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Approaches to Mid-Infrared, Super-Resolution Imaging and Spectroscopy
Ilia M. Pavlovetc,! Kyle Aleshire,! Gregory V. Hartland,!* Masaru Kuno!->*

! Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, IN 46556
USA
2 Department of Physics, University of Notre Dame, Notre Dame, IN, 46556 USA

Abstract: This perspective highlights recent advances in super-resolution, mid-infrared imaging
and spectroscopy. It provides an overview of the different near field microscopy techniques
developed to address the problem of chemically imaging specimens in the mid-infrared
“fingerprint” region of the spectrum with high spatial resolution. We focus on a recently developed
far-field optical technique, called infrared photothermal heterodyne imaging (IR-PHI), and
discusses the technique in detail. Its practical implementation in terms of equipment used, optical
geometries employed, and underlying contrast mechanism are described. Milestones where IR-
PHI has led to notable advances in bioscience and materials science are summarized. The
perspective concludes with a future outlook for robust and readily accessible high spatial
resolution, mid-infrared imaging and spectroscopy techniques.

Introduction:

Infrared (IR) imaging and spectroscopy is an important technique for identifying chemical
specimens and elucidating their structure. This stems from characteristic “fingerprint” vibrational
signatures unique to molecules, which exquisitely report on chemical bonding. In terms of
sensitivity, IR imaging and spectroscopy exhibits clear advantages over Raman-based
microscopies due to vibrational absorption cross sections (o) 10-12 orders of magnitude larger
than corresponding Raman scattering cross sections. Because of lower o-values, analytical Raman
microscopy measurements often employ special substrates that exploit plasmonic enhancements
of local fields to boost Raman signals.!

Despite its advantages, IR imaging/spectroscopy is hindered by its poor spatial resolution and
consequently has not found as wide use as Raman microscopy. Traditional IR measurements are
limited by the optical diffraction limit. For mid-infrared (mid-IR) radiation, a practical spatial
resolution between 3-10 pum is expected. Application of mid-IR absorption imaging and
spectroscopy to problems involving modern, condensed phase systems is therefore limited to
measurements conducted on micron length scale specimens. This hinders applications of IR
imaging and spectroscopy in nanoscience as well as in biology, where chemical heterogeneities as
well as crowded spectroscopic environments demand high spatial resolution analytical techniques.

Achieving mid-infrared chemical imaging below the infrared diffraction limit:

Scanning infrared near field optical microscopy (IR-SNOM). To circumvent these limitations, a
number of near- and far-field infrared approaches have recently been developed. A first approach
is IR scanning near field optical microscopy (IR-SNOM).234> IR-SNOM has two operating
modalities: (1) Apertured IR-SNOM where mid-IR radiation is focused onto specimens through a
metal-coated optical fiber with sub-wavelength aperture of order 4/100. Subsequently scattered
mid-IR light is then collected with the same fiber, or alternatively with a reflective objective in the
far field.3>* (ii) Apertureless IR-SNOM where a sharp metallized tip creates highly localized
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electric fields at the sample® and sample-scattered light is collected in far field. Near field
absorption is deduced indirectly through changes to the amount of sample-scattered mid-IR light.”#

Apertured IR-SNOM. In apertured IR-SNOM the signals scale as (a/4)* where a is the aperture
radius and A is the incident IR wavelength.> This fourth power dependency restricts experimental
values of a and, in turn, means that practical limits exist to apertured IR-SNOM’s spatial
resolution. Beyond this and perhaps of greater significance, the intrinsically low optical
throughput of near field tips (10-%) requires that high brightness, mid-infrared light sources be
used.? Despite these restrictions, apertured IR-SNOM has been successfully implemented to
image chemical heterogeneities in polystyrene/polyethyl acrylate thin films with a 300 nm (4/20)
spatial resolution.” Researchers have also imaged cubic, wurtzite and hexagonal phase
inhomogeneities in boron nitride thin films through local differences in transverse optical phonon
energies.!? On the biological side, apertured IR-SNOM'’s high spatial resolution has been used to
investigate DNA localization within nuclei of individual keratinocyte cells with a 4/60 resolution’
as well as distinguish cancerous from normal oesophageal cells.*

Apertureless IR-SNOM. Work on apertureless IR-SNOM dates back to 1996° with Lahrech using
a CO, laser as the excitation source to establish contrast differences on a Au/Si grating.
Subsequent studies have employed CO,/CO,%!1.12.13.14 free electron'>!® and quantum cascade
lasers (QSLs)!7 as excitation sources. Mid-IR supercontinuum laser sources have more recently
been used to measure apertureless IR-SNOM spectra in FTIR-like fashion.!®! Two notable
exceptions to the use of high brightness mid-IR sources are the apertureless IR-SNOM experiments
by O’Callahan ef al. and Wagner et al.. In the former case, O’Callahan et al. have successfully
used a blackbody source to spectrally resolve the transverse optical phonons of hexagonal boron
nitride platelets.? In the latter case, Wagner et al. have implemented an incoherent plasma,
thermal IR emitter to spectrally resolve the phonon and surface phonon-polariton peaks of 20 nm
thick boron nitride nanotubes.?! Other successful implementations of apertureless IR-SNOM
include mapping the secondary structure of single proteins to illustrate protein orientation-
dependent spectral differences,?? and visualizing plasmonic “hot-spots” of individual IR gap
antennas.”*> An important point to note is that extracting spectral information from apertureless

IR-SNOM data is not trivial, as both scattering and absorption contribute to the measured
signal.7-8.:24:25.26

Synchrotron infrared nanospectroscopy (SINS). A variation of apertureless IR-SNOM is
synchrotron infrared nanospectroscopy (SINS).?” Distinguishing SINS from apertureless IR-
SNOM is the use of a high brightness broadband source that enables rapid Fourier transform
infrared (FTIR)-based spectral extraction.?’-?® Milliron has recently applied SINS to measure the
mid-IR plasmon resonances of individual, doped semiconductor nanocrystals.”®  These
measurements have revealed ultranarrow, localized surface plasmon resonances with linewidths
of order 70 meV. The study highlights the long plasmon dephasing times possible in the mid-IR,
stemming from suppressed radiation damping.?® Figure 1a summarizes experimental realizations
of IR-SNOM and SINS.

Scanning transmission electron microscopy electron energy loss spectroscopy (STEM-EELS). A
second general technique explored to achieve high spatial resolution, mid-infrared
imaging/spectroscopy is scanning transmission electron microscopy electron energy loss
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Figure 1. Illustrations of various super-resolution, mid-infrared imaging and spectroscopy techniques. (a)
apertureless IR-SNOM (SINS) and apertured IR-SNOM, (b) STEM-EELS, and (c) AFM-IR.

EELS
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spectroscopy (STEM-EELS).?*3% STEM-EELS assesses sample absorption through the energy
loss of incident electrons in a transmission electron microscope (TEM). STEM-EELS has been
used to image electronic transitions in dielectric thin films,3! the bulk and surface plasmon
resonances of individual silver nanoparticles’?, and energy transfer between plasmonic
nanoparticles and semiconductor substrates.>? Characteristic energy losses in these measurements
range from 2.0-7.5 eV. The high spatial resolution (up to 1 A34) intrinsic to STEM-EELS has also
allowed researchers to spatially and energetically resolve localized surface plasmon resonance hot
spots in surface enhanced Raman scattering-active nanostructures.?

Only recently has mid-IR imaging and spectroscopy become possible with STEM-EELS. This
is due to advances in electron monochromator technologies that make possible highly
monochromatic electrons with energy dispersions below 50 meV.3* Consequently, mid-IR
spectroscopy measurements up to 370 cm™! away from the zero loss beam are now possible.3
Figure 1b visually summarizes the implementation of STEM-EELS in a TEM. Notable
accomplishments of mid-IR STEM-EELS include imaging the plasmon resonances of
straight/branched silver nanowires,*® and quantitative measurements of quality factors as well as
dephasing times of various plasmonic gold nanostructures.’” Mid-IR STEM-EELS has also been
used to distinguish bulk from surface phonon modes in individual MgO nanocubes.®® However,
STEM-EELS cannot be applied to electron beam sensitive samples, or those in aqueous/ambient
environments. Additionally, only thin specimens can be imaged. These restrictions preclude the
use of STEM-EELS in biological imaging. Furthermore, the need for highly monochromatic
electrons necessitates specialized instrumentation not commonly found in academic laboratories.
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AFM-IR. A third technique to realize high spatial resolution mid-IR imaging/spectroscopy is
atomic force microscopy infrared (AFM-IR) imaging. In AFM-IR, an AFM tip probes the thermal
expansion induced in a specimen by absorption of infrared radiation.?*4%4! The sensitivity of
AFM-IR derives from the inherit sub-nm height resolution of AFM, which yields sensitivity to
small thermal expansions and, by extension, infrared absorption. This has enabled acquisition of
IR spectra from small ensembles (~300) of molecules.*?

AFM-IR’s spatial resolution is, in principle, dictated by the AFM tip radius. Consequently, a
resolution as small as 1 nm* is possible. However, the technique’s signal contrast comes from
topographical changes due to thermal expansion. Spatial resolution is therefore dictated by a
convolution of the AFM’s resolution with the thermal diffusion length of a particular experiment.
Consequently, a spatial resolution of order 20 nm is commonly achieved in practice.?’

AFM-IR’s high spatial resolution has found use in plasmonics where spatial differences in the
absorption of IR light has been seen in individual, heavily-doped InAs micropillars.** It has also
been used to measure the intersubband spectrum of single ~20 nm InAs quantum dots.* In layered
two-dimensional nanostructures, Centrone and co-workers have used the technique to spatially-
resolve organic contaminants on surfaces.*® Finally, AFM-IR has found use in the life sciences to
chemically characterize the internal structure of individual breast cancer cells.*’

AFM-IR’s primary drawback is that it requires the thermal expansion of specimens in order to
detect infrared absorption. This means that experiments conducted on samples having small
thermal expansion coefficients becomes challenging. Lesser drawbacks include the need for AFM
feedback electronics and the intrinsically limited field of view of AFM. Figure 1c outlines the
AFM-IR technique.

Infrared photothermal heterodyne imaging

In contrast to the abovementioned techniques, there exists an all-optical, tabletop approach for
measuring high spatial resolution, mid-infrared images and spectra of specimens under ambient
conditions. Called infrared photothermal heterodyne imaging (IR-PHI), the technique uses a high
brightness, tunable mid-infrared laser to excite samples. Subsequent non-radiative relaxation
processes induce local temperature changes in and nearby absorbing species, which alter the
refractive indices and scattering cross sections. The local temperature differences (A7) are of the
order A7T=1-50 K. Modulating the IR pump beam introduces periodic changes in the specimen’s
local refractive index with the typical magnitude of An being ~10-3-10- for condensed phase (soft)
materials/liquid specimens*® and An~10--10 4 for metals and semiconductors. Periodic An
changes ultimately induce intensity modulation in a second, continuous wave (CW) probe laser
incident on the sample that can be detected with a lock-in amplifier. The probe modulation depth
is proportional to the amount of pump light absorbed. More importantly, because a visible
wavelength probe is used to detect pump-induced An changes, IR-PHI possesses a spatial
resolution dictated by the visible diffraction limit.>%31-5253 Of note is that IR-PHI borrows heavily
from corresponding, visible photothermal microscopies,*-*4333¢ which have achieved single
molecule sensitivity. The primary differences are the use of a high brightness, tunable mid-
infrared pump laser, and the general absence of a photothermal medium surrounding the sample.

IR-PHI Pump. In practice, IR-PHI uses a tunable, mid-infrared laser to induce local heating in the
sample. Both QCL>237-385% and optical parametric oscillator (OPO)-based systems33:6%:6! have
been used. Advantages of QCLs include their rapid frequency tunability (~10,000 cm-!/s), DC-to-
MHz variable repetition rates and narrow linewidths of order 0.1 cm'!. Disadvantages include

4
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limited, single box tuning ranges (~150 cm™"), although multiple QCLs can be combined to realize
broader spectral ranges. For OPO systems, advantages include extremely broad (single box)
frequency tuning ranges (up to 1,600 cm™') and generally higher average powers (up to 1 W).
Disadvantages include fixed repetition rates, slower tuning speeds (100 cm-!/s), and relatively
large output linewidths of order ~10 cm™!. An additional way to extend the spectral range of IR-
PHI involves difference frequency generation (DFG), as demonstrated by several groups.>!-62

IR-PHI Probe. For both visible PHI and IR-PHI, a visible, CW probe detects pump-induced
changes to n, i.e. An. As with visible PHI a number of CW sources have been employed. Example
IR-PHI probes include diode and Nd:YAG (Aprobe=532-1064 nm),>3¢0 Ti:Sapphire (Aprope=800
nm),>>75% and HeNe gas (Aprobe=032.8 nm) lasers.®® The primary restriction for the probe is that
its frequency not overlap with an optical transition of the sample. This, however, is not a hard
restriction and visible PHI has been successfully demonstrated in cases where the probe is resonant
with the sample absorption.®*

IR-PHI experimental pump and probe geometries. Figure 2 summarizes the two general
pump/probe geometries employed in IR-PHI. In Figure 2a, a counter-propagating geometry is
outlined where pump and probe beams are incident on the sample from opposing sides. Figure
2b shows the more traditional, co-propagating pump/probe geometry where a single objective
(usually a reflective Cassegrain objective) focuses collinear pump and probe beams onto the
sample, and reflected probe light is collected with the same objective. In what follows, we discuss
the advantages, disadvantages, and critical differences of these two geometries.

In the counter-propagating geometry (Figure 2a), opposing pump and probe beams require that
substrates on which the specimens sit to be transparent for at least one of the beams. Consequently,
CaF,%860 and ZnSe?%-53:65 have been used as substrate materials. This stems from their wide visible
and infrared wavelength transparencies [CaF;: 200 nm-8.0 um; ZnSe: 600 nm-13.0 um]. The
primary motivation for conducting IR-PHI using a counter-propagating pump/probe geometry is
the freedom to employ high numerical aperture (NA) refractive objectives to focus the probe beam
onto the sample. Highlighting this are NA-values as large as NA=1.49 for oil immersion
objectives. Even dry refractive objectives can have NA-values between 0.90 and 0.95. By
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Figure 2. Basic layout of IR-PHI in its (a) counter- and (b) co-propagating pump/probe geometries.
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contrast, commercial reflective objectives have a maximum NA-value of NA=0.80. Consequently,
a sizable improvement in resolution becomes possible when the probe beam is focused using
refractive as opposed to a reflective objective. Highlighting this is a study by Li et al.>* who have
demonstrated a spatial resolution of ~300 nm when using a 532 nm probe. The achieved resolution
is a 20-fold improvement over the IR diffraction limit, ~7 pm.

The use of counter-propagating geometry also opens the door to various hybrid techniques, of
which one example involves combining IR-PHI with Raman spectroscopy.®® Proof-of-concept has
been demonstrated by acquiring comprehensive IR absorption and Raman information of single
bacteria with submicrometer resolution.

In the co-propagating IR-PHI geometry (Figure 2b), a common reflective objective focuses
both the pump and probe beams onto the sample. Because of the lower maximum NA of reflective
objectives, the spatial resolution of co-propagating IR-PHI is lower. For example, Zhang et al.>
have demonstrated a spatial resolution of 600 nm when using a 785 nm probe wavelength. This
highlights the fact that reflective objectives®’ can yield higher spatial resolution than expected from
the Abbe criterion.®

An additional inconvenience of co-propagating IR-PHI is the need to control the incident probe
polarization to properly detect the modulated photothermal signal.>® Typically a linearly polarized
probe beam is first sent through a polarizer and quarter waveplate prior to the microscope objective
(Figure 2b). The quarter waveplate makes the incident probe beam circularly polarized with a
given handedness. Following interaction with the sample and reflection off the substrate, a phase
shift occurs. The scattered light’s circular polarization consequently converts to the opposite
handedness. Upon passage through the quarter waveplate, the probe polarization reverts back to
linear, albeit with a polarization orthogonal to that of the original, incident probe beam.6®
Subsequent passage through the polarizer diverts the modulated probe light onto a photodiode.>%48

IR-PHI signal detection. Practical detection of IR-PHI signals involve spectrally filtering the
collected probe light followed by lock-in detection at the IR pump modulation frequency. Because
pump intensities can be modulated at high frequencies (up to 1 MHz is possible), the IR-PHI signal
is detected at a frequency where 1/f noise is negligible. This enables sensitive, lock-in detection
of infrared absorption with high signal-to-noise ratios.

IR-PHI images are traditionally obtained by raster scanning the sample through the pump and
probe foci using a piezo stage. At each point during the scan, a lock-in amplifier reads the collected
probe signal where, in most cases, the signal comes directly from an avalanche photodiode.>3-63
Autobalanced photodetectors®®-%? can also be used to suppress probe laser intensity fluctuations if
needed. Lock-in readings are generally made at the fundamental modulation frequency (i.e. at 1f).
For images, the signal is acquired on a point-by-point basis to construct a two-dimensional image.
For local infrared absorption spectra, the piezo stage is positioned at a desired spatial coordinate
and the IR-PHI signal is recorded as a function of pump wavelength. Control studies have shown
that IR-PHI spectra reproduce FTIR spectra of samples with high fidelity.32->337-38

IR-PHI contrast mechanism. Although a detailed mechanism for IR-PHI signal generation is still
being investigated, heterodyning of the reflected probe light with the corresponding intensity-
modulated signal component is generally thought to be the reporter of IR-PHI contrast. The
associated probe modulation depth carries information about the relative amount of infrared
absorption and, though not quantitative, directly reports on the absorption coefficient of the
sample. Beyond this, there exists some uncertainty as to the microscopic origin of IR-PHI contrast.

Page 6 of 20
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In this regard, at least two contributions have been suggested: AT-induced An in samples>®7% and
AT-induced changes to a specimen’s scattering cross section through small changes to its physical
size.* At present the relative contributions of these effects are unknown. It is worth noting that
because IR-PHI is photothermal in nature, only absorbed pump light contributes to the measured
signal. This is in contrast to other single particle microscopy techniques, such as spatial
modulation microscopy/spectroscopy®-7!-72.737475 and polarization modulation microscopy,’67””
which measure sample extinction (i.e. absorption and scattering).

IR-PHI milestones

We now illustrate several developmental milestones where IR-PHI’s super-resolution infrared
imaging capabilities have been demonstrated, and where it has led to notable achievements in
bioscience and materials science.

First experimental demonstration of IR-PHI. Lee at al. were the first to demonstrate all-optical,
photothermal-based, mid-infrared imaging. In their 2009 paper,*® individual droplets of balsamic
oil in water were imaged using the oil’s aliphatic (symmetric) CH, stretch at 2850 cm™!. Mid-IR
pump light in the study was generated through difference frequency generation (DFG).
Specifically, the 1064 nm fundamental of a Nd:YVO, laser was upconverted to 786-817 nm using
an OPO. The 1064 nm fundamental and 786-817 nm light from the OPO were then passed through
a DFG crystal to obtain mid-IR light with wavelengths between 2.87-3.57 um. Residual 786-817
nm light was then used as the probe in subsequent mid-IR photothermal measurements. Figure
3a (3b) shows a representative IR-PHI image of an individual oil droplet (water) acquired by Lee
et al. using its 2850 cm! (3333 cm™') symmetric CH, stretch (OH stretch). Figure 3¢ shows
corresponding FTIR spectra of balsamic oil and water with the monitored transitions indicated
with arrows.
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Figure 3. IR-PHI image of (a) a balsamic oil droplet in water acquired using its 2850 cm' symmetric CH, stretch and
(b) the same area imaged using water’s 3333 cm™! OH stretching mode. (¢) Corresponding FTIR spectra. (d) Super-
resolution IR-PHI image of a water droplet in balsamic oil imaged at 3333 cm! (circled). (e) Associated linescan
showing an achieved spatial resolution of 1.1 um. Reprinted from https://doi.org/10.1063/1.3167286. Copyright 2019
AIP Publishing.

Figure 3d illustrates the sub IR diffraction limit spatial resolution achieved in the acquired
images. Specifically, an individual water droplet with a ~1 um diameter is circled. Figure 3e
shows its corresponding linescan and reveals an experimental spatial resolution of 1.1 um. Given
that the employed mid-IR wavelength was 3.5 um and the objective had a NA=0.5, the data
indicates a three-fold improvement in spatial resolution over the mid-IR diffraction limit. Of note
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is that this study has gone relatively unnoticed for nearly a decade. This is possibly due to
suggestions in the title that the observed contrast arises from nonlinear refraction, despite the use
of low excitation intensities, as opposed to a more conventional photothermal effect.

Counter-propagating IR-PHI. The next major advance in the development of IR-PHI came in
2017 when Li et al. demonstrated the use of a counterpropagating pump and probe beam geometry
to dramatically enhance the spatial resolution of the technique. As described earlier in more detail,
this geometry allows visible probe light to be focused onto the sample independently of the pump,
using high NA refractive objectives. This is key as NA-values as large as 1.49 are possible through
use of oil immersion objectives. Figure 4a shows a resulting IR-PHI image of a single =100 nm
polystyrene bead, acquired using it 3030 cm! (asymmetric) CH, stretch. The associated linescan
in Figure 4b, shows an achieved resolution of ~300 nm using a 532 nm probe and a NA=0.9
objective. In the same study, IR-PHI’s capability to acquire super-resolution images and spectra
over wide areas was demonstrated. Figure 4c illustrates an acquired 100x100 um? IR-PHI image
of patterned polymethylmethacrylate (PMMA) imaged using its 3000 cm™!' CH, asymmetric

stretch.
l 50

SIN

.D

Figure 4. (a) IR-PHI image of an individual =100 nm polystyrene bead imaged using its asymmetric CH, 3030 cm-
I stretching mode. (b) Corresponding linescan of the same bead in (a). (c) Large area IR-PHI image of patterned
PMMA imaged using its 3000 cm™' asymmetric CH, stretching mode. Adapted with permission from
https://pubs.acs.org/doi/full/10.1021/acs.jpcb.7b06065. Copyright 2019 American Chemical Society.
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Dynamics using stop motion IR-PHI. In 2018, Cho and co-workers successfully applied co-
propagating IR-PHI to image cell dynamics in a stop motion fashion.®> The experiment used a
tunable QCL for the pump and a 632.8 nm HeNe laser as the probe. Both lasers were made
collinear using a dichroic beamsplitter and were then focused onto the sample using a reflective,
NA=0.66 objective. The achieved spatial resolution was 540 nm. Samples were raster scanned
over 50x50 um? areas with a 5 minute acquisition time per image.

Figure 5 shows time-lapse images of an individual oligodendrocyte cell undergoing cell
division. Images were acquired over the course of two hours without any cell photodamage or
apparent changes to its replication behavior. Additionally, observed contrast differences in the
images stem from changes to protein localization during replication. The work thus highlights the
ability of IR-PHI to reveal intracellular structure dynamics in a label free manner.
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Figure 5. IR-PHI time-lapse imaging of an individual oligodendrocyte cell undergoing cell division. Images acquired
at different times, highlighting the cell’s normal (0 min), metaphase (+30 min), and cytokinesis (+50 min) states.
Images acquired wusing the 1650 cm! protein amide band. Adapted with permission from
https://pubs.acs.org/doi/abs/10.1021/acs.jpclett.9b00616. Copyright 2019 American Chemical Society.

Widefield IR-PHI. During the same year, a widefield imaging modality was introduced to IR-PHI
by Cheng and co-workers.5! Although prior IR-PHI studies established its high spatial resolution
as well as capacity for observing dynamics, images were generated via specimen raster scanning.
Consequently, fundamental limitations to monitoring dynamic processes exist given the finite time
required to scan an area. For Cho and co-workers, this was 5 minutes for a 50x50 um? region.
More crucially, temporal differences exist between pixels in raster scanned images. Widefield IR-
PHI therefore represents a notable development as photothermal signals from al// areas of a given
specimen are acquired simultaneously. More relevantly, image acquisition can be much faster,
making possible the real time, mid-IR imaging of specimens with chemical specificity.

The fundamental departure from traditional IR-PHI is the use of a complementary metal-oxide—
semiconductor (CMOS) camera to detect pump-induced, photothermal changes in a specimen. In
practice, the pump is mechanically chopped at a rate that matches the open/close rate of the
CMOS’s shutter (up to 1250 Hz). Subsequent probe light is applied to the sample with a delay
controlled by an external function generator. Photothermal contrast is then observed by recording
differences between “hot” (i.e. pump applied) and “cold” (i.e. no pump applied) frames in acquired
CMOS movies.

Figure 6 shows proof-of-concept widefield IR-PHI images. In Figure 6a a white light
reflection image first reveals the letters MIP written into a PMMA thin film through selective
etching of the polymer, which exposes the underlying Si substrate. Next, Figure 6b shows the
corresponding widefield IR-PHI image observed by exciting PMMA’s 1728 cm™! C=0 stretching
absorption. No signal is seen over etched regions of the film. The attained spatial resolution is
510 nm, as illustrated by the averaged line profile in Figure 6¢. Figures 6d-f show widefield
images of d=1 um PMMA beads deposited onto Si. Figure 6d is a reflected light image of three
individual beads. Figure 6e is the corresponding widefield IR-PHI image acquired using PMMA’s
1728 cm! C=O0 stretching transition. In Figure 6e, an apparent signal-to-noise ratio of ~10 is seen.
Figure 6f demonstrates IR-PHI’s inherent chemical specificity by detuning the pump frequency
off the IR resonance of the beads.
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First derivative (a.u

-5E3
Figure 6. (a) White light reflection image of letters etched into PMMA. (b) Widefield IR-PHI image of the same
region acquired by exciting the 1728 cm! C=0 stretching absorption of PMMA. (c) Associated linescan showing an
achieved spatial resolution of 510 nm. (d) White light reflection image of three individual d=1 um PMMA beads. (¢)
Widefield IR-PHI image acquired by exciting the 1728 cm™! C=0 stretching absorption of PMMA. (f) Widefield IR-
PHI image of the same region acquired off-resonance at 1808 cm’!. Reprinted from
https://doi.org/10.1126/sciadv.aav7127. © The Authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial
License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/

Other contrast modalities for soft mater systems: Absorption of IR radiation by specimens can be
probed optically using other contrast mechanisms beyond photothermal changes to n or scattering
cross sections. Shi et al.’”® have recently used an ultraviolet (UV) photoacoustic detection
technique to image IR transitions in lipids and proteins of living cells and mouse brain slices. In
their study, an IR pump pulse excites the sample, with two (one before and one after the IR pulse)
UV probe pulses used to detect IR pump-induced changes in photoacoustic pressure. Similar to
IR-PHI, pump absorption induces a small temperature change in and around the specimen. This
changes the magnitude of photoacoustic signals created by the UV pulses. Comparing the
photoacoustic signals generated before and after the IR pump pulse therefore provides information
about the amount IR light absorbed by the sample. One advantage of photoacoustic detection over
other imaging modalities is that water has a small photoacoustic signal so that IR images are readily
obtained from biological specimens. Like IR-PHI, the spatial resolution of images is dictated by
the probe beam diffraction limit. Consequently, sub-IR diffraction limit spatial resolution is
possible.

Another way to detect photothermal changes is to record the phase shifts of light passing
through a transparent specimen. Translation of these phase changes into image brighness
variations will yield relative photothermal contrast. This information can, in turn, be used to
chemically characterize specimens in crowded chemical environments, such as biological
samples.”%80

IR-PHI imaging and spectroscopy of semiconductors and metals: Beyond above-highlighted
advances with soft materials, IR-PHI has been successfully demonstrated on both semiconductors
and metals. This is notable because complementary scanning probe techniques such as AFM-IR
require thermal expansion of specimens in order to a detect signal. While biological and other
soft-matter systems possess fairly large thermal expansion coefficients (e.g. water: a=2.1x10*
m/K3"), corresponding solid state semiconductors and metals have significantly smaller thermal
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expansion coefficients (gold: a=1.4x10- m/K#®, silicon: a=2.6x10° m/K?%). This poses a problem
for AFM-IR and points to an intrinsic advantage of all-optical approaches such as IR-PHI given
their sensitivity to local refractive index differences. For d=5 nm Au nanoparticles in glycerol,
Orrit has shown photothermal sensitivity down to An~10-7.43

The first application of IR-PHI to semiconductors was work by Chatterjee et al. to image local
cation heterogeneities in mixed cation, hybrid perovskite thin films.®® This study examined the
local composition of FA,MA, ,Pbl; [formamidinium, FA™=CH(NH;),*; methyalammonium,
MA=CH;NHj;"] thin films used to make hybrid perovskite solar cells. Of interest was establishing
whether local stoichiometric variations existed in these films given their solution processing. Also
of interest was establishing links between any observed compositional differences and local
optoelectronic response. Figures 7a and 7b shows results of these measurements, which point to
local variations in MA* (FA") cation stoichiometries within 10x10 pum? regions of as made
FAMA, ,Pbl; films. MA™ maps were generated using the cation’s 1465 cm™! symmetric NH3*
bend. FA* maps were generated using its 1710 cm™' C=N stretching absorption. Figure 7¢ better
highlights observed compositional heterogeneities through a MA*/FA™ ratio map. Two dashed
circles indicate MA™ rich (1) and FA™ rich (2) regions of the film with associated IR-PHI spectra
shown in Figure 7d (spectra normalized at 1465 cm™).
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Figure 7. False-color (a) MA*- and (b) FA*-specific IR-PHI maps, recorded using the 1465 cm™ (1710 cm™!) transition
of MA* (FA™"). (c) Corresponding false-color MA*/FA* ratio map. (d) Local IR-PHI spectra obtained at circled points
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in (c). (e) Corresponding same area, false-color emission map (Ap). (f) Pixel correlation plot between (c) and (e),
indicating strong correlation between IR-PHI-deduced local composition and band gap.
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Figure 8. (a) SEM micrograph of a L =2.9 um Au NW. (b) Corresponding IR-PHI spectrum, showing a Fabry-
Perot plasmon resonance at 3140 cm™! (denoted with an asterisk). (¢) IR-PHI image of the same NW.

Importantly, stoichiometric differences translate into FA,MA;  Pbl; electronic structure
variations. This is shown in Figure 7e, which plots local emission wavelength maxima, obtained
by fitting acquired emission spectra at each point. The image reveals clear band gap differences
across the film with variations of order 25 meV. Visual comparison of Figures 7¢ and 7e suggest
that MA-rich regions of the film have larger band gaps than associated FA-rich regions. This is in
line with what is expected as FAPbI; possesses a smaller band gap than MAPbI;.3* The link is
made stronger through a pixel correlation plot in Figure 7f, which reveals a strong inverse
correlation between band gap and MA*/FA™ ratio. Figure 7f thus confirms that local variations in
compositional stoichiometry impact hybrid perovskite optical response and ultimately their solar
cell performance.

Recently the authors have used IR-PHI to image the mid-IR plasmon resonances of individual,
high aspect ratio Au nanowires (NWs).3> These NWs have been made using nanolithography and
possess nominal lengths, L, between L=1-4 um. Associated widths and heights are w=100 nm and
h=50 nm. Figure 8a is a scanning electron microscope (SEM) image of a representative L~2.9
pum Au NW. Figure 8b shows the NW’s corresponding IR-PHI spectrum. Of note is an apparent
Fabry-Perot plasmon resonance at 3140 cm!. In general, NW plasmon resonances are length-
dependent and move to lower energies with increasing L. Observed linewidths are also narrow,
suggesting suppressed radiation damping and electron-surface scattering in these NWs. The
linewidth extracted from Figure 8b is 312 cm™!. Finally, Figure 8¢ shows a corresponding IR-
PHI image of the wire, revealing that IR-PHI is able to partially resolve the NW’s plasmon mode
structure. Based on the mode structure in the image, the resonance in Figure 8b is assigned to the

12
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m=3 Fabry-Perot mode of the nanowire. Rapid heat diffusion, however, appears to wash out image
structure, pointing to areas where IR-PHI can be improved.

IR-PHI limit of detection

We have seen that IR-PHI has the demonstrated ability to conduct high spatial resolution mid-
IR imaging and spectroscopy. It is suitable for specimens ranging from soft materials (including
those in aqueous environments) to semiconductors and metals. Modifications to IR-PHI have
further enabled dynamic imaging of materials. Given this, we now estimate IR-PHI’s current limit
of detection (LOD).

Figure 9a first shows an IR-PHI image of two d=100 nm polystyrene beads, generated by
monitoring their 3030 cm™! asymmetric CH, stretching absorption. A 532 nm probe and NA=0.95
objective have been used to acquire images in a counter propagating pump/probe geometry with
the following experimental conditions: lock-in time constant 30 ms, pixel dwell time 100 ms, pump
intensity at the sample 70 kW cm2, probe intensity 7 MW c¢cm™. The beads in Figure 9a are
separated by slightly more than 500 nm and are clearly resolved. This is highlighted in Figure 9b,
which shows a line profile through the beads (indicated in Figure 9a). From Gaussian fits to the
linescan, the achieved spatial resolution is ~300 nm. Figure 9¢ highlights the spectral fidelity of
IR-PHI by comparing the spectrum of a single d=100 nm bead to polystyrene’s bulk FTIR
spectrum. IR-PHI spectra have been acquired using a 300 ms lock-in time constant, a 1 second
dwell time per 2 cm’! wavenumber step, and a total acquisition time of 11 minutes. For
comparison, the bulk FTIR spectrum was recorded over the course of 2 minutes.
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Figure 9. (a) IR-PHI image of individual d=100 nm polystyrene beads imaged using their asymmetric CH, 3030
cm! stretching mode. (b) Linescan through the beads as indicated by the dashed white line in (a). The dashed red
line represents Gaussian fitting of the data. (¢) Comparison of the IR-PHI absorption spectrum of a single d=100
nm polystyrene bead with its corresponding bulk FTIR spectrum. (d) SNR measured as a function of particle size
and linear fit through the data (dashed red line).
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In Figures 9a and 9b, an imaging signal-to-noise ratio (SNR) is ~30. This is comparable to the
SNR value of ~70 seen in Figures 4a and 4b. Of note though is that much lower pump (probe)
intensities were used to acquire the IR-PHI image in Figure 9a [70 kW cm™? (7 MW c¢m) versus
840 kW c¢cm? (18 MW cm?)]. Lock-in time constants were similar (30 ms here versus 10 ms
previously). In Figure 9¢, a SNR of 180 (200) is observed when using polystyrene’s asymmetric
(symmetric) CH;, 3030 (2930) cm™! transition. This dramatic enhancement of SNR values in
spectroscopic measurements arises from using longer lock-in integration times (300 ms to 1
second) to acquire spectra. In all cases, a corresponding d=100 nm polystyrene bead 3030 cm™!
peak infrared absorption cross section is 03930 cm-1 = 4.2 X 10 713 cm?. The above data highlight
the sensitivity of IR-PHI’s LOD to integration time, pump and probe intensities as well as
specimen absorption cross section. These sensitivities have been summarized for visible PHI in
Reference 69.

To estimate IR-PHI’s current imaging LOD (LODjp,e.), analogous measurements, carried out
with the same experimental conditions, have been conducted on d=100-1100 nm polystyrene
beads. We focus on LOD)y,ge since this is the most immediate metric needed by those conducting
IR-PHI measurements. Mie theory is used to estimate corresponding peak infrared absorption
cross sections at 3030 cm!. Figure 9d summarizes results from these measurements by plotting
estimated image SNR values versus d. By fitting the data with a line and defining a LODjy,ge as
when SNR=35, an approximate peak absorption cross section LODjmage 1S 03030 em—1~10 —13 cm?
[polystyrene 3030 cm! asymmetric CH, stretch, lock-in time constant of 30 ms, and pump (probe)
intensity of 70 kW c¢cm2 (7 MW cm2)]. This corresponds to a =70 nm polystyrene bead.

LODjpage can be improved by increasing employed lock-in time constants. This, however,
comes at the expense of longer experiments. In practice, we therefore suggest that immediate
approaches to improving IR-PHI’s LODjy,e. involve using slightly longer integration times in
conjunction with detectors having lower noise equivalent powers*, and common-mode noise
rejecting schemes like balanced/auto-balanced detection.”

Visual summary and comparison to other mid-IR super-resolution techniques

We now summarize in Figure 10 the different techniques developed to conduct super-
resolution mid-infrared microscopy and spectroscopy. Shown are their expected spatial
resolutions as well as the instrumental complexity, which correlates with cost. The graphic clearly
indicates that STEM-EELS possesses the highest spatial resolution of all methods. However, this
comes at high cost and with limited ability to work with specimens under ambient conditions.
AFM-IR has very high spatial resolution and unlike STEM-EELS can be applied to studying
biological specimens. However, possible reasons why IR-AFM may not be suitable for all
measurements is the need to detect IR absorption indirectly through specimen expansion. Adding
to this are the generally limited field of view of AFM techniques.
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IR-PHI in its various forms represents a low cost, high spatial resolution technique with the
flexibility to examine specimens under ambient conditions and in different chemical
environments.’> It has the added capability to conduct large area, dynamic, chemical imaging
measurements.>3-61,63
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Figure 10. Visual comparison of different mid-IR super-resolution imaging and spectroscopy techniques in terms
of their complexity, cost and spatial resolution.

Outlook/Conclusions

The last decade has seen sizable advances in realizing super-resolution imaging and
spectroscopy in the all-important, mid-infrared region of the electromagnetic spectrum. IR-PHI is
just the latest incarnation of these efforts that now enable researchers to probe materials with
chemical specificity and with ever improving limits of detection. Several of the techniques we
have discussed have now been commercialized, most notably apertureless IR-SNOM, AFM-IR
and IR-PHI. Looking forward, we suggest that the continued refinement of abovementioned
techniques portend notable advances in biology, materials science, and plasmonics. We envision
that a possible outcome of these efforts will be the eventual realization of vibrational microscopy’s
ultimate goal: single molecule detection. This would then complement more than two centuries
of work in using light/matter interactions to identify, understand and manipulate matter.
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Photothermal
contrast strength

Modern microscopy to access super-resolution infrared absorption of materials.



