFM-IR and s-SNOM. These AFM-based techniques allow one to measure the
infrared spectra and chemical maps with a few nanometers of lateral resolution (1, 2). Both
techniques have advantages and drawbacks and can complement each other dependent on the type
or nature of the sample to be studied.

Most AFM based techniques are probing the top surface of the sample. A few methods, such as
scanning microwave impedance microscopy (SMIM), Kelvin probe force microscopy (KPFM),
acoustic force microscopy and contact-resonance atomic force microscopy have shown a contrast
imaging change related to different probing depths (3-9). The probing depth of SMIM is directly
linked to the exponentially decreasing intensity of the microwave electric field from the surface
into the sample. This effect is called skin effect and determines the probing depth and sampling
volume of the measurement at a fixed frequency of analysis. The relationship between microwave
frequency and probing depth can lead to sample investigation over various depths and enables one
to reconstruct the real shape of buried structures similar to X-ray tomography (10). For acoustic
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force microscopy the dependency of the probing depth is more complex to determine as the physical
process involved is generated by nonlinear interaction between two acoustic waves. Both the
acoustic wave frequency and the frequency difference variation result in strong contrast variations
pointing to probing depth variations (11). As the AFM-IR technique is based on photothermal
excitation, the physics involved should be the same as for conventional photothermal spectroscopy
and the laser repetition rate used for infrared analysis should control the probing depth of each
measurement.

In this work, we present a full characterization of the probing depth for all commonly used AFM-IR
modes: resonance enhanced AFM-IR mode, tapping AFM-IR mode, and surface sensitive AFM-IR
mode (12) and propose a methodology to calibrate rigorously this property independently of the
type of cantilever used. Thanks to this knowledge, we show, how a 3D tomogram can be
reconstructed to visualize the full shape of polymer samples inside a matrix of another polymer,
based on data acquired in resonance enhanced AFM-IR mode.

Results
Methodology and sample calibration for probing depth estimation

The probing depth is mainly defined as a property that represents the depth sensitivity of a
surface characterization method. In the case of the AFM-IR technique, it means the ability to probe
the sample absorbance below its surface. In classical photothermal techniques, the probing depth is
associated with the thermal diffusion length Lgitt which is dependent on the frequency (f) of the heat
modulation (13) :

Lgiff %7 (1)
As the AFM-IR technique is based on photothermal excitation induced by the laser pulses, the
frequency of the heat modulation is directly given by the laser repetition rate or laser frequency.
Recent experiments using resonance enhanced AFM-IR (12, 13) confirmed an increase in probing
depth with a decrease in laser repetition rate, although not following Eq (1) quantitatively.

Given the current lack of a detailed description of the probing depth, we propose a different
approach. In this paper, we first calibrate the probing depth on a model sample consisting of two
different polymers: polymethylmethacrylate (PMMA) and polystyrene (PS), forming a PS-PMMA
calibration wedge. This calibration then serves as the input for a tomographic reconstruction of the
sample of interest: a PS-PMMA blend (see Materials and Methods).

The PS-PMMA calibration wedge sample is made of a homogeneous PMMA film with a thickness
of about 18 um onto which a 2 um thick PS droplet of 200 um diameter has been deposited
(Fig. 1A). The edge of the PS droplet forms a wedge of PS on the PMMA substrate and simulates
a well-defined, monotonic increase in PS sample thickness in the AFM-IR analysis. For the
calibration, the AFM cantilever is scanned perpendicularly to the PS wedge to avoid coupling of
lateral or torsional forces into the normal (vertical) force detection during the contact mode AFM
scan (Fig. 1B).
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Fig. 1 Calibration sample and setup A) Schematics of the tip and the PS wedge on the thick PMMA film.
B) Optical microscope image of the PS-PMMA calibration wedge sample. A sketch of the Au-coated
cantilever with the tip on the bottom end is shown and the arrows indicate the scan direction. C) Contact
resonance modes of the HQ cantilever in contact mode obtained on the PMMA film with the laser tuned to
the C=0 absorption band at 1730 cm™. The modes are: 68 kHz, 213 kHz, 426 kHz, 644 kHz, 869 kHz,
1236 kHz, 1709 kHz, 2269 kHz, 2912 kHz.

We describe in the following the depth calibration process. Resonance enhanced AFM-IR is the
employed technique that is later compared to surface sensitive and tapping AFM-IR. In our
resonance enhanced AFM-IR measurements, we selected a HQ:CSC38/Cr-Au (Mikromasch)
contact mode cantilever with 0.03 N/m spring constant and Cr-Au coating on both sides that can be
excited at 9 different contact resonance modes over the 0-3 MHz range (Fig. 1C). For all the
experiments, the calibration process is realized on the exact same location of the PS wedge to avoid
any variation of the absorption signal from topography (different slope) or change of mechanical
interaction between the tip and the sample. A phase locked loop (PLL) is activated to track any
change of the contact resonance during the AFM-IR scan, thus automatically adjusting the laser
repetition rate to always match the local contact resonance. Most of the time, the phase shift
corresponds to a cantilever resonance shift related to the mechanical contact change between the
PMMA and the PS surface. The use of a frequency-tracking mechanism is crucial in order to obtain
artifact-free AFM-IR signals that could otherwise overestimate the absorbance of either the PMMA
or PS domain. Furthermore, the choice of materials for wedge and substrate is critical for the most
accurate calibration of the probing depth. For example, using a substrate of silicon together with a
PMMA wedge leads to strong phase shifts that might challenge the PLL to correct properly,
resulting in an overestimated probing depth (Fig. S1). This large phase shift is directly related to
the fact that the Young’s modulus of silicon is ~30 times greater than that of PS. This illustrates the
importance of a perfectly suited substrate to reduce the mechanical variation between the wedge
and substrate material. In all our experiments on the PS-PMMA calibration wedge sample, the PLL
easily corrects for the phase shift as their Young’s moduli are close and equal to 3.1 GPa and 2.7
GPa for PMMA substrate and PS wedge, respectively. Only on the first nanometers of the tip of the
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PS wedge, the phase shift is not properly compensated by the PLL, probably because of a change
of lateral friction when passing from PMMA to PS (see Fig. S2). This very small fraction of the PS
wedge is systematically excluded in the probing depth analysis.

In the calibration process, we first scan for each cantilever mode (see Fig. 1C), i.e. laser repetition
rate, the topography together with the AFM-IR signal at 1730 cm™ which is the main absorption
peak of the PMMA carbonyl band. Following the PMMA substrate absorption signal for a specific
cantilever mode along the wedge allows to evaluate at which depth, or PS thickness, the buried
PMMA can be detected by the AFM-IR technique, and then to estimate the probing depth of the
technique. Any tilt in the topography image of the exposed PMMA substrate area is corrected with
a plane fit. From the averaged line profiles across the wedge (10 lines were averaged, see Fig. 2A
and Fig. 2D for a laser repetition rate of 610 kHz and 1235 kHz, respectively) the height offset is
removed to arrive at the relation between the x axis position and the PS thickness. With the real PS
thickness as a function of the x-position, it is then possible to represent the simultaneously recorded
AFM-IR signal as a function of the PS thickness. Taking into account the imperfect correction of
the PLL due to friction as mentioned above, the first nanometers of (PS) thickness have been
removed from the graphs. As shown in the resulting Fig. 2C and Fig. 2F, representing respectively
the thickness dependent AFM-IR signals at 610 kHz and 1235 kHz, the behavior of the AFM-IR
signal is very well fitted by an exponential decrease law demonstrating that the thermal expansion
shows similarities to the exponential nature of the simplest form of Beer’s law used in computed
tomography, as well as the penetration depth of microwave power. For all cantilever modes the
mathematical fit formula can be written as:

A(Z)=my+mye ™ 2)
Where z is the wedge thickness below the tip position, and mi-ms are fit parameters.
As the stress created by the thermal expansion decreases exponentially with the distance (or
thickness), the probing depth may be defined as the exponential argument (ms), at which the
AFM-IR signal decays to 1/e above an offset mi. For these two example frequencies in Fig. 2C and
Fig. 2F, we can confirm that the probing depth decreases as the mode frequency increases: 292 nm
for 610 kHz and 125 nm for 1235 kHz
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Fig.2 Methodology to estimate the probing depth of PMMA at 610 kHz and 1235 kHz. A) Topography line
profile of the PS wedge. B) Corresponding AFM-IR signal at 610 kHz for 1730 cm™. C) AFM-IR signal at
610 kHz as a function of PS thickness (red curve), the dashed blue curve represents the corresponding
exponential fit. The table gives the fit values. D) Topography line profile of the PS wedge. E) Corresponding
AFM-IR signal at 1235 kHz for 1730 cm™. F) AFM-IR signal at 1235 kHz as a function of PS thickness (red
curve), the dashed blue curve represents the corresponding exponential fit. The table gives the fit values.

The same study is repeated using the PS absorption band at 1600 cm™ to evaluate the probing depth
for top-layer absorption (Fig. 3) compared to the previous buried substrate absorption (PMMA,
Fig. 2). The difference of this new case is that the tip is now directly on the expanding sample when
on the PS. Opposite to probing the buried PMMA substrate before, we now observe an AFM-IR
signal increase with increasing PS wedge thickness. The aromatic C=C absorption band of PS is
much weaker than the carbonyl C=0 absorption band of PMMA.. To compensate for this difference
in absorption strength, the laser power has been increased to 4.9% (instead of 0.5% for PMMA).
The data treatment follows the exact same procedure as before (tilt removal and offset correction
of the topography) but the fit function used to describe the AFM-IR signal of the PS droplet is now
given by the following expression:

A(z) = my +m, (1 _ e_m%) 3)

Where z is the wedge thickness at the tip position, and mi-ms are fit parameters.
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Fig. 3 Methodology to estimate the probing depth of PS. A) Topography line profile of the PS wedge. B)
Corresponding AFM-IR signal at 2272 kHz for 1600 cm™. C) AFM-IR signal at 2272 kHz as a function of
PS thickness (red curve) and exponential fit (dashed blue curve). Fit parameters are given in the table. D)
Topography line profile of the PS wedge. E) Corresponding AFM-IR signal at 2915 kHz for 1600 cm™. F)
AFM-IR signal at 2915 kHz as a function of PS thickness (red curve) and exponential fit (dashed blue curve).
Fit parameters are given in the table.
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Probing depth calibration in resonance enhanced contact mode AFM-IR

Above calibration procedure is carried out for all 9 accessible contact resonances (Fig. 1C) of the
Mikromasch HQ probe in resonance enhanced AFM-IR. The probing depth, i.e. fit parameter ms
in Eq (2) for PMMA and (3) for PS, respectively, is reported in Fig. 4 as a function of the laser
frequency.
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Fig. 4 Probing depth as a function of the laser frequency. PMMA is represented by red dots and PS by
blue squares, error bars are represented in the corresponding color, the dashed curves indicate the
corresponding fits and the orange curve corresponds to the thermal diffusion length.

The obtained curves for PMMA and PS are compared to the thermal diffusion length defined by the power
law of Eqg. (1) with a power-law exponent of -1/2. The comparison clearly shows that the decrease of
experimental probing depth as a function of the laser frequency is much faster than for a power law exponent
of -1/2 for the thermal diffusion length. The best fit function found to describe this behavior can be expressed
by the formula below and table 1 reports the fitted values for PMMA and PS with both a correlation
coefficient R=0.998:

Where f is the laser frequency
PMMA PS
a 2.4 10" 2.9 10!
b (Hz) -343 000 -200 000
C 1.499 1.55
Table 1 : Fitted values for PMMA and PS.
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The power argument (c) extracted from the fit function (4) for both cases seems to be close to -3/2. This
could be explained by the fact that the total transfer function is simply the product between the thermal
diffusion (power law exponent -1/2) and the response of the cantilever (exponent -1). The extrapolation of
these laws to a laser frequency of 1 kHz allows us to predict the probing depth of the first AFM-IR
implementation (not resonantly-enhanced) using a low-repetition rate OPO laser. The probing depth are
respectively 1.2 um for PMMA and 1.56 um for PS. These values are in good agreement with the 1 pm
range of linearity experimentally estimated by Centrone and coworker using a PMMA wedge on zinc
selenium (14). Indeed, the range of linearity of the contact mode must be much smaller than the probing
depth and correspond to the range where the exponential decay can be fitted by a linear dependency.

Probing depth calibration in surface sensitive AFM-IR and tapping AFM-IR mode

Surface sensitive AFM-IR is a relatively new operating mode that allows one to reduce drastically
the probing depth of contact mode (12). The calibration in this previous work has been realized on
a sample (polyurethane on silicon substrate) not specifically designed to avoid mechanical artifacts.
The methodology described in the previous paragraph is used to reevaluate the probing depth on
the optimized PS-PMMA calibration wedge. The mechanical oscillation of the tip is fixed at 3 MHz
and generated by the piezo actuator (the one typically used in AFM tapping mode). The laser
frequency is tuned to match the difference of piezo and laser frequencies with a contact resonance
mode of the cantilever. This frequency mixing approach is similar to DFG (difference frequency
generation) and possible only because the tip-surface interaction is non-linear (12).

The probing depth of the surface sensitive mode is represented in Fig.5.

250 -
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Fig. 5 Surface sensitive probing depth as a function of the laser frequency. Red and blue data points
represent respectively the results for PMMA and PS for surface sensitive AFM-IR. Error bars are
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represented in corresponding colors. Orange and green squares represent the probing depth of the tapping
AFM-IR mode for PMMA and PS, respectively.

The probing depth of the surface sensitive mode seems to be equivalent for both PS and PMMA
polymers at high laser frequencies. Note that in our experiment the PLL is activated and
compensates perfectly for mechanical effects at the interface of the two polymers.

Furthermore, during the experiment, it was also quite difficult to go below a 1 MHz laser frequency
because of instabilities in the IR signal. But even in this limited laser frequency range, we can see
that the probing depth decreases from 50 nm to 10 nm. The quality of the wedge is still a limitation
to the accuracy of this experiment. The first nanometers of the wedge are important for a good
estimation of the probing depth as we need nanometer sensitivity. This is why an improved design
of the wedge more adapted for small thicknesses should give us a more accurate view of the
evolution of the probing depth in the range of 2 MHz -3 MHz.

Tapping AFM-IR mode is also a surface sensitive mode. The only difference is that instead of
modulating the tip motion continuously on the surface in constant contact with the sample (contact
resonance), the tip is now in intermittent contact in tapping AFM-IR. Based on the same non-linear
interaction, the theory used to describe the measurement is the same for both cases(12, 15, 16).
Using the same PS-PMMA calibration sample as for the surface sensitive and resonance enhanced
AFM-IR; the probing depth has been evaluated for a 300 kHz tapping gold coated cantilever
PPP-NCHAu-MB-10 from Nanosensors (Fig.5). The cantilever mode used for the piezo drive was
fixed at 1694 kHz and the mode to detect the IR signal was fixed at 272 kHz. In order to minimize
mechanical induced artifacts during scanning, two PLLs were used to track both the tapping
frequency and the IR detection frequency. The probing depth evaluated under these conditions is
about 30 nm (Fig.S3) which is considerably smaller than our previous evaluation of 50 nm for the
polyurethane wedge on Si substrate (12). This confirms the necessity to apply the same and correct
methodology to compare the probing depth properties of different polymer nature. At the same laser
frequency, the probing depth for tapping AFM-IR matches well with the probing depth for surface
sensitive AFM-IR attesting that the physics involved in the non-linear interaction is the same.

Compared to the data presented in Fig. 4 for resonance enhanced AFM-IR, surface sensitive AFM-
IR and tapping AFM-IR provide a smaller probing depth (i.e. higher surface sensitivity) at
equivalent laser frequencies. We attribute this to the non-linear interaction for the latter two modes.

Tomography reconstruction

After above depth calibration, we now turn to its application of subsurface sensing in tomography.
The sample used to illustrate the potential of tomography reconstruction is a blend of PS-PMMA
presented in the material and method section. This sample is a matrix of PMMA of 1.9 pum thickness
wherein PS droplets of different sizes are embedded. The mode of operation is resonance enhanced
AFM-IR. Using the exact same HQ:CSC38/Cr-Au cantilever as for the calibration, we have
recorded the chemical maps at 1730 cm™ corresponding to the ester carbonyl absorption band of
PMMA for all the contact resonance modes from 50 kHz to 3 MHz (9 modes, Fig. 1C). Figure 6
represents these chemical maps of the same area where the darker PS domains are surrounded by a
bright, absorbing PMMA matrix (corresponding topography in Fig. S4).
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FIG. 6 : Chemical maps of the PS-PMMA blend at the ester carbonyl absorption band of PMMA
(1730 cm™) for all the contact resonance modes. A) Laser frequency 68 kHz. B) 212 kHz. C) 417 kHz. D)
620 kHz. E) 870 kHz. F) 1235 kHz. G) 1705 kHz. H) 2275 kHz. 1) 2911 kHz. The white scale bar corresponds
to 750 nm.

The mixing of PS and PMMA resembles the one of oil and water, respectively, where PS similar
to oil minimizes its thickness while floating on PMMA. The full thickness of the PMMA matrix is
1.9 um which is larger than the expected thickness of the PS droplet. Consequently, there should
be a non-negligible amount of PMMA below all the PS droplets. In the measurements presented in
Fig. 6, we clearly see that when the laser frequency increases, the signal contrast between the PS
droplets compared to the PMMA matrix also increases, i.e. while PS and PMMA areas show a
nearly comparable signal strength at 68 kHz, the PMMA signal at 2911 kHz in PS droplet is greatly
reduced. The increase of PS contrast is directly related to the probing depth: as the laser frequency
increases, the amount of PMMA seen below the PS decreases and the resulting contrast increases.
Note that, based on the obtained PS contrast that appears relatively uniform within each droplet,
the droplets seem to be not spherical but rather shaped more like puddles. We can also detect very
small nanoparticles that are not absorbing at 1730 cm™ with a size about 50 nm diameter (Fig. S4
and S5). These nanoparticles are neither PS nor PMMA but some contamination of the PMMA
solvent and have a strong carbonyl absorption band around 1650 cm™ (Fig. S5).
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To reconstruct a 3D tomogram of our sample, it is necessary to express the AFM-IR intensity
analogue to Eq. (2) and include the thickness of PS as a function of the position X,y on the surface:

10x,y, fn) = Io(fn)e #*?/Pn (5)

Here, lo(fn) corresponds to the AFM-IR signal on pure PMMA (z=0) for a cantilever contact
resonance frequency fn, z(x,y) is the thickness of PS at the position X,y (z=0 on pure PMMA), and
pn is the probing depth, evaluated in the previous paragraph, at frequency fn. This expression is
valid only for the case of PMMA absorption and PS on the top which correspond to the IR maps
resented Fig.6.

In order to reconstruct the tomogram, i.e. the three-dimensional sub-surface distribution of the PS-
PMMA blend, we can use the inverse transformation of Eq. (5) for each pixel of the AFM-IR maps,
and for each resonance of the cantilever:

1 Worn
2(x,y) = —paln (2222) ()

We assume that there is no PMMA layer on the PS samples. This is confirmed by the surface
sensitive maps (Fig. S6.) that give zero level of absorption at 1730 cm™, meaning that the top
surface of PS sample is only PS. Applying this inverse transformation on the cross section through
the large PS droplet (white dashed line in Fig. 61) for all the contact resonance modes we obtain the
reconstruction of the PS droplet shape in depth or thickness z (Fig. 7). Our previous calibration data
obtained at 1730 cm™® (PMMA absorbs) in Fig. 4 entered as the probing depth pn (see the
corresponding values in the legend of Fig. 7).

500-
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100
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Fig.7 : Tomography reconstruction of the PS droplet. The calculated thickness profile of the large PS
droplet, at the position of the white dashed line cut in Fig. 61, is represented as a function of each
cantilever contact mode (different colors). For each mode the value of the corresponding probing depth is
given in brackets (taken from Fig. 4 for the 1730 cm calibration data).
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With this reconstruction we clearly demonstrate that the 4 first modes (68 kHz — 620 kHz) are not
suited for the tomography reconstruction of this sample because they do not converge to the same
value as for the higher modes. Since the thickness of PMMA is finite (1.9 um) these 4 low-
frequency modes probe below the PMMA layer and interact with the underlaying silicon substrate.
This sampled silicon volume is not absorbing at 1730 cm, therefore, does not contribute to an
AFM-IR signal in the same way as a thicker PS droplet would. Hence, these 4 lower modes
overestimate the PS thickness. Moreover, the lower modes have lower lateral resolution and
therefore also interact with the surrounding PMMA. For frequencies equal and higher than 870
kHz, the calculated PS droplet thickness seems to converge around a thickness of 138 nm for the
line profiles of Fig. 7. Consequently, the reconstruction can be applied to the entire scan of the
surface by considering only these higher modes from 870 kHz to 2911 kHz and averaging the 5
corresponding images. This gives a good approximation of the size of the PS droplet with a small
error induced by this type of reconstruction.

This averaged reconstruction of the 1730 cm™ maps revealing the three-dimensional shapes of the
PS droplets is represented in Fig. 8.
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Fig. 8 : 3D representation of the PS-PMMA blend. A) 3D representation revealing the size & thickness of
PS droplets . B) Same data as in A) but with inverted z-axis and rotated for clarity. Some PS droplets are
labelled P1-P5.

We can clearly distinguish several droplets that are in fact shaped more like puddles than droplets
as the thickness is around one hundred nanometers or less at a size of a few micrometers. The
accuracy of the calculated thickness is estimated by the analysis of all the modes and reveals a quite
good standard deviation of a few nanometers. Table 2 summarizes the maximum thickness of a few

uddles (P1-P5) indicated in Fig. 8B.
PL. | P2 | pP3 | P4 | pP5 |
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Averaged 138 53 58 37 22
thickness (nm)
Error (nm) 6 5 6 6 3
Table 2 : Thickness of representative PS droplets from Fig. 8B.

We can also observe in Fig. 8 that the nanoparticle surface contaminants have a characteristic
thickness of about 70 nm for a diameter of around 60 nm and a height of 10 nm. The thickness
value is probably overestimated because the probing depth calibration has been realized with PS
and not with the contaminant. We can observe that the constraint of the outlined 3D reconstruction
procedure is limited to give reliable depth information only for those materials that were used for
the probing depth calibration, i.e. here, the PMMA matrix and the embedded PS droplets.

So far, we utilized the depth calibration based on the 1730 cm™ PMMA absorption, see Fig. 4.
Carrying out the 3D tomography reconstruction of PS based on the depth calibration data obtained
at the 1600 cm™ PS absorption (Fig. 4) for an image of the PS-PMMA blend taken at 1600 cm™ is
more complicated. Analogue to Eq. (6) we can derive an expression for the position-dependent PS
thickness z:

IO_PS(fn)

Now, lo ps(fn) corresponds to the AFM-IR signal on pure PS (z=0). While before, the AFM-IR
signal on pure PMMA, lo(fs), was accessible in the 1730 cm-1 scans (Fig. 6) due to the thick PMMA
matrix, lo_ps(fn) cannot be estimated from the 1600 cm-1 scans since its value corresponds to an
infinite PS thickness, or a PS thickness much larger than the probing depth. But the thickest PS
droplet is only ~138 nm thin and hence there is no way to estimate the value lo_ps(fn) for the given
cantilever modes. lo_ps(fn) can be an adjustable parameter to converge to the estimated thickness of
the P1 droplet, the 138 nm reconstructed from the PMMA absorption scans. The 3D reconstruction
with PS absorption maps is represented in SI (Fig S7) but does not give any additional information
compared to the previous 3D tomography for the PMMA absorption.

Discussion

In this work we have described a robust methodology to calibrate the probing depth of AFM-IR
imaging modes (contact, surface sensitive and tapping). With this calibration it was then possible
to reconstruct in 3D the tomography of a polymer blend and hence to determine the sub-surface 3D
shape of polystyrene puddles in a polymethacrylate matrix.

The calibration presented here has only been realized for a single cantilever but it would be
interesting in a next step to repeat with cantilevers from the same batch to learn about their statistical
dispersion and see the possibility to establish a more general calibration curve. Other AFM-IR
cantilever types and brands can also be characterized regarding their probing depth. This type of
study would be long and fastidious, but it would surely be very useful for the community to obtain
such reference values for the probing depth for a known polymer. Our work here only concerns PS
and PMMA but the method is applicable to other polymers as well, as they can have orthogonal
solvents for the drop cast preparation, or one can imagine other ways to create a clean calibration
wedge. We have seen that the wedge obtained with the drop cast method is not optimal for surface
sensitive AFM-IR as we need a smaller slope of the wedge to get a better estimation for the smaller
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probing depths (10-20 nm). However, the drop cast wedge is still a good standard to evaluate the
probing depth of contact mode of any kind of polymer material.

We have also pointed out that it is crucial to minimize any mechanical impedance between the
calibration wedge and its substrate to obtain a good estimation of the probing depth. However, the
calibration wedge must also be matched to the material system for which the 3D tomography
reconstruction is carried out. For example, the calibration data for a PMMA wedge on a Si substrate
proved inadequate for our PS-PMMA blend but could be useful for other situations where the
sample is deposited on Si substrate. This necessity to design a suitable wedge for each sample of
interest is a limitation of the presented calibration procedure.

The calibration methodology developed in this study (wedge-substrate analysis) allows an
estimation of the probing depth for an expanding sample, buried or not. For this, we assume that
the signal at the wedge position (i.e. a given thickness of PS) is perfectly equivalent for a flat layer
of the same thickness in bulk. The probing depth was defined as an AFM-IR signal drop to 1/e
(~37%), i.e. it captures 63% of the AFM-IR signal, but it does not give the range in which the
technique is able to “feel” the sample. A sampling depth could be defined as 3 times the probing
depth to comprise 95% of the AFM-IR signal, which would be an alternative representation of the
depth sensitivity of the respective cantilever mode. Turning to Fig. 4, the empirical law from our
measurement fits very well the behavior of the cantilever modes and the sampling depth can be
easily evaluated as a function of the mode frequency: at 3 MHz the sampling depth is around
150 nm and for 200 kHz it is 3 um. This law should be only dependent on the laser frequency, and
neither on the power nor the pulse duration. Further work is required to fully map out th impact of
all the laser parameters on the probing depth.

The empirical law is a power law with an exponent of -3/2 which is different from -1/2 for the
classical thermal law. This is probably related to the fact that we are measuring a photothermal
expansion and this phenomenon is not only thermal but also mechanical, i.e. the transfer function
between tip and cantilever has also a strong influence.

The outlined probing depth calibration procedure allowed us to introduce a novel application of the
AFM-IR technique: 3D tomography with sub-surface imaging. We have shown how to reconstruct
the three-dimensional shape of PS puddles in a PMMA matrix of a PS-PMMA blend with very
good accuracy (only a few nanometers of error). This 3D reconstruction is only possible using a
calibration sample with a PMMA matrix covered by a PS wedge. Furthermore, successful 3D
tomography requires to calibrate the probing depth based on the matrix (i.e. PMMA) AFM-IR
absorption signal: The lack of absorption reveals the real shape of the embedded material (PS)
inside the matrix. Calibration based on the PS wedge absorption proved less successful to
reconstruct the 3D shape of the sample of interest since its surface contains no PS puddles of infinite
or very large thickness (with respect to the probing depth) that are required by the reconstruction
formula. As another drawback, this 3D tomography is currently not applicable to all samples and
will be restricted to binary blends. We have not yet devised an experiment to reconstruct a ternary
blend, for example 2 different embedded polymers inside another matrix polymer.

Irrespective of the mentioned potential limitations, the 3D tomography is a property only reserved
for the AFM-IR technique as it is a photothermal measurement in which the perfect control of the
probing depth allows the depth investigation. This approach is not possible in SSNOM even if many
works have shown 3D maps of electromagnetic fields of the tip-sample interaction (17). The
scattering of the light by the tip is imposed by its shape and there is currently no practical way to
change the evanescent wave generated by the tip to modulate the electric field probing depth which
is around 10-50 nm (18). The biggest advantage of AFM-IR s its flexibility to probe in a depth
ranging from several micrometers to a few nanometers just by changing the laser frequency from
tens of kHz to a few MHz.
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Materials and Methods
Sample preparation

Polymethylmethacrylate (PMMA) (150 kDa) and polystyrene (PS) (50 kDa) were purchased from
Sigma-Aldrich. Those polymers were chosen for their comparable mechanical rigidity properties
(Young’s modulus is respectively 3.1 and 2.7 GPa) while having very different chemical structures.
Both are soluble in tetrahydrofuran (THF) while only PS is soluble in cyclohexane.

Various solutions were prepared: a blend of PS and PMMA in THF with a concentration of 10
mg/mL, a solution of PMMA in THF with a concentration of 10 mg/mL, and a solution of PS in
cyclohexane with a concentration of 1 mg/mL.

Sample preparation involved the solvent casting method. The PS-PMMA blend and the PMMA
solutions were dropped on a silicon wafer under a controlled atmosphere. Subsequently, for the PS
wedge on PMMA samples, a few droplets of PS solution were deposited over the PMMA thin film.
The samples were then annealed at 125°C for 6 hours after each step of the deposition to remove
all traces of solvent. By using this simple method, the polymer layer thicknesses are about a few
micrometers.

AFM

The AFM-IR system is a Dimension IconIR from Bruker with an infrared tunable QCL laser from
Daylight Solutions covering the 1900-900 cm range. The pulse length is fixed at 100 ns for all
the experiments. Power is fixed at 0.5% for the PMMA analysis at 1730 cm™, and at 4.9% for PS
at 1600 cm™. The cantilever used in resonance enhanced AFM-IR (contact mode) and surface
sensitive AFM-IR is a cantilever from Mikromasch: HQ:CSC38/Cr-Au with CR/Au coating on
both sides and a spring constant of 0.03 N/m. The cantilever used for tapping AFM-IR is from
Nanosensors reference PPP-NCHAuU-MB-10. Method is also applicable to alternative probe
models.

Imaging analysis
Imaging analysis and treatment has been done by MountainsMap software (version 9) from
Digital Surf.
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