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Abstract Vibrational spectroscopy is one of the key
instrumentations that provide non-invasive investigation of
structural and chemical composition for both organic and
inorganic materials. However, diffraction of light funda-
mentally limits the spatial resolution of far-field vibrational
spectroscopy to roughly half the wavelength. In this article,
we thoroughly review the integration of atomic force
microscopy (AFM) with vibrational spectroscopy to
enable the nanoscale characterization of emerging energy
materials, which has not been possible with far-field
optical techniques. The discussed methods utilize the AFM
tip as a nanoscopic tool to extract spatially resolved
electronic or molecular vibrational resonance spectra of a
sample illuminated by a visible or infrared (IR) light
source. The absorption of light by electrons or individual
functional groups within molecules leads to changes in the
sample’s thermal response, optical scattering, and atomic
force interactions, all of which can be readily probed by an
AFM tip. For example, photothermal induced resonance
(PTIR) spectroscopy methods measure a sample’s local
thermal expansion or temperature rise. Therefore, they use
the AFM tip as a thermal detector to directly relate
absorbed IR light to the thermal response of a sample.
Optical scattering methods based on scanning near-field
optical microscopy (SNOM) correlate the spectrum of
scattered near-field light with molecular vibrational modes.
More recently, photo-induced force microscopy (PiFM)
has been developed to measure the change of the optical
force gradient due to the light absorption by molecular
vibrational resonances using AFM’s superb sensitivity in
detecting tip-sample force interactions. Such recent efforts
successfully breech the diffraction limit of light to provide
nanoscale spatial resolution of vibrational spectroscopy,
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which will become a critical technique for characterizing
novel energy materials.
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1 Introduction

The power of vibrational spectroscopy stems from the
nature of light-matter interactions due to a material’s
electronic, crystalline, and molecular compositions [1-4].
When a material is illuminated by visible or infrared (IR)
light, the incident photons transfer energy to electrons,
atomic lattices, and/or molecules in the material, exciting
them from their relaxed states to characteristic vibrational
modes. The uniqueness of spectral light-matter interactions
can be used to recognize materials and identify dominant
bonding configurations and electronic and radiative
properties, all of which are key to the development of
novel energy-related materials. In particular, nanomaterials
and nanostructures have unique attributes for the advance-
ment of various energy conversion systems, such as solar
cells, thermoelectrics, fuel cells, batteries, and near-field
energy conversion which are becoming cornerstone to
overcome current challenges in such energy systems [5—7].
With length scales 10* times smaller than the width of a
typical human hair, nanomaterials and structures possess
an exceptionally large surface-to-volume ratio, which is a
key parameter in energy transport and conversion
phenomena. Moreover, they have several compelling
capabilities, such as controlling the direction of energy
flow based on their molecular or crystalline structure,
manipulating optical fields through plasmonic and pho-
nonic resonance excitations, and enhancing photoelectric
conversion through near-field optical interactions. Yet, one
major challenge in this field is proper non-invasive
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material characterization. Vibrational spectroscopy aims to
address this difficulty by utilizing visible through IR light
to probe a material’s dominant structure, revealing
chemical, electronic, thermal, and optical traits.
Vibrational spectroscopy of a material is routinely
achieved in the IR region (A =2 to 20 um) by illuminating
the sample with either a broadband IR source (i.e., globar
or synchrotron radiation) or tunable mid-IR laser [4]. The
detected IR spectrum provides vibrational resonance peaks
at spectral locations corresponding to the photon energy
absorbed to excite atomic lattice, electron or molecular
vibrations within the material. Alternatively, the Raman
effect can also be used to probe the same vibrational
phenomena [4]. When incident light, typically in the
visible to near-IR region (4 = 0.4 to 1.5 um) stimulates a
material, a small portion of photons are inelastically
scattered due to energy interactions between the incident
photons and molecular vibrations within the material.
Therefore, the spectroscopic measurement of Raman
scattering (or Raman spectrum) can identify a material’s
unique molecular fingerprint. However, the main limitation
of conventional vibrational spectroscopy arises from the
diffraction limit of light. The spatial resolution of a far-field
optical system is fundamentally limited by Abbe’s law, i.e.,
AxXpin = 0.6098 //(NA), where NA is the numerical aperture
of the optical system and can be as large as 1.4 [8-10]. For
example, an IR microscope used to probe carbonyl bonds
within polymers typically uses IR radiation around 5 pm
yielding an absolute minimum spatial resolution of 2.2 pm
at best [2]. Therefore, such a microscope system is unable
to resolve localized structures present in heterogeneous
materials like grain boundaries, molecular alignment,

material contamination and blending, and material/med-
ium interfaces. By taking vibrational spectroscopy past the
Abbe limit, a plethora of research and engineering
applications should become accessible.

The present review article covers the integration of
atomic force microscopy (AFM) with vibrational spectro-
scopy (Fig. 1) to realize nanoscale spatially resolved
vibrational spectroscopic imaging. The discussion starts
with basic background information on the implementation
of IR vibrational spectroscopy, Raman scattering, and
AFM (Section 2). Sections 3 to 5 present the three main
tip-based functional methodologies developed to date to
extract vibrational spectra at the nanoscale: photothermal
absorption, near-field scattering, and photo-induced force
based instrumentations. Each section starts with a descrip-
tion of the fundamental principle including relevant
theoretical expressions, then transitions to key experi-
mental realizations that show the capability of the method
to reproduce far-field spectra with sub-diffraction limited
resolution, and finally presents state-of-the-art research
applications where tip-based nanoscale vibrational spectro-
scopy leads as a novel material characterization technique.
Lastly, Section 6 summarizes the capabilities of each
technique and provides the future outlooks on the research
direction in tip-based vibrational nanospectroscopy.

2 Overview of basic instrumentations

To understand how vibrational spectroscopy works at the
nanoscale, conventional far-field vibrational spectrosco-
pies and AFM should be discussed first because these

Fig. 1 Tip-based nanoscale vibrational spectroscopy. Atomic force microscopy (AFM) can be integrated with optical-based vibrational
spectroscopy to allow nanoscale spectroscopic imaging and analysis for various materials, such as plasmonic nanostructures, 2-D

materials, biological samples, and grain boundaries.
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instruments act as the building blocks of the nanoscale
vibrational techniques to be reviewed. The following
section presents the basics of optical absorption using a
simple dipole model to illustrate the connection between
absorption and a material’s optical properties. IR and
Raman spectroscopies, which are two main vibrational
spectroscopy techniques, will be discussed with a focus on
their practical realizations and limitations. The AFM and
its pertinent operational configurations will also be
presented. The versatility of AFM is highlighted, which
ideally suits it as a nanoscale imaging platform for the
acquisition of sub-wavelength vibrational spectra.

2.1 Conventional vibrational spectroscopy: IR and Raman

Vibrational spectroscopy essentially measures the absorp-
tion of electromagnetic (EM) radiation in a material as a
function of wavelength (wavenumber or frequency). When
the incoming EM radiation is absorbed by a small particle
in a medium, the absorption efficiency can be written as

[11]

Ou(N)ocImla()], (1)
which states that optical absorption is proportional to the
imaginary part of the particle’s electric polarizability, (1),
divided by the wavelength of incident radiation. When the
particle is assumed as a point dipole, the electric
polarizability is directly related to the wavelength-
dependent optical properties as [11]

30 €1 8m
a(A) = 4nR [81 ng], )
where R is the particle radius, and &; and ¢, are the
dielectric functions of the material and surrounding media,
respectively. If &; = —2¢,,, resonance conditions are met in
Eq. (2) to yield a Lorentzian peak in Q,,s(A) in the spectral
domain. Individual materials have unique absorption peaks
depending on complex electronic, atomic, and molecular
compositions, suggesting that vibrational spectroscopy can
provide the chemical and structural fingerprints of a
material from the measurement of its absorption (or
extinction by including light scattering) spectrum.

The most comprehensive and widely used IR spectro-
scopy technique is Fourier transform IR (FTIR) spectro-
scopy, which allows for fast, broadband spectra acquisition
[1-3]. Since its first commercial realization in 1969, FTIR
has evolved into a powerful tool for the study of a
material’s chemical bonding [12—16] and for the measure-
ment of a material’s optical properties and plasmonic/
phononic resonances [17,18]. In FTIR, a broadband
illumination source (i.e., globar or synchrotron radiation
source) is used to provide continuous spectral coverage. A
Michelson interferometer develops a temporal interfero-
gram due to the interference of probing and reference

beams at the beam splitter. The interferogram contains
time-domain information about the IR absorption of the
sample, and by performing a fast Fourier transform (FFT)
analysis, the IR spectrum can be obtained over a spectral
range determined by the sweeping distance of the reference
mirror [2]. Comprehensive descriptions of IR spectroscopy
and FTIR can be found elsewhere [1-4].

A vibrational spectrum can also be measured through the
inelastic scattering phenomenon known as Raman scatter-
ing, named after Sir C.V. Raman who discovered this effect
in 1928 [19]. Light-matter interactions induce elastic
(Rayleigh) and inelastic (Raman) scattering phenomena. A
Raman scattering signal has Stokes and anti-Stokes shifts
as a result of energy transfer between the incident photon
and the material’s molecular vibrational modes. If the
initial state of the vibrational mode is not excited, the
incident photon will confer energy to the vibrational mode
and be re-emitted with less photon energy (or at a longer
wavelength), called a Stokes shift. Conversely, if the
vibrational mode to which the photon interacts is initially
excited, the scattered radiation will experience a blue shift,
called anti-Stokes shift by receiving energy from already
excited vibrational states [20,21]. Therefore, a Raman
spectrum contains vibrational spectroscopic information
about the sample and can be used as a molecular
identification tool [22]. However, since Rayleigh scattering
intensity is much stronger than Raman scattering, the
Rayleigh scattering signal should be sufficiently sup-
pressed to acquire the Raman spectrum with a high signal-
to-noise ratio. More in depth reviews of Raman spectro-
scopy can be found elsewhere [4,20,22-25].

The major drawback of conventional vibrational spec-
troscopy is the diffraction-limited spatial resolution. As
briefly discussed in the introduction, Abbe’s law funda-
mentally prevents optical imaging and spectroscopic
analysis of a sub-wavelength feature. The best spatial
resolution achievable by far-field FTIR is on the order of
~5 um which cannot resolve nanomaterials. A typical
spatial resolution of Raman spectroscopy is better than IR
spectroscopy due to its use of visible to near-IR light, but it
is still challenging to achieve sub-micron spatial resolu-
tion. Moreover, Raman spectroscopy has a small Raman
scattering cross-section on the order of 10°° ¢cm?, often
requiring long signal integration time to increase the
signal-to-noise ratio to an acceptable level [26].

2.2 Atomic force microscopy

Atomic force microscopy (AFM) was invented in 1986 to
realize atomistic-scale imaging past the diffraction limit of
light [27-29]. As shown in Fig. 2, the AFM measures the
atomic force interactions between a sharp tip, typically
integrated at the free end of a microcantilever probe, and a
sample surface. While the tip raster-scans over the sample
surface, the deflection of the microcantilever is measured
typically with a laser reflection scheme to generate a 3-
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dimensional topographical image. Many AFMs use a 4-
quadrant photo-sensitive detector (PSD) to detect canti-
lever deflection: see Fig. 2(a). However, in some AFM-
based instruments, the interferometric method in Fig. 2(b)
may be preferred due to its high sensitivity, compactness,
and minimal thermal load [30]. The sensitivity of AFM to
detect force is routinely below a few pico-newtons [31,32],
leading to superb sub-angstrom topographic resolution in
height [33]. While various AFM-based imaging techniques
have been developed to date, they are fundamentally based
on two basic operational modes — contact and intermittent
contact (or tapping) modes. In contact mode, the tip
maintains contact with the sample surface and, in most
cases, the piezoelectric scanner is feedback-controlled to
keep the cantilever deflection (i.e., tip-sample force)
constant during scanning [27]. The piezo-scanner traces
the sample surface and is used to generate a 3-D
topographic image. In intermittent contact mode, the
AFM cantilever oscillates at its resonant frequency, such
that the cantilever tip gently taps on the sample surface
[28]. The cantilever oscillation amplitude is maintained
constant during scanning by feedback-controlling the
piezo-scanner, such that the piezo-stage traces the sample
topography. When compared to contact mode, intermit-
tent-contact mode barely touches a sample surface with a
minimal shear force, which is ideally suited for the imaging
of soft samples and minimizes the wear and/or contamina-
tion of the tip. Better image quality is another expected
advantage of intermittent-contact mode due to its use of
lock-in detection. Thorough reviews on AFM and its

applications are available and can be found in Refs.
[31,33-38].

Recently, significant efforts have been made to imple-
ment vibrational spectroscopic techniques for the struc-
tural, physical, and chemical analysis of nanomaterials and
structures by overcoming its diffraction limit. As one
potential approach, AFM has been integrated with
vibrational spectroscopy to make use of AFM’s nanoscale
imaging capability and superb sensitivity in force detec-
tion. In the following sections, we will review the previous
advancements of tip-based vibrational nanospectroscopy
in the AFM platform.

3 Photothermal induced resonance
nanospectroscopy

It is well known that absorbed photon energy due to
molecular vibrational resonances is dissipated as heat,
resulting in temperature rise and thermal expansion of the
light-illuminated area. Photothermal induced resonance
(PTIR) nanospectroscopy correlates this photothermal
energy conversion to the vibrational spectrum of a sample
by utilizing the AFM tip as a nanoscopic tool to measure
either the local temperature rise [39—44] or thermal
expansion [44—67]. The measurement of local temperature
rise requires the use of a thermal profiler probe such as a
passive thermocouple probe [68—71], Wollaston wire
probe [39—41], or resistive thermometer probe [43,72,73]
in a scanning thermal microscopy (SThM) platform [42].

: Z-Feedback
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Fig. 2 Atomic force microscopy (AFM). (a) Schematic of an AFM that detects cantilever deflection/oscillation using a 4-quadrant
photosensitive detector (PSD). (b) Schematic of an interferometric AFM that creates a Fabry-Perot cavity between the optical fiber/air
interface and AFM cantilever. A beamsplitter (BS) is used to send the interference pattern to a PSD [30].
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The Wollaston wire probe is by far the simplest thermal
profiler consisting of a thin, bent platinum wire. However,
its probe-sample contact area is several hundred nan-
ometers at smallest [39]. While micro-machined thermo-
couple and resistive probes can achieve a sub-100 nm
spatial resolution [44,70,71], their temperature resolutions
are on the order of 100 mK in DC mode, which can be
improved to 1 mK in AC mode after implementing lock-in
detection [42,71,74]. Such temperature resolutions are not
good enough to measure the local temperature rise due to
vibrational photothermal absorption with high signal-to-
noise ratio. Moreover, thermal probes are prohibitively
expensive to design and fabricate, and often require a
special probe holder for electrical packaging [44].
Compared to the local temperature measurement, the
measurement of local thermal expansion is relatively easy
and does not need a functionalized AFM probe [58]. By
taking advantage of the AFM’s sub-nanometer resolution
in topographical mapping, thermal expansion PTIR has
achieved nanospectroscopic imaging of various samples,
such as living cells [48], viruses and bacteria [46,47],
polymers [51-54], and plasmonic resonators [63—65].
Therefore, this review will only focus on thermal
expansion PTIR and its use for the nanoscale analysis of
energy-related materials.

3.1 Basic principles of thermal expansion PTIR

In a typical PTIR setup, an AFM probe is in contact with a
sample that is deposited directly onto a prism. A tunable
mid-IR laser provides backside-illumination at an inci-
dence angle bigger than the critical angle to achieve total

Time domain

Deflection/(a.u.)

4-quad PSD

Time/us

l FFT

Frequency domain

ZnSe prism

\ 4
Tunable mid-IR
pulsed laser

Amplitude/(a.u.)

Frequency/MHz

(a)

internal reflection (TIR): see Fig. 3(a) [45]. As shown in
Fig. 3(b), TIR generates an exponentially decaying
evanescent electromagnetic (EM) field at the prism/sample
interface, which interacts with the sample while minimiz-
ing residual absorption by the tip. When the laser is tuned
to an absorption band of the sample, light absorption
owing to the interactions between the evanescent field and
the sample causes local heating and, consequently, thermal
expansion. Particularly, when a short pulsed laser is
pumped to the sample, photothermal expansion is strong
enough to excite the contact resonance of the cantilever
placed on the laser-illuminated spot. As a result, the
cantilever sharply oscillates with a high amplitude and
ring-down decays on the order of ~100 ps. FFT analysis of
the ring-down decay pattern in the frequency domain
reveals the presence of multiple resonance modes of the
cantilever due to nonlinear cantilever dynamics under
contact resonance [55]. The sample’s absorption spectrum
is generated by plotting the maximum values of the ring-
down oscillation of the cantilever for different illumination
wavelengths, where larger cantilever oscillations corre-
spond to stronger optical absorption. In addition, the
cantilever modal response provides unique information
about the thermal dependence of the sample’s stiffness
[58].

Light-matter interactions in the PTIR technique is
fundamentally understood as a conduction heat transfer
problem with laser absorption as the applied heat source.
Dazzi et al. [75] conducted the thermomechanical analysis
of thermal expansion PTIR on a spherical particle sample
in a thin-film template (typically A<<2 pm in thickness).
Figure 3(b) illustrates the schematic of this thermal

(b)

Fig. 3 Photo-thermal induced resonance (PTIR). (a) Typical PTIR setup, where the sample is deposited on a zinc-selenide (ZnSe) prism
[45]. A tunable pulsed laser (#, of 1 0795) reflects off of the prism-sample interface through total-internal reflection. A standard AFM tip is
in direct contact with the sample, generating the temporal ring-down oscillation upon the absorption of the pulsed laser. The FFT analysis
of'the ring-down cantilever oscillation provides the modal response of the AFM cantilever. (b) Close-up of the tip-sample-prism interfaces.
The sample is modeled as a sphere that has a sub-wavelength radius (a < A) and the complex refractive index 7i(4) [75].
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expansion PTIR model, where the spherical particle radius
is assumed to be smaller than the laser wavelength (i.e.,
a < A) and have small absorption corresponding to weak
molecular vibrations (i.e., Re[#*]<Im[##*]). Under these
conditions, we can assume that the electric field is uniform
across the sample. Thus, the sample can be considered as
an electric dipole, and the laser power density absorbed by
the sample can be approximated by the following equation
[75]:

18ncg, Im[a|Re[7]

T T Rel? 2]

S |E, 3)

where 7 is the complex refractive index of the particle and
|EP is the intensity of the incident light. Using the heat
diffusion equation, the sphere’s instantaneous temperature,
T, can be derived from the absorbed laser power:

oT
pscsa—ts = Pul1(t,) + &, VT, )

where pg, ¢, and k, are the density, specific heat, and
thermal conductivity of the spherical particle, respectively,
1, 1s the laser pulse width, and I1(#,) is a unit temporal block
function of length ¢, (i.e., II=1 for ¢<¢, and II=0 for
t>t,). The duration time of the laser pulse is a critical
factor that determines the sensitivity of thermal expansion
PTIR, and is typically much smaller than the thermal
diffusion time constant, i.e., 74=a*/30, , where o, is the
thermal diffusivity of the sphere sample. The typical pulse
duration is on the order of a nanosecond. For such short
laser pulse, the transient sample temperature can be solved
from Eq. (4) to yield [75]

T
%x, 0<1<1,

Ty(t) = ®)

t,—t
TaxeXp |—— |, t, <t
T4

indicating that the particle temperature linearly increases
up to Tax= Papstp/pscs during the laser pulse and
exponentially decays afterwards [58]. The corresponding
relative thermal expansion of the particle, defined as the
change of the particle’s radius normalized by the original
radius, is given by [75]

[da(t)

a

| = St ©

which shows that the relative thermal expansion is
proportional to the sphere temperature through the
material-dependent thermal expansion coefficient, S,
[58,75]. The thermal expansion therefore follows the
transient temperature profile described by Eq. (5). Using
the above expressions, a typical temperature rise in a thin-
film polymer sample is below 10 K, which is equivalent to
tens of picometers of thermal expansion [75]. This small
thermal expansion would be challenging to measure with a

static AFM operation, suggesting that the mechanical
resonance of a cantilever probe should be implemented to
amplify the thermal expansion signal upon the pulsed laser
excitation. Given the tip in contact with the sample, the
cantilever modal response is governed by the sample
thermal expansion, and in a similar fashion, exhibits
exponentially decaying oscillations after laser excitation.
PTIR’s spatial resolution is not a strong function of
illumination wavelength, and is primarily governed by the
tip sharpness, sample thermal properties and thickness
[52]. However, by shortening the laser pulse, heat diffusion
effects can be minimized, and for thin samples, the spatial
resolution ultimately becomes only a function of tip
sharpness. Most often a tunable, nanosecond-pulsed IR
laser sources, e.g., CO, [75], optical parametric oscillator
(OPO) [65], quantum cascade laser (QCL) [76], and a free-
electron picosecond laser [48] are used as a light source for
PTIR. Recently, PTIR has been configured with a
synchrotron radiation source to achieve broadband spectra
[44]. Photothermal expansion of self-assembled mono-
layers (SAMs) was also measured by implementing
scanning tunneling microscopy (STM) for PTIR [76].

3.2 PTIR vibrational spectroscopy

As discussed in the previous section, the strength of the
signal in thermal expansion PTIR is heavily dependent on
the sample’s thermal properties. Since materials that have a
low thermal capacity and large thermal expansion are
ideally suited for the PTIR measurement scheme, poly-
meric materials have been intensively used as a sample
material for PTIR. Polymers have received keen attention
for energy applications, such as fuel cells, batteries, and
thin-film solar cells, which often requires nanoscale
molecular and chemical information to further improve
energy performance [77-79]. Furthermore, polymers
provide a good benchmark to ensure consistency between
nanoscale vibrational spectra and conventional spectral
databases, allowing unambiguous data interpretation and
nanoscale material characterization. Figure 4(a) and (b)
show the AFM topography and PTIR spectra collected on a
Poly(methyl methacrylate) (PMMA) microdisk (10 um in
diameter) surrounded by an epoxy resin [54]. As shown in
Fig. 4(b), PTIR clearly distinguishes the IR spectra of the
PMMA microdisk and the surrounding epoxy resin. The
PTIR spectrum of the PMMA microdisk exhibits the
expected C =0 molecular resonance at 1730 cm™ as well
as other molecular vibrations between 1400-1500 c¢cm
and 1200-1300 cm™', while that of the epoxy resin does
not show the C =0 resonance. Besides its thermophysical
properties, the thickness of a sample may have a significant
effect to the sensitivity of PTIR spectroscopy. Figure 4(c)
and (d) show the dependence of the PTIR spectrum and its
signal intensity at C =0 on the thickness of PMMA film
[54]. The presence of the optimal sample thickness is
attributed to the nature of the evanescent EM field
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Fig. 4 PTIR measurement of weak molecular resonances in PMMA [54]. (a) Topography of a PMMA microdisk embedded in an epoxy
resin. (b) PTIR spectra for the PMMA microdisk and the epoxy resin taken at the locations identified by the crosses in (a). The PTIR
spectra shows the C =0 vibrational resonance of PMMA at 1730 cm . (c) The dependence of the PTIR signal on the PMMA layer
thickness. (d) The maximum intensity of the C = O vibration as a function of PMMA thickness demonstrates a strong dependence of the
PTIR signal on sample thickness. The solid curve represents the theoretical model. Adapted with permission from Ref. [54]. Copyrighted

by Wiley-VCH.

penetrating through a sample under the TIR condition.
When the TIR illumination scheme is taken into account,
the exponentially decaying evanescent field within the
sample can be expressed as E(z)= Eyexp(—z/d,,), where E,
is the incident electric field and d,, is the penetration depth
of the evanescent field into the sample. For a thin-film
sample with a thickness, d, the photothermal expansion of
the sample should be proportional to d*exp(-2d/d,,), where
d"® represents the sample volume under consideration and
exp(-2d/d,) represents a temperature rise upon the
absorption of the evanescent field. Albeit simple, this
model is in good agreement with the measurement shown
in Fig. 4(d), suggesting that the sample thickness should be
carefully determined to maximize the PTIR signal.
According to Fig. 4(d), the optimal film thickness for
PTIR is around 1 pm (da=1.8 pm). However, thin-film
samples of ~100 nm in thickness are routinely measured by
PTIR [61,64], and a polymer film thinner than 10 nm could
generate sufficient PTIR signals [53].

In addition to polymeric samples, metallic nanostruc-
tures or metamaterials have been of primary interest to the
nanoscale spectroscopy community as they can effectively
manipulate light-matter interactions through plasmonic or

phononic resonances. However, metallic structures typi-
cally have high thermal conductivity and low thermal
expansion coefficients, which makes it challenging to use
the PTIR technique for the nanospectroscopic studies of
plasmonic behaviors [65]. Lahiri et al. [64] made the first
PTIR analysis of localized surface plasmon resonances
using a gold asymmetric split ring resonator (ASRR) array
coated by a 200 nm PMMA layer. The PMMA acts as a
mechanical amplifier to enhance the PTIR response due to
light absorption by the ASRR. While a clever idea, the
obtained PTIR signal did not yield high spatial resolution
due to large parasitic absorption by the PMMA overlayer.
Further efforts were made to obtain the PTIR spectroscopic
image of plasmonic resonance without the use of a
polymer overlayer. Figure 5(a)—(d) shows PTIR images
of a bare ASRR without a polymer overlayer [65]. The
three images (b)—(d) are PTIR images taken at three
different wavenumbers marked as dashed lines in Fig. 5(a),
showing that the asymmetric geometry excites plasmonic
resonances at different wavenumbers (i.e., the short
side resonates around 1432 cm™ and the longer side at
1268 cm™). However, metallic structures are still challen-
ging for PTIR measurement, often requiring a tedious,
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Fig. 5 Localized surface plasmon resonances probed with PTIR [63,65]. (a) The AFM topography of a gold asymmetric split ring
resonator (ASRR) (inset) and PTIR spectra taken at the locations indicated by cross marks [65]. Black and red spectra correspond to the
larger and smaller resonators, respectively. (b—d) PTIR spectral images of the ASRR at (b) 1432 cm ! (blue dashed line in (a)), (c) 1384
cm! (green line), and (d) 1268 cm! (yellow line). (e,f) PTIR spectral images of an indium arsenide (InAs) micropillar array at two
wavelengths: 5.75 um and 6.25 pm, respectively, clearly showing the excitation of localized surface plasmons at 5.75 pm [63]. (a—d) and
(e,f) adapted with permission from Refs. [65] and [63], respectively. Copyrighted by (a—d) Wiley-VCH and (e,f) AIP Publishing.

iterative laser alignment procedure to optimize the signal
[65]. Heavily-doped semiconductors are better suited to
probe plasmonic resonances using PTIR due to their
increased photothermal responses [63]. Figure 5(e) and (f)
compare PTIR images of a heavily-doped indium arsenide
(InAs) micropillar array when the localized surface
plasmon is excited at A=5.75 pum and not excited at A=
6.25 pm clearly demonstrating that the electric field is
highly concentrated at the edge of the micropillar upon the
excitation of the plasmonic resonance. These results
demonstrate that plasmonic structures can be characterized
with the PTIR technique, but its routine implementation is
far from applicable for the variety of plasmonic/phononic
resonators.

Another exciting application of vibrational nanospectro-
scopy is material characterization at the monolayer level,
which will ultimately enable single molecule analysis.
Vibrational spectroscopy of monolayers requires precision
instrumentation sensitive to small light absorption [80],
and for thermal expansion based PTIR, requires picometer-
level detection of sample expansion from highly confined
areas [62,76]. Figure 6 shows PTIR vibrational spectro-
scopy performed on self-assembled monolayers (SAMs)
using (a) traditional AFM-based PTIR [62] and (b) a novel
STM-based PTIR scheme [76]. The AFM-based PTIR
spectrum in Fig. 6(a) was obtained on a SAM of 4-

nitrothiophenol (NTP) deposited on an Au substrate [62].
The PTIR spectrum (blue circles) is in good agreement
with the reference data (red curve), measured with surface
enhanced infrared spectroscopy, which exhibits the sym-
metric NO, stretching resonance at 1339 cm™'. The NTP
monolayer is estimated to have a thickness well below 1
nm, which may yield a photothermal temperature rise less
than 6 K and the consequent static thermal expansion of
approximately 3 pm. This is an estimation based on the
experimental conditions where a 160-ns pulsed QCL (laser
peak power of 500 mW) is tuned to the resonance at 1339
cm'. To achieve PTIR sensitivity at this level, the laser
pulse repetition rate was set to match the contact resonance
frequency between the AFM probe tip and the sample
surface, such that the laser pulses could excite the contact
resonance of the cantilever through photothermal expan-
sion. The contact resonance of the cantilever could amplify
the SAM’s thermal expansion signal from ~3 pm to ~100
pm [62]. Moreover, the AFM tip was coated with gold to
concentrate the electric field underneath the tip due to the
optical antenna effect between the Au-coated tip and the
Au substrate [8]. These two enhancement mechanisms (e.
g., contact resonance and antenna effect) can potentially
amplify the PTIR signal by up to 107 fold, opening the
feasibility to perform PTIR on atomically thin samples.
A different monolayer-level PTIR scheme has been
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Fig. 6 Monolayer vibrational spectroscopy performed with AFM- [62] and STM-based PTIR [76]. (a) AFM-based PTIR spectra (blue
circles) of a 4-nitrothiophenol (NTP) self-assembled monolayer (SAM) on an Au substrate [62]. PTIR spectra is compared with the
expected IR spectra (red curve) from Ref. [80]. (b) STM-based PTIR spectra taken on a monolayer of tetramantane (red) and bare Au
(black) showing sub-picometer z-expansion resolution [76]. (a) and (b) adapted with permission from Refs. [62] and [76], respectively.
Copyrighted by (a) Nature Publishing Group and (b) the American Physical Society.

developed based on the high sensitivity of scanning
tunneling microscopy (STM) [76]. The STM-based PTIR
method measures a sample’s absorption spectrum by
detecting thermal expansion through changes in tunneling
current. Here a SAM of the sample is deposited on a
conducting substrate such that current is allowed to tunnel
from the STM tip through the monolayer to the substrate,
where the tunneling current is highly sensitive to changes
in monolayer thickness. Furthermore, since the current
must tunnel through the sample, monolayers are best suited
for this type of measurement to minimally impede STM
operation. Figure 6(b) shows a vibrational spectra of a self-
assembled tetramantane monolayer deposited on an Au
substrate [76]. When compared to IR spectrum of a bare
Au substrate, vibrational modes of tetramantane are clearly
visible in the obtained PTIR spectrum although the
chemical fingerprint associated with each mode is not
fully identified. The sensitivity analysis of the obtained
PTIR signal confirmed that the STM-based method could
yield a sub-picometer resolution in the z-direction when
the incident IR laser was modulated at 13 Hz. This superb
sensitivity is owing to the imaging capability of STM at the
atomic level in ultrahigh vacuum and cryogenic condi-
tions. However, this high-end system requirement prevents
a routine use of STM-based PTIR techniques.

4 Tip-enhanced near-field
nanospectroscopy

Tip-enhanced near-field vibrational spectroscopy is based
on scanning near-field optical microscopy (SNOM), which
enables optical imaging past the diffraction limit by

confining light to a nano-aperture (i.e., aperture-type
SNOM) [81-89] or to a sharp metallic tip (i.e., scatter-
ing-type SNOM) [90-95]. Aperture-type SNOM guides
light through a sub-100 nm aperture at the end of a metal-
coated scanning probe to confine light on the order of the
aperture diameter. The confined light is then scattered off
the sample and collected with a microscope objective lens
for imaging. Since the collected light is solely due to light
transmitting through the aperture, aperture-type SNOM
can generate a subwavelength optical image whose spatial
resolution is governed by the aperture diameter. Spatial
resolutions up to 4/20 have been reported for aperture-type
SNOM [83]. However, the diameter of the nano-aperture
cannot be smaller than twice the material skin depth (i.e.,
~10 nm) [8], and the transmissive nature of aperture-type
SNOM limits the wavelength versatility of the technique.
To surpass the inherent limits of aperture-type SNOM,
scattering-type SNOM (s-SNOM) uses a metalized AFM
tip as a near-field antenna to scatter light confined at its
apex [90-145]. The tip-scattered light contains the local
optical properties of the sample directly below the tip,
suggesting that the spatial resolution of s-SNOM should be
only dependent on the tip sharpness. s-SNOM has been
implemented with visible light [96-102]; however, its
application to the IR and THz spectra has received more
attention where spatial resolutions far less than the
diffraction limit have been reported [103—-110]. For
example, Huber et al. [110] achieved a spatial resolution
of A/3000 (i.e., ~40 nm) by focusing 2.54-THz radiation
onto a Pt-coated AFM probe tip. The applicability of tip-
scattering measurements to such a broad spectral range,
visible to THz, presents a compelling advantage of using s-
SNOM for broadband nanospectroscopy. In the subsequent
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sections, we will discuss the underlying physics of
s-SNOM, followed by thorough review of two s-SNOM
based vibrational spectroscopies, i.e., tip-enhanced IR
spectroscopy and tip-enhanced Raman spectroscopy.

4.1 Basic principles of s-SNOM

In s-SNOM, the incident light is focused to the apex of a
metal-coated AFM tip using an objective lens or focusing
mirror as shown in Fig. 7(a). The AFM tip interacts with
the incident radiation to create an evanescent EM field
above the sample surface [8]. With the tip in close
proximity to the sample, the evanescent near-field scatters
into the far-field containing information about the sample
spatially confined to the tip. The experimental difficulty in
s-SNOM is the elimination of the background signal (Eg)
originating from reflection off of the sample, tip shaft, and
cantilever [106—108]. Ey is not associated with the near-
field signal (E\) and can lead to optical contrast artifacts
that void the usefulness of near-field measurements. In
general, the detected electric field, Ep, can be expressed as
Ep= En+ Ep; therefore, the detected intensity, up, is
proportional to |Ep|* to yield [106-108]

pp<|Ex|* + |Eg|* + 2ExEg, (7)

where two distinct background contributions exist: the
additive component (|Eg|?) and the multiplicative compo-
nent (2ENER). By operating the AFM tip in intermittent
contact mode with oscillation frequency Q, the nonlinear
tip-sample mechanical and near-field optical interactions
generate higher harmonic components in the tip-scattered
optical signal [104,106]. Therefore, Ey should have high-
order frequency components at 2 €, 3 Q and more, while
Eg will only have 0 Q and 1 Q components. By
demodulating up at higher harmonic frequencies, |Egl?
can be removed from Eq. (7); however, the multiplicative
component still exists and should be suppressed to acquire
pure near-field information from the tip-scattered optical
signal [106].

To suppress the multiplicative background component
(2ENER), several interferometric detection techniques,
such as homodyne [121], heterodyne [96], pseudoheter-
odyne [106], and holography [108], have been adopted to
s-SNOM, where they are compared in Refs. [106-108].
The key component in the interferometric detection of tip-
scattered light is the asymmetric Michelson interferometer
as illustrated in Fig. 7(a). By positioning or moving a
piezo-actuated reference mirror, a stable reference beam
with a controllable phase interferes with the tip-scattered
beam at the beam splitter. The detected intensity coupled
with the reference beam is expressed as

ppx|Ex|® + |Es|* + |Er|* + 2ENEp + 2EnEy

+ 2EREg, ®)

where Ey is the electric field associated with the reference
beam. In the homodyne scheme, higher harmonic
demodulation of the tip-scattered optical signal only leaves
the components with Ey. In general, |Ex|* is much smaller
than the interference components, and if Eg> Ep, the
interference between the near-field signal and reference
beam (i.e., EnER) effectively suppresses the uncontrolled
background interference (i.e., EgEr ) [106—108]. However,
in situations where Er~ Eg, the homodyne scheme may not
be sufficient enough to suppress background artifacts. For
complete background suppression, Ocelic et al. [106]
suggested pseudoheterodyne interferometry, which oscil-
lates the reference mirror at a frequency M much lower
than Q. The phase-modulated reference beam interferes
with the tip-scattered light and the resulting optical signal
develops sidebands around the harmonics of Q. Extraction
of the signal at the sidebands of the higher harmonics (e.g.,
2 Q4 1M) completely suppresses both multiplicative
(2EnEB) and additive (JEg|?) background contributions.
Both techniques have the capability of extracting a
sample’s absorption spectrum from tip-scattering by
separating the near-field amplitude and phase components
[106-108]. However, the homodyne scheme has a
significantly better signal-to-noise ratio because it does
not require sideband detection. Detailed discussions on
background elimination in s-SNOM can be found else-
where [106-109].

s-SNOM measurements do not solely give the optical
information of the sample because tip-scattered light is
inherently a result of tip-sample near-field interactions.
Therefore, the effect of the tip on the detected signal must
be understood before the experimental extraction of the
sample’s optical properties [107]. The scattering coeffi-
cient of the tip-sample optical system for p-polarized
incident light can be written as [107,127]

E
0 =2 =fo(l+7) err, ©)

where f,, represents experimental parameters (e.g., detec-
tion location, etc.), 7, is the Fresnel reflection coefficient of
the sample, and a. is the z-component of the tip’s
effective polarizability including interactions with the
sample. It should be noted that the effective polarizability
is essentially a tensor due to interactions of the electric field
and dipole moment in three directions. However, due to the
elongated geometry of the tip, the z-component of the
effective polarizability is dominant and is only considered
for simple modeling. The simplest model for ag is the
point dipole model (PDM) that considers the tip as a
spherical point dipole located at the tip apex position: see
Fig. 7(b). Due to its simplicity, the PDM has been widely
used to interpret tip-based optical measurements [101—
105]. The PDM-based effective polarizability can be
derived by considering recursive interactions between the
tip dipole and its image dipole in the substrate under the
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Fig. 7 Schematics of scattering-type Scanning Near-field Optical Microscopy (s-SNOM). (a) s-SNOM using a continuous wave (CW)
laser and homodyne interferometric detection of the tip-scattered signal. The moving mirror is shifted between two locations separated by
A4 to extract both amplitude and phase information [108]. Tip-substrate near-field interactions can be modeled with either (b) the point
dipole model (PDM) or (c) finite dipole model (FDM) [107,148]. (b) and (c) adapted with permission from Ref. [148]. Copyrighted by

Elsevier.

quasi-static approximation [147,148]:

— (N
Oeff = ——FF

1—ayGg (r.ry)

(10)

where o, is the bare polarizability of the tip dipole

expressed by the well-known Clausius-Mossotti relation,
—EE
i.e., Eq. (2), and Gy (ryry) is the dyadic reflection Green’s

function evaluated at the tip position, r, which contains the
sample’s optical properties [8,147,148]. The PDM has
given insight about the acquired near-field signals in
s-SNOM based spectroscopy including the qualitative
spectral locations of vibrational peaks and the expected
optical contrast between materials [101-105]. However,
the PDM is valid only when the tip-substrate gap distance
is much greater than the tip radius [147,148], which limits
its applicability in the quantitative analysis of s-SNOM
spectra. Additionally, a considerable spectral shift for the
surface phonon polariton resonance peak, often up to 60
cm', has been reported when s-SNOM was used to acquire
the nanoscale mid-IR spectra of polar materials, such as
SiC and SiO, [111-113]. This spectral red shift could not
be explained with the PDM, and necessitates more
advanced models [149].

To address the inherent limitations of the PDM, several
tip-substrate near-field interaction models have been
suggested. Among them, the finite dipole model (FDM)
may be perhaps the simplest one that reflects the
complicated charge distribution in the tip’s elongated
geometry when the tip-substrate gap distance is below the
PDM limit [107,149]. There are numerical techniques
for modeling the tip-substrate near-field interaction in
s-SNOM such as the lightning rod model based on a
quasistatic boundary element method [134], boundary

element method [150], multiple-multipole method [151],
finite element method [152—154], multipole expansion
[155], and finite-difference time-domain [156]. Although
these more numerically intensive methods may offer better
accuracy in the calculation of tip-substrate near-field
interactions, they are prohibitively slow in spectral
calculations and the comparison with s-SNOM data for
the extraction of the sample’s optical properties. Figure 7
(c) illustrates the schematics of the FDM with and without
the presence of the sample. When the tip is not engaged to
the sample surface, the tip is modeled as a prolate spheroid
that has monopoles (or point charges) O, and —Q, under
external light illumination. When the tip enters the near-
field regime, the bottom monopole of the tip, O, interacts
with the sample to form the mirror image Q,", which acts
back on the tip to induce Q;. These near-field interactions
between point charges are recursive [107,149]. In addition,
—Q; should be formed in the tip to satisfy the charge
neutrality condition on the tip surface. Such point charge
distribution along the major axis of the prolate spheroid
creates an effective polarizability tensor, whose z-compo-
nent can be derived as [107,148,149]

tegr = 2w Lo (Yo~ 1) (7 + 1), (11)

where L, is the length of the semi-major axis, w is the
location of O, from either spheroid apex normalized by L,,,
7, 18 the electric field enhancement at the spheroid apex due
to external illumination, and # is the complex function that
contains information about the tip-substrate recursive
interactions: more details can be found in Refs.
[107,148,149]. It should be noted that 2w?L)(y,—1) in
the above equation represents the z-component of the bare
polarizability for the spheroid [148]. Therefore, the
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effective polarizability can be greatly enhanced due to tip-
substrate near-field interactions, as indicated by (n+ 1).
The FDM has shown good correlations with experimental
results [107,127,132,149], suggesting that the dielectric
function of a material can be extracted by comparing the
measured scattering coefficient with Eq. (9) coupled with
Eq. (11). However, since f; and r, are unknown, the
scattering coefficient, o, should be normalized by that of a
known reference sample (e.g., Au or Si) to extract the
effective polarizability from the measurement [132].

4.2 Tip-enhanced infrared spectroscopy

Tip-enhanced infrared spectroscopy is the extension of the
s-SNOM scheme by implementing a light source that can
access a wide spectral range. Depending on the type of
light source, there are two different tip-enhanced IR
spectroscopies. The first scheme is swept-IR that uses a
tunable IR source for the s-SNOM platform [116—125].
While a continuous-wave tunable laser source is swept
over a certain IR range, the reference mirror eliminates
background signal either by homodyne [121,123,124] or
pseudoheterodyne [125] interferometry. On the other hand,
nano-FTIR uses a broadband IR source, such as a
difference frequency generation (DFG) laser unit [126—
136], globar thermal source [137,138], or synchrotron
radiation source [139-142]. Recently, another approach
has been suggested to use thermal radiation from a heated
tip or substrate as a broadband light source in thermal
infrared near-field spectroscopy (TINS) [111-113,142—
144]. As indicated from its name, nano-FTIR spectroscopy
and TINS integrate the FTIR scheme with s-SNOM: the
tip-scattered broadband light is interfered with the
reference light from the moving reference mirror to
generate a temporal interferogram, which provides the IR
spectrum of a sample after fast Fourier transform (FFT)
analysis. To suppress background signal, the interferogram
is demodulated at a higher harmonic oscillation frequency
of the AFM cantilever. However, it should be noted that
high-harmonic demodulation may not suppress back-
ground signal as completely as the homodyne or
pseudoheterodyne scheme as discussed earlier.
Tip-enhanced IR spectroscopy was first applied to polar
materials, such as SiC and SiO,, due to high scattering
signal upon the excitation of surface phonon polaritons,
and have been used as a good benchmark to validate the
tip-substrate near-field interaction models [111,116,127].
A planar SiC substrate exhibits a surface phonon polariton
(SPhP) resonance at ~948 cm™" and is therefore excitable at
thermal emission wavelengths [157]. This trait of SiC
makes it ideally suited for near-field thermal energy
conversion devices which can use the resonance to
enhance energy transport [7,158,159]. Figure 8 shows
the near-field spectra of SiC acquired by swept-IR [116],
nano-FTIR [127], and TINS [111], all of which can resolve

the SPhP resonance peak. Figure 8(a) shows the gap
dependence of the SPhP resonance for swept-IR spectro-
scopy, which redshifts up to 15 cm™ as the tip-substrate
gap decreases down to 9 nm [116]. A similar redshift
behavior is observed in both nano-FTIR and TINS
methods. Amarie and Keilmann [127] conducted nano-
FTIR spectroscopy measurements for SiC by using a
broadband DFG laser source, and observed a ~30 cm'
redshift of the SPhP resonance: see Fig. 8(b). Additionally,
they presented spectra for different demodulation harmo-
nics from n=1 to 3, where the spectra acquired at higher
harmonics agree much better with the FDM predictions.
Also observed is a sharpening of the measured SiC SPhP
resonance with increased harmonic order, which is a direct
result of better background suppression at higher harmo-
nics. The TINS results also revealed a large redshift of the
SiC SPhP resonance up to 50 cm ™' [111] and 60 cm ™' [113]
(see Fig. 8(c)). The observed spectral redshifts pose a big
challenge for the rigorous, quantitative analysis of a
material, particularly when its chemo-physical composi-
tion is unknown. However, the PDM cannot explain the
underlying origin of the spectral redshift. Taubner et al.
[116] applied the PDM to interpret their experimental data
and found that the PDM could only predict a small redshift
(<5 cm™). After all, the PDM is not an adequate model
for tip-enhanced IR spectroscopy, as its typical tip-
substrate gap distance is much smaller than the minimum
gap distance of the PDM. To address this challenge,
Amarie and Keilmann [127] applied the FDM to the SiC
spectra measured with nano-FTIR. Figure 8(b) shows that
the FDM results (solid curves) are in very good agreement
with the measurement (solid points). Although not shown
here, they also attempted to fit the experimental data with
the PDM, but could not make a good agreement. The FDM
was further extended to the calculation of near-field
thermal radiation in the TINS platform [148]. By
combining fluctuation electrodynamics with the FDM
framework, they could reproduce a large redshift of the
SPhP resonance peak that was observed in the TINS
measurement. The good agreement between the FDM and
the near-field IR spectrum of SiC reveals that the spectral
redshift is due to strong charge interactions between the tip
apex and near the surface of the substrate. The amount of
the redshift should be sensitive to the tip geometry (i.e., tip
radius and tip length) and the tip-substrate separation.
Following the successful tip-enhanced IR spectroscopy
of SPhP resonance behaviors, the technique has been
applied to study the coupling mechanism of light and
electrons through plasmonic resonance excitation. A
plasmon is the collective oscillation of an electron cloud
in a metallic or semiconductor material, and can be excited
by incident radiation [7]. Optically induced plasmonics
provide the means to control and manipulate optical fields
which is vital for a growing technological transition to
light-based communications and information storage
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Fig. 8 The surface phonon polariton resonance of SiC probed with tip-enhanced IR spectroscopy [111,116,127]. (a) Swept-IR method
showing signal dependence on the tip-substrate separation (solid lines are purely for visual aid) [116]. (b) Nano-FTIR method where the
solid lines are the FDM predictions for different tip demodulation harmonics [n=1 (blue), n =2 (black), and n =3 (red)] [127]. (c) TINS
method where the blue curve is experimental spectra, the dashed line is a fitted model, and the red curve shows the unshifted resonance
position [111]. (a), (b), and (c) adapted with permission from Refs. [116], [127] and [111], respectively. Copyrighted by the (a) American

Chemical Society and (b,c) American Physical Society.

technologies [119]. To this end, s-SNOM based spectro-
scopy can be a critical tool for imaging and characterizing
plasmonic resonances observed on nanoantennas
[93,108,114,145], nanowires [115], and 2-D materials
(e.g., graphene [119,160] and MoS, [161]). Shown in Fig.
9(a) are near-field IR spectroscopic images performed on a
graphene wedge deposited on a SiC substrate using a
swept-IR setup with a grating tunable CO, laser [119].
Using the incident IR radiation, plasmons are excited in the
graphene wedge, and by increasing the wavelength of the
laser, the resonance location of the plasmon moves to a
larger geometric constriction. This result confirms the
localization of surface plasmons, indicating that the
resonant oscillation of electron clouds in graphene is
constricted by the geometry of the structure. This is further
emphasized in Fig. 9(b), where both the theoretical (blue
lines) and experimental (points) results prove the correla-
tion of the plasmon resonance wavelength, which is
extracted from the interference fringe separation and/or
width of the SNOM image in the graphene wedge, and the
wavelength of incident radiation. Figure 9(c) and (d) show
another near-field IR spectra taken on a graphene-SiO,
interface, where the black squares are for bare SiO, and the
red circles are for the graphene layer on top of SiO, [118].
This illustrates that the graphene layer enhances optical
scattering of the SPhP with slight blue shift due to strong
coupling between the resonant phonons in SiO, and
mobile carriers in graphene. Their results suggest that
graphene can be beneficially used to enhance near-field
energy transport in photonic energy conversion devices,
such as solar cells and thermophotovoltaic cells.

As previously mentioned in Section 3.2, polymer
materials have interesting applications in nanoscale energy
systems based on their unique sub-continuum properties to
control energy flow due to chain orientation [77,78] and
potential applications in thermoelectric conversion [79]. In

addition, far-field IR spectral libraries are well established
and provide a reference chemical fingerprint when
identifying the local composition of a polymer using its
near-field IR spectrum [130]. In Fig. 10, the near-field IR
spectra of polymer samples obtained by swept-IR [125],
nano-FTIR [130], and TINS [113] are presented with
comparisons to far-field or theoretical IR spectra. Each
technique turns out to be sensitive to weak molecular
vibrational resonances, and the obtained near-field IR
spectrum is in good agreement with the far-field counter-
part. For weak molecular resonances, tip-enhanced IR
spectroscopy does not exhibit the spectral redshift
observed when mapping SPhP modes. Figure 10(a)
presents near-field IR images and spectra of a PMMA
nano-disc around the C=0 resonance at 1735 cm’',
measured by the swept-IR scheme with a tunable QCL
source [125]. The high power of a QCL allows nanoscopic
imaging with a high signal-to-noise ratio, as manifested by
the top images. In the bottom plot, IR spectra acquired by
swept-IR (solid circles) are compared with the FTIR
measurement (black curve) showing good spectral con-
sistency. However, the spectral resolution of swept-IR
nanospectroscopy is limited by the linewidth of the laser
source, typically worse than that achievable with the nano-
FTIR technique. Moreover, QCL power is not uniform
over the sweeping wavelength range, often requiring
careful calibration at each wavelength with a reference
material (Au or Si). This tedious process is the main
drawback in achieving a full IR spectrum with the swept-
IR method.

Figure 10(b) shows nano-FTIR spectra of 90 nm thick
PMMA film when a DFG laser source is used for the
spectral range 700 to 1900 cm™ [130]. The achieved nano-
FTIR spectrum is in very good agreement with the
transmission-mode FTIR spectrum for a 5-um-thick
PMMA film in the same spectral range, identifying four
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Fig. 9 Nanoscale spectroscopic imaging of graphene plasmons at mid-IR wavelengths using s-SNOM [118,119]. (a) Spectral images of
a graphene wedge deposited on SiC taken at different wavelengths (0= 9.2, 9.68, 10.15 um) [119]. (b) As the geometrical constriction on
the graphene wedge increases, the surface plasmon shows localization to require a longer wavelength to be excited. (c) The amplitude and
(d) the phase of the near-field IR spectrum on bare SiO, (black squares) and a graphene layer on SiO, (red circles) [118]. (a, b) and (c, d)
adapted with permission from Refs. [118] and [119], respectively. Copyrighted by (a,b) Nature Publishing Group and (c, d) the American
Chemical Society.
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Fig. 10 Weak molecular vibrational resonances of polymers probed with s-SNOM methods [113,125,130]. (a) Swept-IR images (top)
and spectrum (bottom) of a PMMA nanodisc. The obtained nano-IR spectrum (solid points) is in good agreement with the far-field FTIR
measurement (black curve) [125]. (b) Nano-FTIR spectrum of a PMMA layer (top) in comparison with transmission mode FTIR (bottom)
[130]. (¢) IR spectrum of a PFTE layer measured by TINS (blue curve) in comparison with the theoretical spectral energy density of near-
field radiation (red curve) [113]. (a), (b), and (c) adapted from Refs. [125], [130] and [113], respectively. Copyrighted by the (a) Optical
Society of America, (b) American Chemical Society, and (c) Creative Commons Attribution 4.0 International License: Published by AIP
Publishing.

major vibrational modes of PMMA (left to right: C=0 at  advantage of the nano-FTIR scheme is its capability of
1730 ecm™, C-C-O at 1265 and 1240 cm™', C-O—C at 1190  achieving a continuous, broad-range IR spectrum at the
cm™', and CH, at 1145 cm™ [130]). The compelling nanoscale. However, the low laser power of a DFG source
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(~0.25 mW) often requires significant signal integration
time to measure a near-field IR spectrum with an
acceptable signal-to-noise ratio [130]. This challenge
becomes more severe when a globar is used as a cost-
effective IR light source [137,138,141]. Synchrotron
radiation can significantly enhance the signal-to-noise
ratio of nano-FTIR due to its high power, but accessibility
to a synchrotron facility is quite limited [141]. The low
power throughput radiation is the limiting factor of TINS
as well. Although TINS could identify the asymmetric C—F
vibrational mode of a polytetrafluoroethylene (PFTE)
layer, as shown in Fig. 10(c) [111], thermal radiation
emitted from a heated tip is much smaller than the
aforementioned light sources and thus may require longer
integration time. To address the challenge of using a low
power light source, Xu et al. [131] used a broadband
femtosecond laser source for nano-FTIR. Using the high
energy input of the pulsed laser, they could achieve the
nano-FTIR spectrum of a 16 mercaptohexadecanoic-acid
(MHDA) monolayer deposited on gold with 25 nm spatial
resolution. The obtained signal-to-noise ratio is around 10,
which is sufficient to probe 1000 MHDA molecules. This
is by far the most sensitive IR spectroscopy measurement,
which will open up a great opportunity for single
molecular analysis.

Recently, significant efforts have been made to over-
come the low power limit of nano-FTIR and to achieve
hyperspectral imaging capability. Hyperspectral imaging is
a technique that generates a full IR spectrum at each pixel
of an image for the complete chemical and structural
analysis of heterogeneous materials [4,162,163], suggest-
ing that its scale down to the nanoscale could enable the
complete characterization of novel metamaterial structures,
polymer blends, nano-composites, and the optimization of
nanoscale chemical processes. Figure 11 shows the first
successful demonstration of nano-FTIR hyperspectral
imaging on a polymer blend, composed of fluorine
copolymer (FP), acrylic copolymer (AC), and polystyrene
latex (PS), on a silicon substrate [136]. In the figures, the x
and y-axis of the 3-dimensional data cubes indicate the
scanning directions of the spatial map, while the z-axis
provides the spectral variations of each scan over the range
of the DFG continuum laser source, 1000—1740 cm!. The
IR spectrum at each pixel reveals the local chemical
composition of the sample, yielding spatial resolution as
small as 10 nm. For example, Fig. 11(b) shows the spectral
slice of the data cube at 1200 cm ', which clearly identifies
the location of FP-rich regions that should have the C—F
vibrational resonance at 1195 cm™. Figure 11(c) provides
IR spectra extracted at particular points of the hyperspec-
tral data cube. As indicated by multiple curves, the
extracted IR spectra are highly reproducible and identify
the dominant polymer component. While curves A and B
represent pure PS and AC components, respectively,
curves C and D show the blending of AC and FP as
indicated by the superposition of signature peaks of both

polymers (i.e., C—F vibration for FP at 1195 cm ' and
C =0 vibration for AC at 1740 cm™). Such capability to
identify the composition of polymer blends is well
demonstrated in Fig. 11(d), which maps the nanoscale
distribution of individual polymers by post-processing the
extracted IR spectra at each pixel. While the recent
progresses in nanoscale hyperspectral IR imaging are
remarkable, it is prohibitively tedious to acquire a
hyperspectral image and requires demanding post data
analysis. For example, the data cube in Fig. 11(a)
comprises of 5084 nano-FTIR spectra per image, which
took 7.4 h to collect. Such long data acquisition time
requires demanding 3-D image processing techniques to
compensate the drift of the obtained data during measure-
ment and to stitch overlapping spectral images. The long-
operation stabilities of a broadband laser source and a
sample scanning stage should be also improved to suppress
signal drift.

4.3 Tip-enhanced Raman spectroscopy

Tip-enhanced Raman spectroscopy (TERS) realizes sub-
wavelength spatial resolution of Raman spectroscopy by
highly concentrating the EM field at the tip apex [21]. The
EM field concentration at the tip apex is due to the
lightning rod effect [8] and the excitation of surface
plasmon polaritons, which can produce a highly enhanced
Raman scattering signal. The enhancement factor of TERS
can reach 107 when a metal-coated tip is brought within
one to two nanometers of the sample surface [164].
Therefore, TERS can address the challenging issues of
conventional Raman spectroscopy, such as a small
scattering cross section and diffraction-limited spatial
resolution. The concept of TERS was first proposed in
1985 by Wessel [165] and experimentally realized by
several research groups in 2000 [166—169]. Since then,
TERS has become a reliable method for label-free,
nondestructive nanoscale chemical characterization for
biological and crystalline materials [170—172]. TERS has
been also extended to hyperspectral imaging [173] and
combined with the pump-probe scheme in a stimulated-
TERS setup [174].

There are two possible configurations of TERS:
reflection mode and transmission mode. In reflection
mode, as illustrated by the schematics in Fig. 12, a
metallic tip is side-illuminated by a laser source. The
scattered light from the surface is collected via the same
objective as the excitation source and guided to a photo-
spectrometer for the acquisition of the Raman spectrum.
While simple to implement, the disadvantage of reflection
mode TERS comes from a significant background signal
due to the large side-illumination area [175]. In TERS, the
far-field background signal cannot be fully suppressed and
therefore aggravates the image quality. In transmission
mode, the TERS probe is backside-illuminated through the
sample using a microscope objective lens, which can focus
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Fig. 11 Nano-FTIR hyperspectral imaging [136]. (a) 3-D hyperspectral image data cube of a fluorine copolymer (FP) - acrylic
copolymer (AC) - polystyrene latex (PS) blend on a silicon substrate over the spectral range of 10001740 cm "and (b) its slice at 1200
cm ! to show the FP-rich regions as exhibited by the C—F molecular resonance at 1195 cm . (c) The extracted IR spectra are highly
reproducible with detailed chemical information of each component. (d) The obtained hyperspectral data can be reproduced to identify the
composition of the polymer blend with a nanoscale resolution. Scale bar is 400 nm. Adapted from Ref. [136]. Copyrighted by Creative
Commons Attribution 4.0 International License: Published by Nature Publishing Group.

the illuminated spot area around the tip [170]. However,
transmission mode TERS only allows probing of trans-
parent samples. Figure 12 also shows the far-field and tip-
enhanced Raman spectra of a 30-nm-thick strained silicon
(&-Si) layer on Sij 75Geg o5 substrate when a silver-coated
Si tip is used [176]. The TERS spectrum (red curve) shows
the Si-Si phonon mode of the &-Si layer, which cannot be
identified by far-field Raman spectroscopy. However, the
TERS spectrum also enhances the Si-Si phonon mode in
the Siy 75Geg 25 substrate and even shows the Si-Si phonon
mode in the tip itself. Although the localized EM field at
the tip cannot penetrate through the &-Si layer, side-
illuminated light reaches to the underlying Sij75Geg s
substrate and is reflected to interact with the tip. Another
noteworthy factor in the enhancement of Raman scattering
is the orientation of the vibrational modes: Depending on

the orientation of crystalline or molecular structures,
Raman scattering signal may be further enhanced or
suppressed [177].

Over the past 10 years, TERS has been intensively used
to probe various materials in molecular biology [178-181],
chemistry [182,183], and material science [184-187].
Particularly, the remarkable sensitivity of TERS has
enabled the spectroscopic imaging of single molecules
[188,189]. Figure 13 shows the TERS mapping of a single
meso-tetrakis(3,5-di-tertiarybutylphenyl)-porphyrin
(H,TBPP) molecule, clearly visualizing the inner structure
and surface configuration of the molecule [189]. For TERS
imaging with single-molecule sensitivity, they conducted
tunneling-controlled TERS measurements in a cryogenic
STM setup. In an ultrahigh vacuum and low temperature
(80 K) environment, Raman spectroscopic images with a
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Reflection mode Tip-enhanced Raman Spectrometer (TERS). Schematic illustration of reflection mode TERS and an example of

TERS spectrum for a strained silicon layer on a Sig 75Geg »5 substrate. Red curve is obtained by TERS using a Ag-coated Si tip while black
curve is the far-field Raman spectrum, both obtained with a 532 nm excitation source [176]. Graph adapted with permission from Ref.

[176]. Copyrighted by AIP Publishing.

sub-nanometer resolution were achieved by spectrally
matching the nanocavity plasmon resonance between the
tip and substrate to the downward molecular vibronic
transitions of a H,TBPP molecule. This spectral matching
significantly enhances the emission of Raman photons.
Figure 13(a) presents the STM-controlled TERS spectra

when the tip is placed on the lobe (red) and at the center
(blue) of the H,TBPP molecule as well as away from the
molecule (black). The TERS spectrum reveals the presence
of at least five molecular vibrations when the tip is on the
lobe of the molecule which are only marginally visible for
the center condition and not visible for bare Ag. The TERS
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Fig. 13 STM-controlled TERS mapping of a single H,TBPP molecule [189]. (a) Single molecule TERS spectra on the lobe (red) and
center (blue) of a ~0.15 nm tall H,TBPP molecule along with TERS spectrum of bare Ag substrate (black) located 1 nm away from the
molecule. (b) Top panel shows the TERS images having a sub-nanometer resolution ( 3.6 nmx3.6 nm and 23 x23 pixels) at different
highlighted Raman peaks. Bottom panel shows theoretical simulation of the TERS mapping. Adapted with permission from Ref. [189].

Copyrighted by Nature Publishing Group.
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signal of the major vibrational modes are imaged in top
portion of Fig. 13(b) and compared with theoretical
calculations (bottom). For each vibration mode, the lobes
exhibit larger Raman scattering than the center of the
molecule. This opens the possibility for imaging single
molecule chemical distributions and exciting possibilities
in the study of optical processes and photochemistry of
single molecules [189].

Although TERS overcomes the limitations of far-field
Raman spectroscopy and creates strong opportunities in
nanoscale chemical and structural analysis of various
materials, tip reproducibility (also referred to as tip yield)
[190,191] and the average functional lifespan of the probe
[190,192] should be addressed to routinely use TERS with
high confidence. The difficulty of tip reproducibility is due
to the sensitivity of the plasmonic “hot spot” to minute
geometric differences [171]. Significant improvements in
tip manufacturing processes have led to reports of nearly
100 percent tip yield [193]. However, the average
functional lifespan of a tip has not been improved much.
Over the course of several scans, the probe begins to pick
up material residues or mechanically break down to
degrade the TERS signal. Such tip contamination seriously
limits the lifespan of a TERS probe and necessitates the use
of ultrahigh vacuum conditions for prolonged use [170].

5 Photo-induced force nanospectroscopy

Photo-induced force microscopy (PiFM) is a novel
imaging technique that merges the nanoscale resolution
of AFM and the spectroscopic sensitivity of optical

methods by detecting electromagnetically induced forces
in an AFM tip-sample junction under laser illumination
[194,195]. As shown in Fig. 14(a), PiFM directly measures
the electromagnetic force due to the optically induced
changes in the dipolar interactions between a sharp
polarizable tip and the sample. Therefore, PIFM does not
require a complicated light detection scheme, inherently
avoiding the overwhelming far-field background signals
that plague tip-scattering methods [195,196]. To decouple
the photo-induced force from the conservative mechanical
forces such as van der Waals and dissipative forces, PIFM
is operated either in direct-drive mode or sideband
modulation mode [195,197]. In direct-drive mode, the
excitation laser modulation (f;,) is typically set at the
fundamental mechanical resonance frequency of the
cantilever (fy;) while the cantilever is mechanically excited
at its second mechanical resonance frequency (fy,) [195].
This scheme enables readout of the optical interaction at
frequency f;; while simultaneously measuring the surface
topography at frequency f,. However, the disadvantage of
direct drive modulation is the convolution of the photo-
thermal expansion and the optical dipole-dipole force
interaction at the optical excitation frequency. In the
sideband-modulation mode, the excitation laser is modu-
lated at the difference between the fundamental and second
mechanical resonance frequencies of the cantilever, i.e.,
Jm=Af= for— fo1, such that the optical force is coupled into
the fundamental oscillation of the cantilever while the
topography is measured at the second cantilever resonance
frequency [195,197-199]. With this way, photothermal
expansion can be decoupled from the optical force
measurement. The bottom images of Fig. 14(a) are the
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Fig. 14 Photo-induced force microscopy (PiFM). (a) The schematics of PiFM using a 4-quadrant photosensitive detector, where
topography is detected at the second mechanical resonance frequency of the cantilever, fo,. Optical forces are coupled into the fundamental
mechanical resonance of the cantilever, fy;, via sideband modulation at Af= fy,— fo1). (b) Cantilever oscillation amplitudes for different
modes as function of tip-sample separation when a PS-r-PEDCPMA block copolymer is resonantly excited at 1733 cm ! (ie., C=0
resonance): the topographic cantilever amplitude with fo, (black), direct-drive PiFM with f;,,= f1 (green), sideband modulation PiFM with
fm=Af (blue), and contact resonance excitation (orange). Curves are normalized by the maximum signal obtained in the sideband excitation
[195]. (b) adapted with permission from Ref. [195]. Copyrighted under the Creative Commons Attribution 4.0 International License:

Published by AAAS.
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PiFM and topography images of a poly(styrene-b-methyl
methacrylate) (PS-b-P2VP) block copolymer [195]. While
the PS-b-P2VP sample has a smooth topography, its PiIFM
image clearly resolves periodic polystyrene and P2VP
domains.While the direct-driven modulation mode is more
straightforward to implement, it has been experimentally
demonstrated that the sideband excitation results in a larger
PiFM signal [195-197]. Figure 14(b) compares the
cantilever oscillation amplitudes of the two PiFM modes
at 1733 cm ™' (i.e., C =0 resonance) for a poly(styrene-1-
epoxydicyclopentadiene methacrylate) (PS-r-PEDCPMA)
block copolymer, confirming that the sideband modulation
induces more cantilever oscillations, approximately twice
the oscillation amplitude, than the direct-driven mode. In
addition, the sideband modulation decouples the photo-
thermal expansion contribution from the photo-induced
force measurement [195]. Therefore, PIFM can generate
spectroscopic images by sweeping the laser wavelength for
a broad range of spectrum [195,197,200]. More discus-
sions on PiFM can be found in Ref. [201]. In the following
section, we will discuss the fundamental physics of PiFM
and its applications for vibrational nanospectroscopy in
more details.

5.1 Basic principles of PiIFM

Near-field photo-induced forces detected by PiFM result
from complex EM interactions between the tip and sample
under the illumination of a diffraction-limited optical field
[194]. While a comprehensive understanding of the forces
involved requires geometry-dependent numerical simula-
tions, an analytical approximation based on a dipole model
can provide qualitative insight into the nature of photo-
induced forces [174,194-197,202]. As the simplest model,
the tip and a molecule under study can be assumed as
spherical point dipoles. When a monochromatic EM wave
is incident on the tip-molecule junction, the time-averaged
photo-induced force exerted on the tip can be expressed as
(F) = (Foc) + (Fpioc)> Where (Fy.) is a localized force,
which is dependent on the tip-sample distance, and (F )
is a non-localized force, which is independent of the tip-
sample distance at the nanoscale. Assuming that the tip-
molecule separation is greater than the tip radius, the z-
component of the local force can be written as [195]

1 %
<Floc>zoc 72*4Re [asat ] |Ez|2

(12)

where og and o, are the polarizabilities of the sample
molecule and the tip dipole, respectively, and E. is the z-
component of the incident electric field. The z* gap-
dependence defines the highly localized nature of photo-
induced forces probed by PiFM [203]. It should be noted
that the polarizability is a complex number, i.e.,

U

Os(r) = gy + iog(,, and a:(t) denotes its complex con-

jugate. Therefore, Re[oga;] can be rewritten as

" "

o of +alo!. The role of ag in Eq. (12) is to carry the
spectroscopic information of the sample, and by carefully
selecting the tip material such that either o or o is
dominant, the PiFM signal can be tuned to measure either
the dispersive (real) component, o, or the dissipative
(imaginary) component, ¢ , of the sample’s polarizability.
On the other hand, the nonlocal force can be written as
[195]

<Fnloc>zOdm[atHEx|2 (13)

where E| is the transverse component of the electric field.
From this equation, it is apparent that the nonlocal force
does not depend on the tip-sample separation, and it carries
no spectral information about the sample. Previous studies
have revealed that the localized force component dom-
inates the photo-induced force when the tip-sample
separation is less than ~30 nm, which is within a typical
cantilever oscillation amplitude [195,202].

5.2 PiFM-based vibrational nanospectroscopy

Figure 15(a)—(h) show the first experimental verification of
PiFM [196], which recorded topography (a—d) and PiFM
(e—h) images of a 6-tamra dye aggregated on a glass slide
with four different monochromatic lasers (A=475, 543,
594, 633 nm). The PiFM results show a clear contrast
between the dye and the substrate when the dye is excited
at 543 nm and 594 nm while the topographic images show
no dependence on the wavelength. The inset in Fig. 15(¢)
compares the PIFM measurement (square points) with the
photoluminescence spectra of the 6-tamra dye measured by
a commercial spectrophotometer (solid line). Figure 15(i)
is another experimental verification of PiFM that measures
the IR spectrum of PMMA using a tunable QCL with
spectral range from 800 cm™ to 1800 cm™ [195]. The
obtained PiFM IR spectrum is in good agreement with the
far-field FTIR measurement (red color), both identifying
the C = O resonance at 1735 cm™'. The PiFM spectrum was
obtained with a spectral resolution of 1 ecm™ and with an
integration time of 50 ms at each wavenumber, which is
much faster than s-SNOM based nanospectroscopy.
Compared to other techniques reviewed in this paper,
PiFM has been recently developed with its first imple-
mentation in 2010 [196]. Although the theory and
implementation of PiFM has not fully matured, it has
been successfully extended to various spectroscopic
applications, such as the mapping of near-field optical
distributions [198,199,203,204], Raman spectroscopy
[197,199,25], dielectric function contrast mapping
[199,206], and hyperspectral imaging [195]. Figure 16
shows PiFM images of a PS-6-P2VP [poly(styrene-b-2-
vinyl pyridine)] block copolymer film on a silicon
substrate, which are extracted from a 3-dimensional
hyperspectral image data cube [195]. The IR spectrum at
each pixel was acquired in 400 ms over the spectral range
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Fig. 15 Experimental verification of PiFM-based nanospectroscopy [195,196]. (a)~(d) Topographical images of 6-tamra dye molecules
on glass substrate and (e)—(f) simultaneously recorded PiFM images at different wavelengths (A=475, 543, 594, 633 nm). Inset in (a) is the
line profile of a dye island, as indicated by dotted line. Inset in (e) is the spectral data points measured by PiFM which is in good agreement
with the photoluminescence spectrum of the dye (solid curve) [196]. (i) Comparison of PiFM-generated IR spectrum (black curve) and the
far-field FTIR spectrum (red curve) of a PMMA polymer [195]. (a-h) and (i) Adapted from Refs. [196] and [195], respectively.
Copyrighted by (a—h) AIP Publishing and the (i) Creative Commons Attribution 4.0 International License: Published by AAAS.

from 1300 cm ™' to 1700 cm™', which is much faster than
the nano-FTIR and TERS hyperspectral imaging techni-
ques. In addition to differentiating the regions of PS and
P2VP, the IR spectrum at each pixel in Fig. 16 reveals a
third, unknown component. The bottom figure shows the
IR spectra extracted from the selected points in Fig. 16(a)
and (e), identifying P2VP (red), PS (blue), and P2VP/PS
blend (green). Each domain of PS or P2VP is ~20 nm wide
which demonstrates imaging resolution that surpasses the
diffraction limit by more than 100 times [195]. However,
due to the immature status of PiFM, it has not been
attempted to quantitatively extract the complex optical
properties of a material from the measured PiFM spectra.
Further development of the background theory and data
analysis techniques may be required to fully interpret
experimental spectra.

6 Summary and outlook

This article reviews the advances of tip-based vibrational
nanospectroscopy to realize non-invasive nanoscale mate-
rial characterization within many exciting research areas,
anticipating that this novel instrumentation will impact the
nanoscale analysis of emerging energy materials. Table 1
summarizes the major nanospectroscopy techniques devel-
oped to date: PTIR, s-SNOM, TERS, and PiFM. All
methods have achieved sub-wavelength spatial resolution
in spectroscopic imaging over broad electronic and
molecular vibrational resonance ranges while simulta-
neously acquiring sample topography. Additionally, the
acquired spectra are in good agreement with conventional,
far-field methods. In general, the methods discussed play
more of a complementary role with respect to each other,
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Fig. 16 Hyperspectral nanoscale imaging using PiFM [195]. Spectral images of a PS-b-P2VP [poly(styrene-b-2-vinyl pyridine)] block

copolymer sample at selected wavenumbers: (a) 1447 cm'! (b) 1452 cm’! (c) 1469 cm'! (d) 1492 cm !, and (e) 1589 cm . PiFM spectra
are taken from the points in the enlarged section of (e) and the PS/P2VP (green) blend from the bright regions in (a). Adapted from Ref.
[195]. Copyrighted under the Creative Commons Attribution 4.0 International License: Published by AAAS.

so a researcher should pay close attention to select a
method best suited for their area of interest and personal
expertise. PTIR probes a relatively simple mechanism of
photothermal absorption, such that the obtained spectra are
straight forward to interpret. Thermal expansion PTIR has
achieved a sub-20 nm spatial resolution and is routinely
used for the study of polymers and biological samples.
Furthermore, state-of-the-art PTIR has reached monolayer
sensitivity, and can potentially resolve spectra at the atomic
scale by integration with STM. However, PTIR cannot
easily characterize materials that exhibit low thermal
expansion and/or high heat dissipation, preventing in-
depth studies of plasmonic metamaterials, SPhP reso-
nances, and 2-D materials. PiFM uses a more conceptually
complicated mechanism of optical absorption (photo-
induced force). Although PiFM is the least mature of the
discussed techniques, great efforts have been instated to
bring it onto an equal playing field with its counterpart
techniques, including hyperspectral imaging of polymer
blend with a 10 nm spatial resolution and imaging of
plasmonics structures. Further development of PiFM will
cast fundamental insight about optically induced forces
and their correlation to molecular and electronic vibrations.
However, the origin of the photo-induced force signal has
not been clarified and still remains under debate. While
thermal expansion induced forces due to the excitation of
weak molecular resonances can range from 10 pN—1 nN

and are easily detected by a typical AFM, photo-induced
forces due to the same type of resonances are estimated to
be in the 1-100 fN range, which would be technically
challenging to measure [32,62]. PiFM and PTIR both
utilize AFM’s superb force detection to generate spectra
such that the ultimate sensitivity of these techniques is
primarily governed by the sensitivity of the AFM system
being used.

In contrast, s-SNOM and TERS optically detect tip-
scattered light to measure nanoscale vibrational spectra.
They have led scientific breakthroughs in sub-wavelength
optical microscopy and spectroscopy, pioneering all major
nanospectroscopic characterization regimes, such as
hyperspectral imaging, plasmonic mapping, characteriza-
tion of SPhP resonances, monolayer to single-molecule
detection and analysis, and the extraction of nanoscale
optical properties. Without question, research using these
techniques have made transformative impacts on the
understanding of nanoscale light-matter interactions.
However, their far reaching impacts do come at a price
in that the interpretation of the acquired data are
undeniably difficult for the following reasons: overwhel-
mingly large background signals, difficulty in reproducing
results, requirement of precise optical alignment with the
AFM tip, and strong coupling of tip and sample optical
properties. Many previous studies have aimed to resolve
the aforementioned difficulties. However, even after more
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Table 1 Summary of tip-based vibrational spectroscopy techniques with pertinent references
. Opitical
Best P atial Spectralirlange SPhP Plasmonics Polymers Monolayer Hy.p erspectral property P.robe
resolution/nm /em imaging . requirement
extraction
PTIR 20 [65] 6256450 [65] Not yet Yes [67] Yes [65] Yes [62] Not yet No Regular [45]
Thermal expan- 20 [65]  625-6450 [65] No Yes [67] Yes [65] Yes [62] No No Regular [45]
sion
Temperature rise 500 [39]  700-5000 [39] No No Yes [44] No No No Functionalized
[39]
s-SNOM 20 [130] 700-5000  Yes [116]  Yes [118] Yes [125] Yes [118] Yes [136] Yes [132] Metalized [116]
[141]
Swept-IR 25 [125] 880-1800  Yes [116]  Yes[118] Yes [125] Yes [118] Yes [125] Yes [107]  Metalized [116]
[118,125]
Nano-FTIR 20 [130] 700-5000 Not yet Not yet Yes [130] Yes [131] Yes [136] Yes [132]  Metalized [130]
[141]
TINS 50 [143] 780-1800  Yes [111] No Yes [113] No Yes [142] Not yet  Typically heated
[113,143] [143]
TERS <1[178] No No Yes [175] Yes [175] Yes [174] No Plasmonic [190]
PiFM 10 [195] 880-1800  Not yet Yes [205] Yes [195] Not yet Yes [195] No Metalized [195]
[195]

than 20 years of efforts, these challenges have not been
fully resolved, preventing the routine use of these
techniques by unexperienced users.

With the accelerated development of the discussed tip-
based vibrational spectroscopy techniques, commercial
products that perform one or more of the methods are
becoming readily available. Neaspec GmbH, the fore-
runner of s-SNOM, provides several platforms capable of
performing swept-IR and nano-FTIR measurements"
Anasys Instruments has pioneered the commercialization
of thermal expansion PTIR (referred to by them as AFM-
IR) and recently released a new system capable of both
PTIR and s-SNOM measurements® . Recently, PiFM in
both the visible and IR spectral regions has been
commercialized by Molecular Vista, combining PiFM
with s-SNOM and TERS?. Each system provides probing
capabilities of spectral light-matter interactions that can be
used for nanoscale material identification, mapping of
bonding configurations, and the study material energy
properties. In the future, nanomaterials and nanostructures
will have significant impact on the advancement of various
energy conversion and storage systems, such as solar cells,
thermoelectrics, and near-field energy conversion systems,
supercapacitors, and batteries. We strongly believe that the
commercialization of these techniques will provide user-
friendly interfaces for nanoscale vibrational spectroscopy
of various energy-related materials, ultimately positioning
these instrumentations in the forefront of energy research.
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