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Abstract: The mechanical detection of photothermal expansion from infrared (IR) absorption
with an atomic force microscope (AFM) bypasses Abbe’s diffraction limit, forming the chemical
imaging technique of AFM-IR. Here, we develop a Fourier transform AFM-IR technique with
peak force infrared (PFIR) microscopy and broadband femtosecond IR pulses. A Michelson
interferometer creates a pair of IR pulses with controlled time delays to generate photothermal
signals transduced by AFM to form an interferogram. A Fourier transform is performed to
recover IR absorption spectra. We demonstrate the Fourier transform AFM-IR microscopy on
polymer blend and hexagonal boron nitrides. An intriguing observation is the vertical asymmetry
of the interferogram, which suggests the presence of multiphoton absorption processes under the
tip-enhancement and femtosecond IR lasers. Our method demonstrates the feasibility of time-
domain detection of AFM-IR signal in the mid-IR regime and paves the way towards multi-

photon vibrational spectroscopy at the nanoscale below the diffraction limit.



Infrared (IR) microscopy spatially maps the distribution of chemical composition according to
infrared resonances. Abbe’s diffraction limit describes that the spatial resolution of traditional IR
microscopy cannot exceed half of the light wavelength, on the order of micrometers.! Spectra
from tiny and clustered features cannot be spatially resolved. One increasingly popular way to
bypass Abbe’s diffraction limit is via integrating an atomic force microscope (AFM) with IR
lasers.? The sharp apex of the metal-coated AFM tip locally enhances the IR field to tens of
nanometers scale that excites samples underneath, which is smaller than the free-space IR
wavelength. The recent development of AFM-based nano-infrared (nano-IR) microscopies
routinely deliver spatial resolutions of down to ten nanometers.>® Two main categories of nano-
IR microscopy exist: the infrared scattering-type scanning near-field optical microscopy (s-
SNOM) with optical detection;> 7 and the photothermal AFM-based infrared microscopy,

commonly known as AFM-IR.?

Different modes of nano-IR microscopy require different characteristics of light sources. For
example, IR s-SNOM usually uses a high repetition rate or continuous source for its requirement
of lock-in detection. A narrowband IR source is used for imaging; a broadband source is used for
nano-FTIR spectroscopy that utilizes an asymmetric Michelson interferometer for signal
detection.® * Broadband IR radiations can come from many sources, from different frequency
generations (DFG) of femtosecond laser pulses, synchrotron radiation, to blackbody radiations
including plasma sources.'®!* In comparison, AFM-IR measures cantilever oscillations caused
by photothermal expansion of the sample under IR pulses. A short-duration pulse serves as a
trigger to generate photothermal expansions for detection. On the other hand, AFM-IR requires a
narrowband laser source for both imaging and spectroscopy. A popular choice is a quantum

cascade laser (QCL) or nanosecond-duration optical parametric oscillator (OPO). In contrast,



broadband IR pulses are usually not used for AFM-IR microscopy, as it does not directly deliver
spectral resolution required for spectroscopy. The typical way to generate a spectrum from a
broadband light source is through time-domain detection with an interferogram followed by
Fourier transform. As broadband visible radiation from a super-continuum has been
demonstrated to generate time-domain photothermal signals detectable by AFM in contact
mode,'® can we incorporate broadband IR radiation for AFM-IR microscopy for spectroscopic

information?

In this article, we develop a Fourier transform AFM-IR spectroscopy through peak force
infrared (PFIR) microscopy with a broadband IR source. PFIR microscopy is one of three AFM-
IR modes.* '® PFIR offers a good spatial resolution of < 10 nm while preserving the surface
integrity of the sample. Also, PFIR is compatible with kHz-level low laser repetition rates that
are common in DFG IR sources. We name the resulting method Fourier transform peak force
infrared (FT-PFIR) spectroscopy and demonstrate it on structured polymers and phonon

polaritons of hexagonal boron nitride (4-BN).

The apparatus of the FT-PFIR microscope is described in Figure 1a. The setup consisted of a
peak force tapping (PFT) enabled AFM (Multimode 8, Bruker), a broadband DFG IR source, a
custom-built Michelson interferometer, and customized time synchronization and signal
acquisition assembly. The AFM was operated in the PFT mode at 2 kHz, with a peak force
amplitude of 100 nm. The waveform of the z piezostage oscillation was routed from the AFM
controller (Nanoscope V, Bruker) to a lock-in amplifier (MFLi, Zurich Instruments) acting as a
phase lock loop (PLL). A phase-locked transistor-transistor logic (TTL) waveform was generated
by the lock-in amplifier and reconditioned by a function generator to trigger the Yb:KGW

amplifier (Pharos, Light Conversion) at 2 kHz to emit femtosecond laser pulses centered at 1030



nm of ~190 fs duration. The emission from the laser amplifier was used to pump an optical
parametric amplifier (Orpheus-HP with DFG, Light Conversion) to generate frequency-tunable
mid-infrared laser radiation. The IR laser output was beam-expanded and guided into a
Michelson interferometer to create a pair of replicas of IR pulses. A translation stage (DDS100,
Thorlabs) was operated in constant velocity mode to adjust the optical path of one arm of the
interferometer, creating a time delay t between the pulse pair. Recombined IR pulses were
guided into the tip-sample region of the AFM by a set of mirrors and a parabolic mirror (25.4
mm focal distance with N.A. ~0.2). The combined pulse energy was ~40 nJ. The photothermal
responses of the sample were created by the tip enhancement of a metal-coated AFM tip. The
rapid mechanical expansion due to the photothermal effect excited the AFM cantilever to
oscillate and was measured through the acquisition of the vertical deflection signal of the AFM
cantilever. Figure 1b shows an averaged cantilever vertical deflection waveform which illustrates
the AFM tip detachment, in contact, and withdrawn stages. The laser emission was synchronized
to the tip-sample contact through the adjustment of TTL trigger timing. The photothermal
responses due to IR absorption rapidly pushed the AFM tip upward and excited the cantilever’s
oscillations. The cantilever deflection signal was reconditioned with a signal amplifier (SR560,
Stanford Research Systems) and acquired by a data acquisition card (PXI-5122, National
Instruments). A cantilever deflection curve that contains photothermal-induced oscillations is
shown in Figure 1c. We created a custom-written program to acquire, process and store signals.
A polynomial fitting on the curvature of the deflection signal background was obtained in real
time and was subtracted from the deflection signal to obtain cantilever oscillations from the
photothermal responses of the sample (Figure 1d). Then a fast Fourier transform (FFT) was

carried out to convert the cantilever oscillation signal into the corresponding frequency domain



(Figure le) around the cantilever oscillation frequency. We integrated the frequency domain
response within a window (demarcated by two red dashed lines in Figure 1e) to obtain a single
value to describe the photothermal-induced oscillation amplitude, which was used as the PFIR
signal. In our FT-PFIR measurement, the time delay T between the pulse pair was scanned while

recording the PFIR signal.

An interferogram was obtained by correlating the optical path difference of the Michelson
interferometer arms and the photothermal PFIR signal from the sample (Figure 1f). The
interferogram from our photothermal FT-PFIR signal was observed as symmetric in time
because a symmetric Michelson interferometer was used. FFT of the interferogram reveals the
spectrum of the photothermal response in the frequency domain, which we call the FT-PFIR
spectrum (Figure 1g). The frequency coverage of the spectrum depends on the central frequency,
the bandwidth of the laser source and the IR resonances of the sample. An example is shown in

Supplementary Figure S1.

Results. The polymethyl methacrylate (PMMA) and polystyrene (PS) polymer blend was used
as a standard sample to demonstrate FT-PFIR microscopy. The measurements were carried out
with a Pt-coated AFM tip (HQ:NSC 14, MikroMasch). Figure 2a indicates the maximum height
of the polymer blend is around 37 nm. Figure 2b shows the adhesion map. To distinguish the
chemical compositions, the PFIR images under 1724 cm™ and 1600 cm™ corresponding to the
carbonyl (C=0) vibrations of PMMA and the aromatic ring tension of PS, are plotted in Figure
2c¢ and Figure 2d, respectively. Thus, the higher dot (including its edge) comprises PMMA, and
the plain surface is PS. According to this, the blue and orange dots (Figure 2a) are the sampling
positions for the FT-PFIR experiment. For the data acquisition, for example, the interferogram of

carbonyl vibration of PMMA (Figure 2e) is collected first. Then, the interferogram, when the tip



is withdrawn from the sample, was scanned under the same frequency range as the background
(Supplementary Figure S3). Subtracting the two spectra generated from the FFT of the
interferogram, the FT-PFIR spectrum is obtained (Figure 2g). From left to right, the FT-PFIR
spectra centered at 1492 cm™ (aromatic ring bending of PS, the interferogram of which is shown
in Figure 2f), 1600 cm™ and 1724 cm™ are comparable to the FTIR spectra from the bulk of the
PMMA (blue shadow) and PS (orange shadow). The full FTIR spectra are plotted in

Supplementary Figure S2.

h-BN is a two-dimensional material composed of boron atoms and nitride atoms, structurally

similar to graphene. 4-BN is an insulator, chemically inert and has high thermal conductivity.!”!’

h-BN has a phonon mode around 1360 cm™ and supports hyperbolic phonon polaritons,?* 2!
which can be launched by the field enhancement underneath the metallic AFM tip. The
polaritonic waves propagate and are reflected at the 2-BN edge. Depending on the traversed
distance, a resonator is formed between the tip and edge that can accommodate integer multiple
of a series of polariton wavelengths. IR frequencies that excite these resonant polaritons will be
efficiently absorbed by the tip-sample configuration, thus leading to increased heat generation as
the photothermal signals, manifested as bright fringes as the tip is scanned over the sample. The
corresponding IR frequencies to the polaritons that match the resonator between the tip and #-BN
edge appear as absorption peaks in the spectrum. The data here are collected with a gold-coated
AFM tip (TAP150, Bruker) under a longer interferogram range. In Figure 3a, the height of the
larger piece (left) and the other belt-shape are around 60 nm and 10 nm, respectively. The PFIR
images are obtained under 1380 cm™ (Figure 3b), 1397 cm™! (Figure 3c) and 1410 cm™ (Figure

3d). The measured IR fringe pattern becomes denser in higher frequencies. The three FT-PFIR

spectra (Figure 3f) were collected at the positions of 300 nm (blue, whose interferogram is



shown in Figure 3¢), 510 nm (orange) and 780 nm (green) from the edge of the larger #-BN flake
along the white arrow in Figure 3a. The spectrum varies from each position on the #-BN due to

different resonator length discussed above.

Discussion. Our FT-PFIR instrument demonstrates the feasibility of using broadband IR
sources in Fourier transform AFM-IR microscopy. The advantage is that all segments of IR
spectrum are obtained in one measurement. In regular AFM-IR microscopy with a narrowband
IR source (e.g., QCL), spectrum collection requires sweeping IR wavelengths. The sweeping
speed is proportional to the tunable range of the light source. The wider the spectra, the longer
the sweeping process. In contrast, the acquisition time of interferograms for Fourier transform
AFM-IR is fixed and decoupled from the spectral range. If ultra-broadband IR pulses become
available, for instance, from laser-induced plasma sources,?? data-collection time shall remain the
same, whereas regular AFM-IR with a narrowband source would require the measurement time
be proportional to its bandwidth. This is the equivalent of FTIR’s Fellgett’s advantage for AFM-
IR.> Similarly, the spectral resolution of the FT-PFIR is determined by the scan range of the
interferogram, which practically has no upper limit. In terms of frequency coverage, although the
bandwidth of our IR source is limited to ~ 150 cm™ due to pump laser bandwidth and phase-
matching conditions of nonlinear crystals, the central wavelength of our DFG is widely tunable
from 600 cm™ to 5000 cm™. In contrast, the frequency coverage of the QCL is limited by the
tunability of its individual chips. Full mid-IR spectrum coverage would require large numbers of

QCL chips, and some frequency regions are currently still not commercially available.

In the classical model of FTIR interferogram generation from two identical pulses, the
maximal field intensity of the interferogram at the zero-path delay should be twice the sum of

two separate intensities. The contrast generation mechanism is described in the following



derivation. A pair of identical but time-delayed pulses are generated by the Michelson

interferometer. The complex field of a broadband pulse is described in the frequency domain as
E(w) =+/S(w) - €@ where w is the frequency; S(w) is its spectrum; ¢p(w) is the spectral
phase. A replica of the same pulse delayed by 7 is thus E'(w, T) = /S(w) + e/®@*®T The total

complex field E;y¢q;(w, T) of the pulse pair is the complex sum of E(w) and E'(w, 7), described

by Equation (1):

Erotar(w,T) = \/S(w)ei(b(w)(l + eloT) (1)

Its total intensity is thus liq(w,T) = Etotar(@,T) * Efptqi(@,T) , which is [0 (w,T) =
28(w)(1 + cos(wt)). Note that it is independent of the spectral phase ¢(w). At T = 0, the total
intensity is thus four times of the spectrum of each pulse I;y¢q; (@, 0) = 4S(w). At non-zero T,
the spectrum of the total pulse pair exhibits spectral modulations. The interferogram generated
by the pulse pair is obtained by integrating intensity at all available frequencies. The optically

detected interferogram S(7) is expressed in Equation (2):

S(t) = f_oooo Liotar(w, T)dw (2)

It can be proven that S(w) and S(7) are linked by Fourier transform.**

Photothermal AFM-IR signal is proportional to the energy dissipation after IR absorption by
vibrational levels. In a simplified model, the vibrational resonances can be approximated by a

collection of dampened harmonic oscillators. In the frequency domain, they are expressed as a

collection of complex Lorentzian functions: A(w) = ¥ —= with n being the number of

w—wp—ily’

resonances, and w,, a,, and I}, are the resonant frequency, peak strength, and peak half width of



the n™ resonances, respectively. The IR absorbed by the sample from the illumination of the
pulse pair, which is the eventual energy dissipation, is thus proportional to the product between
the IR intensity I;,;4;(w, T) and the imaginary part of the vibrational resonance A(w). In AFM-
IR, besides absorption from vibrational resonances, there is non-sample specific photothermal
responses from the AFM cantilever or tip-cone contributed to photothermal signal, which are
independent of the frequency represented by a constant B. Therefore, the total photothermal

signal L(w) in the frequency domain has the proportionality shown in Equation (3):

L(w,7) = Itorar(w, 7) - (imag(A(w)) + B) 3)

Based on above equations, suppose the photothermal heat generation is proportional to the IR
intensity, the resulting interferogram from photothermal detection should be symmetric in both
lateral and vertical directions. Figure 4a shows a numerically simulated interferogram from pure
optical interference based on Equation (2), and Figure 4b displays a numerically simulated
interferogram from the imaginary part of vibrational resonance represented by Lorentzian
functions according to Equation (3). Both exhibits vertically symmetric shapes in the
numerically simulated interferogram. As a reference, we recorded the photothermal response
from the AFM cantilever alone when the tip was withdrawn and high IR laser power was used.
The resulting interferogram from the pure laser background is vertically symmetric

(Supplementary Figure S1).

However, we observed asymmetric vertical shapes from the photothermal-detected
interferograms from samples with IR resonance. It cannot be straightforwardly reproduced by the
model above. How do we understand such a deviation from vertically symmetric interferograms

of conventional FTIR? Similar vertically asymmetric interferograms were commonly observed in



interferences that involve multiphoton processes.? If the signal generation involves two-photon
absorption, then the interferogram will exhibit vertical asymmetry. For example, in the
autocorrelation of laser pulses through second harmonic generation, the interferogram is strongly
asymmetric.?® If we assume the detected signals were generated by the absorption of two
photons, i.e., the signal generation is proportional to the square of field intensity, then the
resulting interferogram would be vertically symmetric. A plot of a numerically-simulated

interferogram from a two-photon absorption process is displayed in Figure 4c.

The vertical asymmetry of the interferogram indicates multi-photon pathways exist in our
AFM-IR experiment with femtosecond pulses. Photothermal detection means that the total
energy of all net absorbed photons are detected, instead of photons with certain frequencies. All
population relaxation pathways contribute to heat accumulation. The heat can come from
relaxation from the first vibrational excited state or from higher excited states. Thus, under
femtosecond IR excitation, when the pulse duration is shorter than the vibrational relaxation
time, a “ladder climbing” of sequentially-populating vibrational excited states is possible (Figure
4d). Molecules are excited by a photon from the ground state to the first excited state, and then
absorb the second photon to reach the second excited state, and further. The collective population
of all excited states leads to heat generation. Additional multiphoton absorption processes lead to
deviation from one-photon linear absorption and give rise to vertical asymmetry in a

photothermal interferogram.

The anharmonicity of the electronic potential energy surface usually causes slightly red-shifted
frequencies of the upper vibrational transitions. Such redshifts are often several to several tens of
wavenumbers, which are within the bandwidth of our IR pulses. The needed frequencies for

“ladder climbing” are available. In comparison, conventional frequency-domain AFM-IR uses a

10



narrowband IR source, e.g., QCL. Only one vibrational transition is promoted by one laser
frequency, unless a specially designed frequency-domain pump/probe configuration is
employed.?” Moreover, the metallic AFM tip can enhance the optical field intensity by two
orders of magnitude or more due to the lightning rod effect. The combination of femtosecond
pulse duration, broad bandwidth, and high field intensity means that multiphoton processes
become favorable. The total heat generated thus has a nonlinear field intensity dependence, as

exhibited by the vertical asymmetry of the interferogram.

While the vertically asymmetric shape of a photothermal interferogram indicates the presence
of multiphoton processes, further unraveling of the exact processes would require further
development of the time-domain AFM-IR methods. For example, leveraging the advantage of
short-duration coherent IR pulses to create a pulse sequence that is routinely used in modern
time-domain 2D IR spectroscopy.?® In our work, two pulses are introduced by the Michelson
interferometer. If four time-controlled pulses were created and coupled to the tip-sample region
of the PFIR microscope, one could expect the total photothermal signal be dependent on the
timing of the IR pulses—through modulation of the coherence between and populations of
accessible vibrational levels. Analyzing such photothermal signals would provide rich
spectroscopic information and unravel the exact pathways of multiphoton processes that depend
on the molecular structures and mode coupling, from a nanoscopic area much smaller than

Abbe’s diffraction limit.

In sum, we have developed the time-domain AFM-IR spectroscopy in the mid-IR frequency
regime through the Fourier transform peak force infrared microscopy. It demonstrates the
feasibility of using broadband IR pulses for spectrally resolved photothermal spectroscopy.

Further development of the peak force tapping-based AFM-IR platform may open the possibility

11



for time-domain two-dimensional nano-IR microscopy that shall provide both rich spectroscopic

information and high spatial resolution.

Materials. The polymer blend film is prepared through spin-coating of the 10 pL toluene
solution of the polymethyl methacrylate (PMMA) and polystyrene (PS) on a silicon surface with
a spin coater (KW-4A MicroNano Tools). The concentration is 12 mg/mL (PMMA: PS = 3:2, by
weight ratio). The spin-coater settings are 600 revolutions per minute (rpm) for 6 s and 2800 rpm
for 60 s. The hexagonal boron nitride (h-BN) was purchased (BLK-hBN-HPA, 2D
Semiconductors). The #-BN sample was prepared by exfoliation method with scotch tape and

transferred to a silicon substrate.
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Figure 1. (a) Instrument setup of the Fourier-transform Peak Force Infrared (FT-PFIR)
microscope. OPA: optical parametric amplifier. (b) Cantilever deflection curve (blue) of one PFT
cycle and its corresponding laser illumination (red) under the same trigger frequency (2 kHz). (¢)
is the zoomed-in section of the cantilever deflection curve in (b) when the tip is in contact with
the sample surface. The red dashed line shows the 4th-order polynomial fit of the deflection
curve as a background envelope. (d) The photothermal-induced cantilever oscillation signal is
the difference is obtained from subtracting the deflection curve and its envelope fitting. (e) PFIR
signal from sample expansion underneath the tip calculated from the Fourier transform of (d). (f)
is the interferogram by scanning the stage position at constant velocity and the corresponding

PFIR signal. (g) FT-PFIR spectrum generated from the Fourier transform of the interferogram.
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Figure 2. (a) Topography of polymer blend sample. The scale bar is 500 nm. (b) Adhesion
image. (c) and (d) are the PFIR maps of the PMMA and PS under 1724 cm™ and 1600 cm,

respectively. (e) and (f) are the interferograms collected from the PMMA and PS marked with
blue and orange in (a). (g) FT-PFIR of PMMA (blue) and PS (orange) collected under different

frequency ranges. The FTIR spectra of PMMA and PS are included as blue and orange shades,

respectively. The dashed line indicates the approximated center of the IR pulse bandwidth. The

background has been subtracted. The spectra have been smoothed.
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Figure 3. (a) Topography of h-BN sample on Si substrate. The scale bar is 700 nm. (b), (c) and
(d) are the PFIR images of the sample under 1380 cm™!, 1397 cm™ and 1410 cm™!, respectively.
(e) Interferogram at the position marked blue in (a). (f) FT-PFIR spectra collected along the
white arrow in (a), the blue, orange and green show the positions at 300 nm, 510 nm and 780 nm
from the edge of the h-BN, respectively. The background has been subtracted and the spectra

have been smoothed. The corresponding interferograms can be find in Supplementary Figure S4.
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Figure 4. (a) Numerically simulated interferogram from pure optical interference. (b)
Numerically simulated interferogram with a vibrational resonance. The interferograms in both
(a) and (b) exhibit vertical symmetry. (c) Numerically simulated interferogram from a two-
photon absorption process that exhibits strong vertical asymmetry. (d) Schematic of vibrational

energy levels that illustrates the possibility of multiple-photon absorption under strong IR

1llumination.
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