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1. Resumen

La espectroscopia Infrarroja de Transformada de Fourier (FTIR) es una de las herra-
mientas analiticas que mas se utiliza para la caracterizacién de todo tipo de materiales.
La absorcién infrarroja es una caracteristica especifica de la composicién quimica y de
la estructura de un material, y por este motivo, se emplea para la identificacion y la
caracterizacion inequivoca de la estructura de los materiales tanto en investigaciéon como
en aplicaciones industriales [1-5]. Sin embargo, como la mayoria de técnicas dpticas,
la resolucion espacial de la espectroscopia infrarroja (IR) estd limitada por el limite
de difraccion alrededor de \/2, en el caso de la luz IR, a escala micrométrica [6]. Esta
limitaciéon hace que las técnicas IR convencionales no sean adecuadas para la caracteri-
zacién de objetos a escala nanométrica, los cuales son cruciales en muchas aplicaciones
cientificas modernas.

La microscopia 6ptica de barrido de campo cercano de tipo dispersivo (del inglés,
scattering-type Scanning Near-Field Optical Microscopy, s-SNOM) [7-9] es una técnica
bien establecida basada en la microscopia de fuerza atémica (AFM) que supera el limite
de difraccién, lo que permite obtener imédgenes y espectros con resolucion nanométrica
en un amplio rango espectral, desde las frecuencias visibles hasta las sub-THz [10-12].
En el s-SNOM, una punta metélica de AFM se ilumina con un haz de luz monocromatica.
La punta actiia como una antena y focaliza la luz incidente generando una fuerte
interaccion 6ptica de campo cercano altamente confinada en su dpice. La extension del
campo cercano en el dpice de la punta determina la resolucion espacial en el s-SNOM,
que suele ser del orden del radio de la punta del dpice R = 25nm [13]. Al interactuar
con la muestra, debido a las propiedades dieléctricas locales de la misma, el campo
cercano generado modifica la luz dispersada. Esta luz dispersada por la punta se recoge
mediante un sistema de deteccion interferométrico que permite la medicién simultdnea
de la amplitud y la fase del campo disperso y, en tiltima instancia, la reconstruccién de las
propiedades dieléctricas locales de la muestra [14,15]. Gracias a ello, es posible generar
una imagen infrarroja de la muestra con resolucion a escala nanométrica registrando la
luz dispersada por la punta en funcién de su posicion. También es posible, registrar un
espectro infrarrojo por transformada de Fourier con resolucién a escala nanométrica
(nano-FTIR) de la muestra [16,17] iluminando la punta del AFM con un ldser infrarrojo
de banda ancha y registrando la luz dispersada por la punta en funcién de la posicién
del espejo de referencia en una ubicacién fija de la muestra (interferograma). Los
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rangos espectrales de la muestra pueden obtenerse aplicando una transformada de
Fourier al interferograma y normalizdndolo posteriormente con respecto a un espectro
de referencia registrado en una zona espectralmente plana de la muestra, como una
superficie limpia de Si o Au.

Tanto el s-SNOM como el nano-FTIR son potentes técnicas dpticas que permiten la
caracterizacion a escala nanométrica de diversos materiales en un amplio rango espec-
tral. Estas técnicas se han aplicado ampliamente para la caracterizacién quimica de
muestras orgdnicas e inorganicas [16,18-20], identificar la estructura secundaria de las
proteinas [21,22], medidas de conductividad local [23,24], identificar el campo electro-
magnético cercano de nanoestructuras plasmonicas [25-29] y visualizar la propagacion
de polaritones plasmoénicos y fonénicos en materiales 2D [30-34]. Por el momento, la
mayoria de estas aplicaciones se han demostrado principalmente en el aire.

Sin embargo, cada vez es mds necesario obtener imagenes y realizar espectroscopia
infrarroja a escala nanométrica en entornos liquidos, especialmente en el estudio de
muestras bioquimicas y sistemas polariténicos. La fuerte absorcién de luz IR por parte
de los liquidos, en particular del agua (H20), y las dificultades para mantener estable el
funcionamiento del AFM en modo de contacto intermitente o “ tapping” en liquido, han
supuesto importantes desafios al desarrollo del s-SNOM y el nano-FTIR para el estudio
de muestras totalmente sumergidas en liquidos. Para superar estos retos, los esfuerzos
iniciales para aplicar el s-SNOM en el rango del IR medio a muestras en entornos liquidos,
involucraron el uso de celdas liquidas delgadas basadas en membranas transparentes
al IR. En este enfoque, las muestras, junto con el liquido, se encapsulan dentro de
una membrana, como el nitruro de silicio (SiN), mientras que el s-SNOM opera en
aire [35-40].

De forma alternativa y paralela al trabajo presentado en esta tesis, se han utilizado
otros enfoques novedosos para el funcionamiento de s-SNOM en liquido, en los que
tanto la punta de campo cercano como las muestras, estdn totalmente sumergidas en
liquido [41,42]. Esta técnica permite obtener imagenes de las muestras sin necesidad
de una preparacion tan exhaustiva de las mismas y asi mismo evita el escaneo de la
muestra a través de la membrana que la cubre, lo que afecta a la resolucién espacial. Sin
embargo y a pesar de estos avances, las técnicas descritas atin no estan bien establecidas
y presentan diversos retos técnicos y cientificos.

El objetivo principal de esta tesis fue desarrollar e implementar la instrumentacién
necesaria para hacer posible la nanoimagen y la espectroscopia nano-FTIR basadas
en s-SNOM del IR medio en entornos liquidos. Para ello, centramos nuestra atencién
principalmente en el desarrollo de técnicas de instrumentacion para el mapeo s-SNOM
in situ y la nanoespectroscopia de polaritones. Los polaritones pueden potenciar las
interacciones entre la luz y la materia, y desempefian un papel crucial en el analisis



Optico de alta sensibilidad de sustancias y procesos (bio)quimicos. La nanoimagen y
la espectroscopia de los campos evanescentes de los polaritones son esenciales para
identificar modos experimentalmente y para estudiar el confinamiento de campos.

Para ello, hemos desarrollado dos configuraciones de s-SNOM que funcionan con rayos
gaussianos estandar en los que tanto la punta de AFM como la muestra estan totalmente
sumergidas en liquido. Este trabajo constituye un primer paso fundamental para llevar
a cabo estudios a escala nanométrica utilizando el s-SNOM y el nano-FTIR, y allana el
camino para una serie de aplicaciones, incluyendo estudios in situ de espectroscopia
molecular mejorada por antenas, el acoplamiento fuerte (“strong coupling”) entre pola-
ritones y vibraciones moleculares o reacciones quimicas en la superficie de materiales
polariténicos, ya sean naturales o funcionalizados.

Esta tesis estd organizada de la siguiente manera:
En el Capitulo 2, se presenta un resumen de esta tesis en inglés.

En el Capitulo 3 se ofrece una breve introduccién a los conceptos fundamentales del
s-SNOM vy de le espectroscopia nano-FTIR. Para ello, en primer lugar, se exponen los
principios fundamentales del AFM, que sirven de base para el s-SNOM. Después se
proporciona una descripcién detallada del principio de funcionamiento del s-SNOM y
de las estrategias para reducir el ruido de fondo, necesarias para aislar las sefiales de
campo cercano de la luz dispersada por la punta. Ademas, se analizan los esquemas
de deteccion interferométrica empleados en el s-SNOM para obtener nanoiméagenes
infrarrojas y nanoespectroscopia con resolucién tanto de amplitud como de fase. Por
altimo, se ofrece una visioén general de un montaje experimental de s-SNOM y nano-
FTIR, que sirve de base para el montaje experimental desarrollado en esta tesis.

En el Capitulo 4, se describe detalladamente el desarrollo e implementacién de dos
montajes experimentales innovadores que permiten obtener imégenes IR con el s-SNOM
y realizar espectroscopia nano-FTIR de muestras en un entorno liquido. La iluminacién
lateral y el esquema de recoleccién de la luz empleados en experimentos s-SNOM ti-
picos [13] no son adecuados para su uso en liquidos debido a la fuerte absorcién de
la radiacién infrarroja por éstos, especialmente en el caso del HO. En este capitulo se
presenta un esquema de iluminacién y captaciéon que minimiza la absorcién de luz
infrarroja en el liquido (véase la Figura 1.1). En la primera implementacion, el haz
incidente es normal a la punta (s-SNOM en transfleccién) y la luz retrodispersada se
capta mediante un esquema de deteccién interferométrica. La geometria de transflec-
tancia es una configuracién ideal para el mapeo y la caracterizacién de polaritones de
plasmon localizado en antenas metalicas tanto en aire como en liquidos. En la segunda
implementacion, la punta se ilumina con la luz que se refleja totalmente en el interior
de una cufia de ZnSe (s-SNOM basado en TIR (Reflexién Total Interna), véase la Figu-
ra 1.3). La luz retrodispersada se detecta interferométricamente como en el s-SNOM de
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transfleccion. La configuracion s-SNOM basada en TIR se ha aplicado para el mapeo e
identificaciéon quimica infrarroja a escala nanométrica en el aire y en un entorno liquido.
Estos avances mejoran significativamente la capacidad del s-SNOM y del nano-FTIR
para la caracterizacion in situ de materiales, abriendo nuevas vias para el estudio de
procesos bioquimicos y la deteccién molecular en liquidos.
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Figura 1.1.: Representacién esquematica del esquema de iluminacién y deteccién de
sefial de fondo para nanoimagen IR s-SNOM (rojo) y nanoespectroscopia
(azul) en liquidos. Representacién de los dos esquemas de iluminacién
y deteccion disefiados para s-SNOM con resoluciéon de amplitud y fase
(rojo) y nano-FTIR (azul) en medio liquido. En el primer esquema, la
muestra se ilumina desde una fuente monocromatica (rojo) o de banda
ancha (azul) bajo incidencia normal mediante un espejo parabdlico (PM1).
En el segundo esquema, la muestra se ilumina con luz reflejada internamente
desde una cufia de ZnSe (no mostrada aqui, ver Figura 1.3) con una fuente
monocromatica (roja) o de banda ancha (azul) utilizando un segundo espejo
parabdlico (PM2). BS: “Beam Splitter” o divisor de haz; FM: espejo giratorio;
RM1: espejo vibratorio accionado por un piezo; RM2: QCL: laser de cascada
cuantica sintonizable en frecuencia; IRSC: Laser Infrarrojo supercontinuo
de banda ancha.

En el Capitulo 5, se aplica la configuracion nano-FTIR de incidencia normal transflectiva
a la espectroscopia infrarroja de antenas metélicas resonantes, tanto en aire como en
liquidos. La obtenciéon de imagenes y espectros de campos cercanos de las antenas
a escala nanométrica en liquidos proporciona informacién clave para el disefio y la
optimizacién de antenas metalicas infrarrojas y abre el camino para futuras aplicaciones
en la deteccién molecular in situ. En el nano-FTIR de transmisién, una punta metélica de
AFM se ilumina a través de los campos cercanos de la antena, y la luz retrodispersada
de la antena se registra con un espectrémetro FTIR asimétrico. En la Figura 1.2 muestra
un esquema del proceso de la iluminacién de la punta. Este capitulo presenta una



metodologia confiable para adquirir, referenciar y agrupar espectros nano-FTIR de
transflecciéon de antenas metalicas individuales tanto en aire como en liquido. En la
Figura 1.2b se muestra un espectro de amplitud de transfleccién normalizado s3(w) de
una antena de varilla metélica individual en aire (rojo) y en H>O (azul). El impacto del
H>0 en la resonancia de la antena puede verse claramente. Este trabajo establece una
base fundamental para futuros estudios de nano-FTIR en transfleccién, enfocindose en
la deteccién bio(quimica) mejorada por antenas, interacciones quimicas y experimentos
de acoplamiento vibracional fuerte.

(a) (b)
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Figura 1.2.: Imdgenes de s-SNOM de transfleccion y espectroscopia nano-FTIR de
nanoestructuras metdlicas infrarrojas. (a) Ilustracién del proceso de dis-
persién de campo cercano. El campo incidente Ej; ilumina la antena (A).
Los campos de la antena iluminan y polarizan la punta del AFM (T), que
dispersa los campos cercanos a través de la antena hacia el campo lejano,
donde se detecta mediante un esquema de deteccién interferométrica (no
mostrado aqui). (b) Espectros de amplitud normalizados s3(w) de una
antena de varilla metélica individual en aire (rojo) y en un entorno liquido
(H20 ; azul).

En Capitulo 6, se aplica la configuracién s-SNOM basada en TIR para escanear polarito-
nes de fonones ultraconfinados (PhPs) en ldminas de nitruro de boro hexagonal (h-BN)
en aire y en liquido. El mapeo de polaritones de fonones infrarrojos ultraconfinados en
h-BN en un entorno liquido ofrece nuevas posibilidades para aprovechar las propie-
dades de los polaritones en dispositivos ultracompactos y altamente sensibles para la
detecciéon biomolecular en solucién. La Figura 1.3a presenta el esquema de iluminacién
basado en TIR, en el que la punta metalizada del AFM se ilumina con la luz que se refleja
totalmente en la superficie superior de una cufia de ZnSe. La punta se utiliza tanto para
lanzar como para sondear los PhP. La nanoimagen (véase el recuadro de la Figura 1.3b)
y la nanoespectroscopia de polaritones de fonones de h-BN ultraconfinados en liquido
revelan que la presencia de liquido desplaza la dispersién de PhP a momentos mas
altos. En la Figura 1.3b se muestra una comparacién de las dispersiones de PhP en aire
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y en liquido. Este trabajo sienta las bases para futuros estudios s-SNOM y nano-FTIR
mejorados por polaritones aplicables a una amplia gama de 4reas, desde el estudio
de interacciones bioquimicas hasta experimentos de acoplamiento fuerte en entornos
liquidos.

Figura 1.3.: s-SNOM basado en TIR para el mapeo de polaritones fonénicos en un
entorno liquido. (a) Esquema del s-SNOM basado en TIR en liquido. (b)
Dispersién de PhPs h-BN en liquido y en aire. Los simbolos muestran los
momentos PhP medidos. El gréfico de colores indica la parte imaginaria
calculada del coeficiente de reflexién de Fresnel dependiente del momento
y de la frecuencia, Im [r], de una ldmina de h-BN de 90 nm de espesor sobre
ZnSe en aire (rojo) y D2O (azul). En el recuadro se muestran imédgenes de
amplitud de campo cercano de PhPs de h-BN lanzadas en aire (arriba a la
izquierda) y en liquido (abajo a la derecha).
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Infrared (IR) vibrational spectroscopy serves as a powerful, label-free characterization
tool that is used in both research and industrial applications due to its chemical specificity
and sensitivity to the chemical structure of the sample [1-5]. However, like most optical
techniques, the spatial resolution of IR spectroscopy is limited by the diffraction limit to
typically around A/2 (i.e., at the micrometer length scale) [6]. This limitation makes
conventional IR techniques unsuitable for the characterization of nanoscale objects that
are crucial in many modern scientific applications.

Scattering type scanning near-field optical microscopy (s-SNOM) [7-9] is a well es-
tablished technique based on atomic force microscopy (AFM) that circumvents the
diffraction limit, enabling nanoscale resolved imaging and spectroscopy across a broad
spectral range, from visible to sub-THz frequencies [10-12]. In s-SNOM, a metal-coated
AFM tip is illuminated with monochromatic light. The tip acts as an antenna and
focuses the incoming light to a highly confined and enhanced near field at its apex.
The spatial extent of the near field at the tip apex determines the spatial resolution in
s-SNOM, which is typically of the order of the tip apex radius R = 25nm [13]. The
near fields generated at the tip apex interact with the sample, resulting in a modifica-
tion of the scattered light influenced by the sample’s local dielectric properties. This
tip-scattered light is collected using an interferometric detection scheme that allows
for the simultaneous measurement of both the amplitude and phase of the scattered
field that ultimately allows for the reconstruction of the local dielectric properties of
the sample [14,15]. A nanoscale resolved infrared image of the sample can be gener-
ated by recording the tip-scattered light as a function of tip position. Alternatively, a
nanoscale-resolved Fourier transform infrared (nano-FTIR) spectrum [16,17] of the
sample can be recorded by illuminating the AFM tip with a broadband infrared laser
and recording the tip-scattered light as a function of the reference mirror position at
a fixed sample location (interferogram). The sample spectra can then be obtained by
applying a Fourier transform to the interferogram and subsequent normalization with
respect to a reference spectrum recorded on a spectrally flat area on the sample, such as
a clean Si or Au surface.

Both s-SNOM and nano-FTIR spectroscopy are powerful optical techniques that enable
nanoscale-resolved characterization of various materials across a broad spectral range.
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These techniques have been extensively applied for nanoscale-resolved chemical identi-
fication of organic and inorganic samples [16,18-20], mapping the secondary structure
of proteins [21,22], local conductivity mapping [23,24], mapping the electromagnetic
near field of plasmonic nanostructures [25-29], and visualization of propagating plas-
mon and phonon polaritons in 2D materials [30-34]. However, the majority of these
applications have primarily been demonstrated in air.

There exists an increasing need for nanoscale-resolved infrared imaging and spec-
troscopy in liquid environments, particularly for various of (bio)chemical and polari-
tonic sample systems. The strong absorption of IR light by liquids, especially H»O, and
difficulties in maintaining stable tapping mode AFM operation in liquid, have posed
significant challenges to the development of s-SNOM and nano-FTIR techniques for
studying samples fully immersed in liquids. To overcome these challenges, initial efforts
to apply mid-IR s-SNOM for samples in liquid environments involved the use of thin
IR transparent membrane-based liquid cells. Here the samples along with the liquid
are encapsulated within a membrane, such as SiN, while the s-SNOM is operated in
air [35-40].

Alternately and parallel to the work presented in this thesis, novel approaches for
s-SNOM operation in liquid were demonstrated, where both the near-field probe as
well as the samples were fully submerged in liquid [41,42]. This technique may allow
for imaging samples without the need for extensive sample preparation and avoiding
near-field probing through the membrane covering the sample, which degrades the
spatial resolution. Despite these advancements, the reported techniques are not well
established yet and face various technical and scientific challenges.

The primary objective of the work presented in this thesis was to develop and imple-
ment the necessary instrumentation to enable mid-IR s-SNOM-based nanoimaging and
nano-FTIR spectroscopy in liquid environments. We mainly focus the attention of our
work to develop instrumentation techniques for in-situ s-SNOM based mapping and
nanospectroscopy of polaritons. Polaritons are well known for their ability to enhance
light-matter interactions and play a crucial role in highly sensitive optical analysis of
(bio)chemical substances and process. Nanoimaging and spectroscopy of the polaritons’
evanescent fields is essential for experimental mode identification and field confinement
studies.

To this end, we developed two s-SNOM setups operating with standard Gaussian beams
where both the AFM tip and the sample are fully immersed in a liquid environment. This
work establishes a foundational first step toward realizing nanoscale resolved studies
using s-SNOM and nano-FTIR, paving the way for a range of applications, including
in-situ studies of antenna enhanced molecular spectroscopy, strong coupling between
polaritons and molecular vibrations, and chemical reactions at the surface of polaritonic
materials, whether bare or functionalized.



This thesis is organized as follows:

In Chapter 3, a brief introduction to the fundamental concepts of s-SNOM and nano-FTIR
spectroscopy is provided. To this end, first the foundational principles of AFM, which
serves as the base of s-SNOM, are described. This is followed by a detailed description of
the working principle of s-SNOM and the background suppression strategies necessary
for isolating near field signals from the tip-scattered field. Additionally, a discussion of
the interferometric detection schemes employed in s-SNOM for achieving amplitude-
and phase-resolved infrared nanoimaging and nanospectroscopy is provided. Finally,
an overview of a standard s-SNOM and nano-FTIR experimental setup is presented,
which serves as the foundation for the experimental setup developed during the course
of this thesis.
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Figure 2.1.: Schematic representation of the bottom illumination and detection
scheme for IR s-SNOM nanoimaging (red) and nanospectroscopy (blue)
in liquid. A schematic of the two illumination and detection schemes de-
signed for amplitude- and phase-resolved s-SNOM (red) and nano-FTIR
(blue) in a liquid environment. In the first scheme, the sample is illuminated
from either a monochromatic (red) or a broadband (blue) source under
normal incidence using a parabolic mirror (PM1). In the second scheme, the
sample is illuminated from either a monochromatic (red) or a broadband
(blue) source with totally internally reflected light from a ZnSe wedge (not
shown here, see Figure 2.3) using a second parabolic mirror (PM2). BS,
beamsplitter; FM, flip mirror; RM1, piezo actuated vibrating mirror; RM2,
piezo actuated translating mirror; QCL, frequency-tunable quantum cascade
laser; IRSC, infrared supercontinuum broadband laser.

In Chapter 4, a detailed description of the development and implementation of two
novel experimental setups to enable IR s-SNOM imaging and nano-FTIR spectroscopy
of samples in a liquid environment is provided. Side illumination and collection scheme
employed in typical s-SNOM experiments [ 13] is unsuitable for operation in liquid due to
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the strong absorption of the infrared radiation by the liquid, especially HyO. This chapter
introduces a bottom illumination and collection scheme (see schematic in Figure 2.1)
that minimizes infrared light absorption in liquid. In the first implementation, the tip
is illuminated under normal incidence (transflection s-SNOM) and the backscattered
light is collected via an interferometric detection scheme. The transflection geometry is
an ideal setup for the mapping and characterization of localized plasmon polaritons in
metal antennas in air and in a liquid environment. In the second implementation, the tip
is illuminated with the totally internally reflected (TIR) light from a ZnSe wedge (TIR-
based s-SNOM, see Figure 2.3). The backscattered light is detected interferometrically
as in transflection s-SNOM. The TIR based s-SNOM setup is then applied for nanoscale
resolved infrared chemical mapping and identification in air and in a liquid environment.
These advancements significantly enhance the capability of s-SNOM and nano-FTIR
for in-situ, label-free characterization of materials, opening new avenues for studying
bio-chemical processes and molecular sensing in liquids.
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Figure 2.2.: Transflection s-SNOM imaging and nano-FTIR spectroscopy of infrared
metal nanostructures. (a) Illustration of the near field scattering process.
The incident field Ej,. illuminates the antenna (A). The antenna fields
illuminate and polarizes the AFM tip (T), which scatters the near fields
via the antenna into the far field where it is detected via an interferometric
detection scheme (not shown here). (b) Normalized amplitude spectra s3(w)
of an individual metal rod antenna in air (red) and in a liquid environment
(H20; blue).

In Chapter 5, the normal incidence transflection nano-FTIR setup is applied for infrared
spectroscopy of resonant metal antennas both in air and liquid environments. Nanoscale-
resolved imaging and spectroscopy of the antenna near fields in liquids provide critical
insights for designing and optimizing infrared metal antennas, paving the way for future
applications in in-situ molecular sensing. In transflection nano-FTIR, a metal coated
AFM tip is illuminated via the antenna near fields and the backscattered light from
the antenna is recorded with an asymmetric FTIR spectrometer. A schematic of the tip
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illumination is shown in Figure 2.2. This chapter provides a reliable methodology for
acquiring, referencing, and stitching of transflection nano-FTIR spectra of individual
metal antennas in both air and liquid environments. A normalized transflection ampli-
tude spectra s3(w) of an individual metal rod antenna recorded in air (red) and in H,O
(blue) is shown in Figure 2.2b. The impact of HoO on the antenna resonance can be
clearly seen in the Figure 2.2b. This work provides a foundational framework for future
transflection nano-FTIR study of antenna enhanced (bio)chemical sensing, chemical
interactions, and vibrational strong coupling experiments.

(a) (b)
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Figure 2.3.: TIR based s-SNOM for phonon polariton mapping in a liquid environ-
ment. (a) Schematic of TIR based s-SNOM in liquid. (b) Dispersion of
h-BN PhPs in liquid and in air. Symbols show measured PhP momenta. The
color plot indicates the calculated imaginary part of the momentum- and
frequency-dependent Fresnel reflection coefficient, Im [r], of a 90 nm thick
h-BN flake on ZnSe in air (red) and D3O (blue). Inset shows near-field
amplitude images of h-BN PhPs launched in air (top left) and in liquid
(bottom right).

In Chapter 6, the TIR-based s-SNOM setup is applied for probing ultraconfined phonon
polaritons (PhPs) in hexagonal boron nitride (h-BN) flakes in air and liquid. Probing
ultraconfined infrared phonon polaritons in h-BN in a liquid environment offers new
possibilities for exploiting the properties of polaritons for ultracompact and highly
sensitive devices for biomolecular sensing in liquid environments. A schematic of the
TIR-based illumination scheme is shown in Figure 2.3a, where the metallized AFM tip is
illuminated with the totally internally reflected light at the top surface of a ZnSe wedge.
The tip is used for both launching and probing the PhPs. Nanoimaging (see inset to
the Figure 2.3b) and nanospectroscopy of ultraconfined h-BN phonon polaritons in
liquid reveals that the presence of liquid shifts the PhP dispersion to higher momenta. A
comparison of the PhP dispersions in air and in liquid is shown in Figure 2.3b. This work
establishes a strong foundation for future polariton enhanced s-SNOM and nano-FTIR
studies for a plethora of applications ranging from studying (bio)chemical interactions
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2. Summary

to strong coupling experiments in liquid environments.
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3. Nanoscale-resolved infrared imaging
and spectroscopy

Scattering-type scanning near-field optical microscopy (s-SNOM) and nanoscale-resolved
Fourier transform infrared (nano-FTIR) spectroscopy are scanning probe microscopy techniques
that enable optical characterization of diverse sample systems with nanoscale spatial resolution.
The resolution in these techniques surpasses the diffraction limit by focusing incoming light
onto the apex of an atomic force microscopy (AFM) tip and recording the tip-scattered light,
which contains information on the local dielectric properties of the sample. These techniques
have wide application potential, including direct visualization of surface plasmons and phonon
polaritons, as well as nanoscale chemical characterization and identification of organic and
inorganic materials. This chapter introduces the fundamental concepts and working principles of
s-SNOM and nano-FTIR spectroscopy in air.

3.1. Introduction

Optical microscopy and spectroscopy serve as powerful tools for the visualization and
characterization of samples across various scientific domains, including medicine, biol-
ogy, chemistry, and material sciences [6,43,44]. Particularly noteworthy is the infrared
(IR) region of the electromagnetic spectrum (w = 400 — 4000 cm ™!
the wavelength range A ~ 2.5 — 25 um), where photon energies coincide with molecular
and crystal lattice vibrational modes. This makes IR light exceptionally sensitive to the

chemical and structural properties of the materials [45,46].

, corresponding to

The spatial resolution of conventional optical techniques is constrained by the diffraction
limit, to approximately ~ \/2 [6,47,48]. For instance, with IR light of wavelength
A = 10 pm, the spatial resolution is limited to about A\/2 = 5 um. Consequently, this
limit in spatial resolution hinders the use of these techniques for many applications
in modern science that require the investigation and characterization of nanoscale
structures, including biological samples, nanoscale electronic and photonic devices, and
nanoscale materials and composites.

Scanning probe microscopy (SPM) [49] techniques enable high resolution imaging by
employing a sharp tip to scan the sample surface while recording various properties

13



3. Nanoscale-resolved infrared imaging and spectroscopy

(mechanical, optical, electrical, etc.) of the sample as a function of the tip position.
Among the SPM techniques, atomic force microscopy (AFM) [50] is widely utilized,
offering nanoscale-resolved images of the sample topography along with insights into
the local mechanical [51-53], thermal [54], and electrical [55] properties of the sample
in air [56,57], liquids [58-60], and ultrahigh vacuum [61-63].

Optical near-field techniques, such as scattering-type near-field optical microscopy (s-
SNOM) [9,13], photothermal expansion (PTE) microscopy [64—66], and photoinduced
force microscopy (PiFM) [67], are AFM-based techniques, in which the optical near
fields confined to the apex of a metal-coated AFM tip are used to probe local optical
properties with nanoscale resolution, overcoming the diffraction limit. The imaging
process involves recording the tip-scattered field as a function of the sample position,
where the spatial resolution is mainly determined by the radius of the tip apex, rather
than the wavelength of the probing light [13].

In s-SNOM, the tip-scattered light is analyzed using a Michelson interferometer [68,69],
facilitating simultaneous detection of both the amplitude and phase of the detected
signal. This detection scheme offers many advantages over other near-field optical
techniques, such as PTE [64-66] and PiFM [67]. These advantages include direct
near-field phase measurements for determining phase and group velocities of polari-
tons [33], the reconstruction of complex-valued dielectric functions [14,15], and tomo-
graphic sample reconstruction [70]. Furthermore, s-SNOM supports nanoimaging and
nanospectroscopy across a broad spectral range, from visible to sub-THz frequencies,
employing continuous-wave (CW) and ultrafast lasers [71,72], synchrotrons [19,73], or
free-electron lasers [74].

s-SNOM-based nanoimaging and nanospectroscopy constitute the core of the research
presented in this thesis. This chapter outlines the working principles of s-SNOM and pro-
vides a brief introduction to AFM. Additionally, the interferometric detection schemes
employed for nanoimaging (pseudo-heterodyne and synthetic optical holography) and
nanospectroscopy (nano-FTIR) are discussed. Finally, the experimental implementation
of amplitude- and phase-resolved s-SNOM and nano-FTIR are described briefly.

3.2. Atomic force microscopy (AFM)

AFM [50,57] is one of the most powerful and versatile SPM techniques routinely em-
ployed for investigating the nanomechanical properties of a wide range of sample
systems such as polymers, biological membranes, and electronic devices [75-78]. In
AFM, a sharp tip with a typical apex radius of R = 1 — 50 nm is scanned across the
sample surface. The mechanical forces between the tip and the sample are measured
as a function of the tip position to generate a nanoscale-resolved map of the sample’s
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3.2. Atomic force microscopy (AFM)

mechanical properties. The AFM tip is usually mounted on a long, flexible cantilever.
As the tip scans over the sample surface, changes in the tip-sample interaction(e.g. due
to sample topography) causes a change in the cantilever deflection.

The cantilever’s deflection is monitored optically by focusing a laser beam (deflection
laser) onto the back of the cantilever. The reflected laser beam off the cantilever’s
backside is directed to a position-sensitive detector, typically a quadrant photodiode.
Any variations in the cantilever deflection leads to a change in the angle at which the
laser beam reflects off the cantilever. Usually a feedback system is used to maintain a
constant tip-sample interaction by adjusting the vertical position of the cantilever or the
sample. By monitoring these changes while scanning the sample, a map of the sample
topography (height) and other mechanical properties can be obtained with nanoscale

resolution.
Deflection
Laser Quadrant
Photodiode
Cantilever

Figure 3.1.: Illustration of a tapping mode AFM. In tapping mode AFM, a nanoscale-
resolved topography image of the sample surface is generated by raster
scanning the sample under a tip oscillating at a frequency (2. The cantilever
oscillation is monitored by measuring the reflection of the deflection laser
beam from the backside of the cantilever with a position-sensitive quadrant
photodiode. The sample topography modifies the oscillation amplitude of
the cantilever. The tip oscillation amplitude is kept constant by a closed
feedback loop controlling the vertical position (along the z—axis) of the
sample while raster scanning the sample.

AFM can be operated in several modes: contact mode, non-contact mode, and tapping
(intermittent-contact) mode. Of these, tapping mode AFM forms the basis of s-SNOM.
Figure 3.1 illustrates a typical tapping-mode AFM setup. In this mode, a cantilevered
AFM tip oscillates near the resonant frequency of the cantilever, typically within the
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3. Nanoscale-resolved infrared imaging and spectroscopy

range of 10 — 300 kHz, with an amplitude ranging from 1 — 100 nm, driven by a piezo-
electric actuator [56]. To map the local mechanical properties of a sample, such as
its topography, the sample is gradually brought close to the tip until the oscillation
amplitude decreases to a set point of approximately 80 — 90% of the cantilever’s free
oscillation amplitude. As the tip oscillates near the sample, during each oscillation cycle
it intermittently makes contact with the sample surface, thus effectively “tapping” it.
The oscillation amplitude serves as a feedback parameter in a closed-loop operation.
A feedback loop is used to maintain a constant oscillation amplitude by adjusting the
sample’s height along the z—axis. By monitoring these vertical adjustment while raster
scanning the sample surface, a two-dimensional map of the sample’s topography is
generated.

In addition to topography, the phase shift between the signal that drives the cantilever os-
cillation and the cantilever response is highly sensitive to variation in material properties
such as as the elastic modulus, stiffness, and adhesion forces [79,80].

One of the many advantages of AFM is that it can be adapted for operation in nearly
any environment, including air [56, 57], ultra-high vacuum [61-63], or liquids [58—
60]. AFM of samples fully immersed in liquid is particularly interesting in the field
of (bio)chemistry [58,75,81], as it allows for the study of many dynamic processes
and interactions with nanoscale resolution. In liquids, tapping mode AFM is usually
preferred due to low lateral forces exerted by the tip onto the sample, which allows for
imaging of soft samples with minimal degradation [82,83]. Nonetheless, the presence
of liquid can significantly alter the cantilever dynamics, making liquid-based AFM
experiments more challenging to perform and interpret, detailed description of AFM
operation in liquid is provided in Chapter 4, Section 4.3.1.

3.3. s-SNOM working principle and implementation

Scanning near-field optical microscopy (s-SNOM) is a technique based on AFM, that
extends the capabilities of optical techniques by overcoming the diffraction limit through
the confinement of electromagnetic radiation at the tip apex. This confined field interacts
with the sample, and by detecting the tip-scattered field while raster scanning the sample,
it is possible to obtain a map of the sample’s local optical properties with nanoscale
resolution, simultaneous to the sample topography. In this section, core concepts integral
to s-SNOM operation will be briefly described.
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3.3. s-SNOM working principle and implementation

3.3.1. Tip illumination and near-field enhancement in s-SNOM

(a) (b)

Sample
Min. I T Max.

Field enhancement

Figure 3.2.: Working principle of s-SNOM and nano-FTIR. (a) A metallic AFM tip
(operating in tapping mode, where (2 is the tip oscillation frequency) is
illuminated by a focused laser beam (IR in our case). The electric near-
field confined at the tip apex interacts with the sample and modifies the
tip-scattered field. By recording the tip-scattered field, the local optical
properties of the sample can be measured while raster scanning the sample
below the tip. (b) Simulated electric near-field distribution for a Pt tip
(length L = 10 pm, apex radius R = 25 nm) illuminated with p-polarized IR
light of wavelength A = 6 um at an angle of 60° with respect to the tip axis,
showing the electric field enhancement in the vicinity of the tip apex. The
electric field distribution was simulated using the COMSOL Multiphysics
software.

In s-SNOM, a metallic AFM tip is illuminated by a focused laser beam (visible, infrared,
or terahertz) to enable nanoscale-resolved optical imaging simultaneously with topog-
raphy mapping of the sample. Figure 3.2a illustrates the working principle of s-SNOM.
The metallic tip functions as an antenna, concentrating the incoming radiation Ej, into a
highly confined and enhanced spot at the apex of the tip. This high electric field at the tip
apex can be attributed to the accumulation of charges at the tip apex due to the lightning
rod effect [47], along with the excitation of localized surface plasmon polaritons in the
metal [47,84,85]. Figure 3.2b shows the simulated electric field enhancement at the apex
of a Pt tip (the tip is modeled as a 10 ym long Pt cone (epy = —549.56 + 255.337) [86]
with an apex radius R = 25 nm) illuminated by IR radiation of wavelength A\ = 6 ym at
an angle of 60° with respect to the tip axis. The electric field is p-polarized, i.e., oriented
parallel to the tip axis. It can be seen that the metallic tip concentrates the electromag-
netic radiation at the apex, and the near-field hotspot is strongly confined to a length
scale of a few tens of nm, i.e., of the order of the apex radius R = 25nm [10,11,13],
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3. Nanoscale-resolved infrared imaging and spectroscopy

which is significantly smaller than the diffraction-limited laser focus (i.e., < */2). This
electric field confinement is essential for achieving sub-diffraction-limit resolution.

When the tip is brought into proximity with a sample, the electromagnetic near-field at
the tip apex interacts with the sample, modifying the scattered field F., based on the
local optical properties of the sample. By scanning the tip across the sample surface, we
obtain a near-field optical image with the spatial resolution determined by the tip apex
radius Ry = 25nm [10,11,13] rather than the optical wavelength. This improvement
in resolution arises from the non-propagating nature of near-field interactions, which
decay exponentially with distance from the tip apex, thereby confining the interaction
to a lateral extent of the order of the apex radius R;.

The tip-scattered field Eic,, containing information about the local optical properties
of the sample is detected in the far field and can be related to the incoming field Ej,
through the complex-valued scattering coefficient o = se'® [8,13], such that

Esca = oEin = Seid)Ein’ (31)

where s and ¢ are the scattering amplitude and phase, respectively. The relationship
between Es., and the dielectric properties of the sample are described below.

3.3.2. Tip-sample near-field interaction

The interaction between the tip and the sample in s-SNOM can be approximated using a
point-dipole model. In this model, the tip apex is approximated as a sphere with radius
R; and dielectric permittivity e [87,88]. A schematic of the point-dipole model is shown
in Figure 3.3. The tip is illuminated by an incident electric field with field strength Ej,,,
along with a far-field reflection from the sample surface. Therefore, the total incident
field strength at the tip apex is given by (1 + r5) Ein, where 75 is the far-field reflection
coefficient of the sample. This incident field polarizes the tip, inducing a dipole moment
p given by:

p x a1l + 75)Ein, (3.2)

where « is the polarizability of the tip. For a sphere of radius R; in air (e,i; = 1), a can
be expressed as:

o = 47R} (3.3)

Et—l
€t+2.
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Figure 3.3.: Schematic of the point-dipole model. A metallic AFM tip in close proximity
to the sample surface is illuminated by an incident electric field Ej, and
its reflection from the sample surface. The incident field induces a dipole
moment p in the tip, approximated by a sphere of radius R; located at its
apex. The tip-sample near-field interaction is described by the interaction of
the tip dipole p with its mirror dipole p’ located below the sample surface.

For Ry < A, where ) is the wavelength of the incident light, the tip dipole p can be
described by a point dipole located at the center of the sphere. The interaction between
the tip and the sample can be modeled as an electrostatic interaction between the tip
dipole p and its mirror dipole p’ = Bp located below the sample surface, where

= 6

is the quasi-static near-field reflection coefficient, which depends on the local dielectric
constant e of the sample [8,14]. By solving the electrostatic equations describing the
multiple interactions between the tip and mirror dipoles, the effective polarizability of
the coupled tip-sample system a.g¢ can be expressed as [8]

(6%
et = ——— (3.5)

T 16m(h+Ry)?

Here, h denotes the tip-sample separation. For tip-sample separation i < Ry, a sharp
increase in the near-field scattering is observed. This sharp increase is a significant
indicator of strong near-field interactions between the tip and the sample and is crucial
for background suppression schemes, which will be discussed in subsequent sections.
The field scattered from the coupled dipole system is related to the effective polarizability
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as [8,89]
Esca X aeﬂ‘Ein. (36)

Since parameters such as «, 3, and € are generally complex-valued, the scattering
coefficient o also becomes complex and is defined as (using Equations (3.1) and (3.6)):

Esca

E X oo (1 +176)%. (3.7)

o= se® =

Here, s and ¢ represent the relative amplitude and phase shift between the incident
and the scattered light, respectively. The (1 4 r)? term accounts for the direct tip
illumination and illumination via reflection at the sample surface. Equations (3.4), (3.5),
and (3.7) provide a qualitative understanding of the tip-sample interaction in s-SNOM,
linking the observed signals s and ¢ to the dielectric properties of the sample via the
effective polarizability a.g [8,10].

For a more precise and quantitative description of these signals, advanced models
such as the finite-dipole model for bulk samples [90,91], for layered samples [92], or
numerical modeling of the tip-sample interaction [93-95] are essential.

3.3.3. Background suppression

Effective background suppression is a critical aspect of s-SNOM for achieving distortion-
free, high-resolution nanoimaging and spectroscopy. Techniques such as higher har-
monic demodulation play an essential role in isolating the near-field signal from the
background. In s-SNOM, the total detected signal E., comprises both the desired
near-field signal E,¢, originating from the localized interaction at the tip apex, and an
undesirable background signal Ey,g, due to scattering from the tip shaft, the cantilever,
and other regions outside the near-field interaction zone (caused by diffraction-limited
illumination of the AFM tip).

The total scattered field detected in the far field can be expressed as the superposition
of near-field Fy; and background E},, components:

Egca = Enf + Ebg = anEin + Ungin> (38)

where Ei, denotes the incoming field, and o, = spre'®nf and Ohg = sbgewbg are the
complex-valued scattering coefficients for the near-field and background components,
respectively.

The detector measures only the intensity of the scattered electric field,which is given by

Tger X Igea = |E‘sca|2 = |Enf + E’bg‘2 = (Enf + Ebg) (Enf + Ebg)* . (39)
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By employing the tapping mode of AFM, as previously discussed in Section 3.2, the tip
oscillates vertically near its resonant frequency 2 with an amplitude A < A. The tip
oscillation modulates the scattered field E., and can be expressed as a Fourier series:

JD— Z Eqt p cos (nQt) + Z Eyg p cos (nt) (3.10)

where Ey,, and Ey, ,, are the n'™® order Fourier coefficients of the near-field E,; and
background FE},, electric fields, respectively [91].

The near-field signal E,¢, which originates from the interaction of the highly localized
evanescent field at the tip apex with the sample (see also Figure 3.2b), exhibits a sharp
decay as the tip-sample distance increases. This strong non-linear dependence of the
near-field signal E, ¢ on the tip-sample distance [47] (as seen in Equation (3.5)) leads
to significant contributions from the near-field signal at higher harmonics of the tip
oscillation frequency 2. Conversely, the background signal F},, varies much more slowly
over distances comparable to the wavelength X of the incident field E;, and is almost
constant at the length scales of the oscillation amplitude A. Hence, the higher-order
Fourier coefficients of the background signal are negligible compared to those of the
near-field signal, i.e., Eyg,, < Eygp forn > 2.

Therefore, demodulating the signal at high harmonics (n > 2) substantially minimizes
the background contribution. From Equations (3.9) and (3.10), the intensity of the nth
harmonic of the detected signal can be written as:

Taet,n X Evg0Eqt 5, + EntnEhg 0 & Sbg,0-Snfn €08 (Pnf.n — Pbg,0) - (3.11)

Here, shg.0, $bg,0 and sy pn, dnf,n represent the amplitude and phase of the nth order
components of the background and near-field scattering, respectively.

Equation (3.11) shows that even at higher harmonics, near-field components E. ,, are
influenced by the lower-order background components F,q o, indicating a multiplicative
relationship between them. Thus, while higher harmonic demodulation effectively
reduces the background, it does not entirely eliminate it. To completely eliminate
this multiplicative background, interferometric detection schemes, such as pseudo-
heterodyne detection (Section 3.4.1) and synthetic optical holography (Section 3.4.2),
are often utilized.

3.4. Advanced detection techniques in s-SNOM

In addition to higher harmonic demodulation, s-SNOM incorporates interferometric
detection schemes, where the near-field signals are mixed with a reference beam. The
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3. Nanoscale-resolved infrared imaging and spectroscopy

resulting interference effectively eliminates both additive and multiplicative background
contributions and allows for the simultaneous measurement of the amplitude and
phase of the scattered signal. The interferometric schemes employed in s-SNOM for
nanoimaging and nanospectroscopy are briefly described below:

3.4.1. Pseudo-heterodyne interferometric detection

Detector

BS

Figure 3.4.: Schematic of the pseudo-heterodyne s-SNOM imaging setup. The tip is
illuminated with a monochromatic infrared (IR) source. The tip-scattered
light is detected using a Michelson interferometer, which consists of a beam-
splitter (BS), a reference mirror (RM), and a parabolic mirror (PM). The
reference mirror oscillates with a frequency M < Q (€2 is the tip oscillation
frequency), phase modulating the reference beam. The detector signal is
demodulated at frequencies n{2 + mM.

Pseudo-heterodyne detection [96] is a technique in s-SNOM that employs a Michelson
interferometer to achieve simultaneous measurement of both the near-field optical
amplitude and phase in s-SNOM. A schematic of the pseudo-heterodyne detection
scheme is shown in Figure 3.4. Light from a monochromatic IR source is divided into
two parts (A and B) by a beamsplitter (BS). One part of the beam (A) is directed
towards the tip apex using a parabolic mirror (PM). The tip-scattered light is collected
by the same parabolic mirror and is steered to the detector. The other part of the beam
(B) is reflected off a reference mirror (RM) and is combined with the scattered light
at the detector. The resulting intensity at the detector (see Equation (3.9)) due to the
interference of the two beams can be expressed as follows:

Idet X ’Ebg + Enf + Eref|2 = (Ebg + Enf + Eref) (Ebg + Enf + E11ref)>|< s (312)
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where E,.s denotes the reference electric field.

In s-SNOM,, the tip oscillation modulates the rapidly changing near-field signal (which
decays exponentially with increasing tip-sample distance; see Section 3.3.3) generating
near-field scattering components at integer multiples of the tip oscillation frequency, n{2
(typically in the range of a few hundred kHz with n > 2), whereas the slowly changing
background is mostly confined to the components with n < 1.

In pseudo-heterodyne detection, the reference beam is phase-modulated by oscillating
the reference mirror along the beam path at a frequency M (typically around M =
300 Hz). The interference of the phase-modulated reference beam with the tip-scattered
field at the detector generates additional sidebands at frequencies n{2 & mM (where m
is a non-zero integer, typically m > 1). When utilizing the phase-modulated reference
beam, the multiplicative background appears only on the n{2 components and is notably
absent at the sideband frequencies (n{) £ mM, m > 1) [96].

Thus, by measuring the intensity I, ,,, of the first I,, ; and second I,, > sidebands of the
modulated signal at sufficiently high harmonics of the tip oscillation (n > 2), pseudo-
heterodyne detection can effectively separate the near-field signal from the multiplicative
background [91,96] (see discussion in Section 3.3.3). The background-free near-field
amplitude s, ,, and phase ¢y, can be written as:

Sufn = 2.16k\ /12 + 12, (3.13)
and
In,2
¢nf,n = arctan 216]{7[71 s (3,14)

where k is a complex-valued proportionality constant. Note that the validity of these
equations requires that the amplitude of the reference mirror oscillation is set to 0.21),
A being the wavelength of the incident light [91,96].

The exact value of k£ does not need to be determined, as s-SNOM typically focuses on
relative material contrasts, which allows for comparisons between measurements under
varying experimental conditions. The factor 2.16k cancels out when s-SNOM signals
are normalized to a known reference material, usually a spectrally flat substrate such as
Si or Au. The normalized complex-valued scattering coefficient can be expressed as:

S?m sz}m

nr,n nit,n . sam sub

sub Ssub exp (Z < nfn = nf7n)) ) (315)
nf,n nf,n

sam and oW are the near-field scattering coefficients of the sample and the

substrate, respectively.

where o

In summary, pseudo-heterodyne detection in s-SNOM leverages the oscillatory behavior
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of the tip and modulated reference beam to facilitate background suppression and
accurate measurement of near-field interactions, aiding in nanoscale-resolved optical
characterization of materials.

3.4.2. Synthetic optical holography (SOH)

Optical holography [97,98] is an imaging technique where the light scattered from an ob-
jectilluminated with a monochromatic coherent source is superimposed with a reference
beam. The resulting interference pattern, referred to as a hologram, encodes the complex
optical field scattered from an object in a single image. Owing to the speed and ease
of implementation of optical holography (especially digital holography [99,100]), it is
widely used for reconstructing three-dimensional images [101,102], quantitative phase
imaging of biological samples [103,104], and non-destructive product testing [100].The
ability to detect complex optical fields makes holography an interesting approach for
enabling rapid phase resolved imaging in s-SNOM. While digital holography utilizes a
camera (essentially a two-dimensional array of point detectors) to record a hologram, s-
SNOM relies on a single point detector to capture the tip-scattered light. This distinction
complicates the adaptation of holographic methods to s-SNOM systems.

Synthetic optical holography (SOH) based on synthetic reference waves leverages both
the high spatial resolution of s-SNOM and the phase sensitivity of holography to enable
phase-resolved near-field imaging with significantly improved speed and technical
simplicity [105]. The synthetic reference wave is generated sequentially by slowly
varying the phase of the reference field while scanning the sample.
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Figure 3.5.: Schematic and experimental demonstration of SOH for phase resolved

nanoimaging. (a) Light from a monochromatic coherent IR source is fo-
cused on the tip via a parabolic mirror (PM). The same PM is used to collect
the tip-scattered light. The tip-scattered light is overlapped with the refer-
ence beam, which is phase-modulated by slowly translating the reference
mirror (RM) while recording an image of the sample. The detector signal
is demodulated at higher harmonic of the tip’s oscillation frequency, €2, to
record a synthetic hologram of the sample. BS, beamsplitter. (b) AFM
topography of two Au rods forming an infrared gap antenna (rod length
I = 2.9 pm, gap width w = 50nm) on a CaF; substrate. (c) Synthetic
hologram, obtained by recording the intensity at the detector /et 4 (r) as a
function of the distance r. (d) Magnitude of the Fourier transform of the

synthetic hologram ‘1: det,4’ (q), showing three peaks corresponding to the
autocorrelation (middle), direct (top), and conjugate (bottom) terms. (e)
Filtered Fourier transform (by applying a Hamming window) according to
the red dashed box in d. (f,g) Reconstructed near -field amplitude (ssca )
and phase images(¢sca,4). Figure b-g are reproduced from Reference [105].

Figure 3.5a illustrates a typical SOH s-SNOM setup. Analogous to the pseudo-
heterodyne interferometric detection discussed in Section 3.4.1, the tip is illuminated

with a monochromatic, coherent infrared light source and the tip-scattered light is

recorded while raster scanning the sample. For amplitude- and phase-resolved imaging,

a Michelson interferometer is employed to combine the tip-scattered field E,., (path

A) with the reference field E,¢f (path B). However, in contrast to pseudo-heterodyne

imaging, where the reference phase ¢ is sinusoidally modulated at each pixel, in SOH,
the reference phase ¢, (r) is varied slowly across the image by linearly translating the
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3. Nanoscale-resolved infrared imaging and spectroscopy

reference mirror (RM) position ¢ (r) while the sample is scanned rapidly below the
tip. By translating the reference mirror at a constant velocity v, the reference phase
varies linearly-in-time according to ¢ (t) = Wt + ¢, where ¢ is the reference phase
att = 0 and w is the angular frequency given by & = 27 - 2v,¢¢A. Simultaneously, the
sample is raster scanned below the tip, moving rapidly in the = direction with speed
vz. After traveling the full scan length (X'), the sample returns to the initial position
with the same speed and moves one step in the y direction A, with speed v, = v=2y/2x.
A synthetic reference wave k|| = (k, k) can thus be introduced, where k, = ©/v, and
ky = /v, = 2Xka/A, = 2X0/v,A,. The reference phase can then be written as a function
of the position (r = (7, y)) as ¢ref (1) = k) - T + ¢o. [105]

A synthetic near-field hologram is generated by superimposing the tip-scattered
field Fsca (r) X 0sca = Ssca (T) ¢'¥sea(r) with the synthetic reference field E,cf (r) o
Oref = Sref (T) ¢'%ret(r) at the detector. For background suppression, the detector sig-
nal Iqet (r) is demodulated at the nth order of the tip oscillation frequency (2 and given
by [105]:

Taetn (r) = Z FEscam+n (T) E:aa,m (r) +E:ca,n (r) Eret (v)+ Eret () Escan (r) . (3.16)

m=—0oQ

The Eqca,n (r) terms in Equation (3.16) are the coefficients of the time-harmonic compo-
nents of the scattered field and yield a background-free near-field signal for n > 2. The
near-field amplitude sgca, and phase ¢, can be reconstructed from the near-field
hologram I,, (r) by Fourier transform (FT) filtering. The FT of the near-field hologram
(calculated from Equation (3.16)) is given by [105]

Idet,n (Q) =Cp (Q) + SrefE:ca,n (kH - q) + SjefEsca,n (k|| + q) ) (317)

where C,, is the nth order autocorrelation termi.e., FT of >°° Egcai4n (v) EL, , (r),
while sier B, , and s7 ¢ Esca , are the direct and conjugate terms, shifted by —k; and k|,

sca,n

respectively. The direct term s, ., ,, can be isolated from the other terms by applying
an FT filter. Background-free near-field amplitude and phase images can be obtained
by simply filtering the direct term and performing an inverse FT of the direct term for

n > 2.

An example of near-field SOH imaging with an infrared gap antenna (rod length
[ =2.9 um, gap width w = 50 nm) is shown in Figures 3.5b-g. Figures 3.5b-c show the
topography and the simultaneously recorded near-field hologram I, (r), respectively.
The FT of the hologram in Figure 3.5c is shown in Figure 3.5d. The autocorrelation
term Cjy(center of FT shown in Figure 3.5d ), as well as the direct srefE:wA (top of
Figure 3.5d) and conjugate s Esca,4 terms can be clearly seen in the FT. The direct term

*
ref
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3.4. Advanced detection techniques in s-SNOM

is isolated (Figure 3.5e) by applying an FT filter indicated by the red dashed box in
Figure 3.5d. By performing an inverse FT transform of the direct term, the background-
free near-field amplitude sy.,4 and phase ¢y, 4 images of the antenna are shown in
Figures 3.5f, g, respectively. The reconstructed near-field images reveal the fundamental
dipolar resonance of the antenna, which is characterized by strong fields at the rod
extremities that oscillate 180° out of phase [26].

Note that isolating the direct term s,cfEg, ,, allows for effective elimination of the
multiplicative background discussed in Section 3.3.3 [26], as it is only contained in the
autocorrelation term C,, (see Equation (3.17)). SOH’s technical simplicity and efficacy
in isolating and removing multiplicative background signals thus allows for reliable
background free amplitude and phase mapping in s-SNOM.

3.4.3. Nanoscale resolved Fourier transform infrared (nano-FTIR)

spectroscopy
(a) Detector
BS Sesssssssessennn:
IRSC
H
BY £, @l
RMT u -320 -240 -160 -80 0
3 (um)

Figure 3.6.: Illustration of nano-FTIR setup and recorded interferogram. (a) The nano-
FTIR spectroscopy setup, where the tip is illuminated using an infrared
supercontinuum (IRSC) broadband laser. The backscattered light is ana-
lyzed with an asymmetric Fourier transform spectrometer. BS, beamsplitter;
PM, parabolic mirror; RM, linearly translating reference mirror. (b) Nano-
FTIR interferogram Iy 3 (0) recorded on a ZnSe substrate (blue dot in the
the figure’s inset showing the sample topography, where a 125 nm thick
PMMA film is spin coated on a ZnSe substrate).

Nano-FTIR [16] spectroscopy is an advanced technique in s-SNOM that combines the
chemical sensitivity of FTIR spectroscopy [45] with the high spatial resolution of atomic
force microscopy (AFM) to achieve nanoscale-resolved chemical identification of diverse
materials [22,106], including biological samples [17] and polymers [15,107]. Unlike the
imaging modes discussed above, nano-FTIR utilizes a broadband source to illuminate
the tip, allowing for spectral analysis at the nanoscale.
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3. Nanoscale-resolved infrared imaging and spectroscopy

Figure 3.6a illustrates a typical nano-FTIR setup. Analogous to s-SNOM imaging, nano-
FTIR spectroscopy relies on an asymmetric Michelson interferometer, where the tip
and the sample are placed in one of the interferometer arms (A). The tip is illuminated
using a broadband infrared supercontinuum (IRSC) laser. The tip-scattered light is
analyzed using an asymmetric Fourier transform spectrometer, which is essentially a
Michelson interferometer fitted with a linearly translating reference mirror (RM) [16,18].
To suppress background contributions, the detector signal is demodulated at higher
harmonics n{2 (n > 2) of the tip oscillation frequency ). This asymmetric detection
scheme enables the simultaneous measurement of both the amplitude and phase of the
complex-valued tip-scattered field [14,16].

Linearly translating the reference mirror (RM) and recording the demodulated detector
signal I4et, as a function of mirror position ¢ yields an interferogram Iget  (6). An
example interferogram, recorded on a ZnSe substrate is shown in Figure 3.6b. The
interferogram predominantly exhibits fast oscillations superimposed on an exponentially
decaying envelope, reaching a maximum at the white light position (WLP). The WLP
corresponds to the case where both arms of the interferometer have equal optical lengths,
resulting in constructive interference across all frequencies, maximizing the detected
signal. The near-field spectrum /gt , (w) can then be obtained by performing a Fourier
transform of the complex valued interferogram 4 ,, (), where w represents the spectral
frequency.

Background suppression in nano-FTIR spectroscopy

As in s-SNOM imaging, to suppress the background signal, the detector signal is demod-
ulated at higher harmonics n2 of the tip oscillation frequency 2. Using Equation (3.11),
the nth harmonic of the complex valued interferogram g ,, (¢) can be approximated
by [108]

Idet,n X Snf,n [Sbg,O Cos ((z)nf,n - beg,()) + Sref COS (¢nf,n - (bref)] ) (318)
where ¢,¢r denotes the reference phase, syt », , @nf,n, and spg 0, Pbg,0 denote the amplitude
and phase of the near-field and background signals, respectively. An interferogram
Iqet n (9) is recorded by linearly translating the reference mirror. By performing a Fourier
transform of the complex valued interferogram g ,, (), the complex valued spectra
for ¢rer = 27w is given by:

Idet,n (w) = / Snf,n [Sbg,O COs (@nf,n - qbbg,O) + Syef COS (¢nf,n - 271'0-}5)] do. (319)
0

Only the first term in Equation (3.19) contains background contributions, which are
independent of the mirror position 6. This implies that the background terms are

28



3.4. Advanced detection techniques in s-SNOM

restricted to the part of the spectrum at w = 0. Thus, for w > 0, background free
nano-FTIR spectrum
Idet,n (w) X Snf,n (w) eiqsnf,n(w) (320)

can be obtained for signal demodulated at a sufficiently high harmonic (n€ for n > 2).

Practical aspects in nano-FTIR spectroscopy

Unlike Equation (3.19), in practical applications the reference mirror cannot be translated
over an infinite distance. The finite translation range dax Of the reference mirror limits
the spectral resolution to Awpin = % [108]. For instance, with a maximum mirror
translation dmax = 800 pm (i.e., maximum interferogram length of the nano-FTIR setup
discussed here), the spectral resolution is limited to Awmin = 6.25 cm~!. The finite
length of the interferogram leads to artificial oscillations or ringing in the spectra,
which can be mitigated by multiplying the interferogram by appropriate apodization
(window) functions. Another limitation arises from the finite sampling of the recorded
interferograms, which leads to a decrease in the spectral resolution. Zero-filling is
often used to improve visibility of spectral features in the recorded spectra. Detailed

processing steps are elaborated in References [45,108].

Normalization of nano-FTIR spectra

To remove the influence of instrumental and environmental factors (such as the detec-
tor responsivity, beamsplitter efficiency, CO2 and water vapor absorption) from the
recorded spectra, the nano-FTIR spectra must be normalized against a reference sample
that exhibits a flat spectral response in the mid-IR region. Normalization allows for
accurate comparison between spectra recorded during different experiments, ensuring
that the observed differences are caused by chemical variations rather than sample
inconsistencies.

Figure 3.7 illustrates this normalization process. Figure 3.7a shows the nano-FTIR inter-
ferograms recorded on Poly (methyl methacrylate) PMMA (red) and a ZnSe substrate
(blue). Figure 3.7b shows the corresponding nano-FTIR amplitude spectra obtained by
Fourier transformation of the interferogram shown in Figure 3.7a. The PMMA spectrum
is normalized to the spectrum recorded on ZnSe according to

Iclljell/ln (("‘ ) 0 rlif nM (("’ ) ng n ((" )
) ) ) - ' PMMA - ZnSe

x = exp (i¢ w)—1 w 3.21
Iggfﬁ ( ) O—IZIETSle ( ) ngn’ie ( ) p ( nfn ( ) ¢nf,n ( )) ) ( )

yielding normalized near-field amplitude sii'5"* /sZSc and phase gbﬁfl\éMA —qb%l?ge spectrum
of PMMA.
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3. Nanoscale-resolved infrared imaging and spectroscopy

The third harmonic of the normalized amplitude and phase spectra of PMMA is shown
in Figure 3.7c and 3.7d, respectively. The normalized amplitude spectrum exhibits a
dispersive behavior, while the normalized phase spectrum shows a peak at 1735cm ™!,
corresponding to the absorption associated with the C = O stretching in PMMA. The
nano-FTIR phase spectra of organic samples correspond well with far-field FTIR ab-
sorption spectra [16,18,109], facilitating material characterization and identification
using standard FTIR references [110]. The ability to resolve chemical composition with
nanoscale resolution has made nano-FTIR an invaluable tool in numerous investigative
avenues in materials science, biology, and polymer research.
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Figure 3.7.: Normalization of nano-FTIR spectra. (a) Interferograms, zoomed near the
white light position (WLP), recorded on ZnSe(blue) and PMMA (red). The
inset shows the topography of a 125 nm thick PMMA film on a ZnSe substrate.
(b) Near-field amplitude spectra s'MMA (red) and s25¢(blue) obtained by
Fourier transform of interferograms in panel (a). () Normalized near-field

amplitude 515" /s%5e and (d) phase ¢PMMA — ¢Z25¢ spectrum of PMMA.
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3.5. Side illumination s-SNOM and nano-FTIR for operation in
air
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Figure 3.8.: Illustration of s-SNOM, SOH, and nano-FTIR setup. For s-SNOM imaging,
the tip is illuminated with either a frequency-tunable quantum cascade
laser (QCL) or a CO; laser. The backscattered light is demodulated at
higher harmonics of the tip’s oscillation frequency, nf2, and recorded with
a pseudo-heterodyne Michelson interferometer (left). BS, beamsplitter;
RM1, piezo-actuated vibrating mirror; FM, flip mirror. For SOH imaging
(right), the tip is illuminated with a monochromatic light source such as a
frequency-tunable QCL laser. For nano-FTIR, the tip is illuminated with an
infrared supercontinuum (IRSC) broadband laser. The backscattered light is
analyzed using an asymmetric Fourier transform spectrometer (right). RM2,
piezo-actuated translating mirror. Figure adapted from Reference [111].

Here we describe a standard side illumination s-SNOM setup (neaSNOM, Attocube
systems AG) . In this work, this setup was modified to enable s-SNOM and nano-FTIR
measurements in a liquid environment. The necessary instrumental development is
described in detail in Chapter 4.

Figure 3.8 illustrates a side illumination s-SNOM setup for infrared nanoimaging and
nanospectroscopy in air. The setup can be broadly divided into two sub-systems: one
for nanoimaging and the other for nanospectroscopy.

For nanoimaging, the s-SNOM setup can be operated in two configurations: pseudo-
heterodyne (left side of Figure 3.8) and synthetic optical holography SOH (right side of
Figure 3.8). For both configurations, monochromatic illumination is provided either
by a CO; gas laser (Access Laser Merit-G) or a frequency-tunable quantum cascade
laser (QCL, Daylight Solutions Inc.). The light is focused onto a commercially available
metal-coated AFM tip using a parabolic mirror (PM). A piezo actuator is used to
oscillate the AFM tip with frequency (2. Due to the tip-sample near-field interaction
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3. Nanoscale-resolved infrared imaging and spectroscopy

(Section 3.3.2), the tip-scattered light is modulated at higher harmonics n{) of the
oscillation frequency. It is collected by a Michelson interferometer equipped with either
a piezo-actuated vibrating mirror (RM1 for pseudo-heterodyne imaging) or a linearly
translating reference mirror (RM2 for SOH). The scattered light is detected by an MCT
detector (InfraRed Associates, Inc.). The detector signal is recorded using a fast data
acquisition card and the NeaSNOM software processes and demodulates the signal
yielding amplitude s,, and phase ¢,, images of the sample.

For nanospectroscopy (nano-FTIR, shown on the right side of Figure 3.8), the AFM
tip is illuminated with a broadband infrared radiation from a difference frequency-
generated laser supercontinuum (frequency range = 1200 — 1700 cm ™!, average power:
500 xW). Similar to nanoimaging the modulated tip-scattered light is collected with a
Michelson interferometer, where the reference mirror (RM2) is translated linearly to
record an interferogram. The neaSSNOM software processes the interferogram according
to Section 3.4.3 yielding the amplitude s;*™ (w) and phase ¢;*™ (w) spectra of the sample.
The sample spectra are normalized against a reference spectra (recorded on the substrate)

according to the Equation (3.21).
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4. Instrumental development for infrared
s-SNOM and nano-FTIR in a liquid
environment

Infrared scattering-type near-field optical microscopy (IR s-SNOM) and nanoscale-resolved
Fourier transform infrared (nano-FTIR) spectroscopy are powerful, label free techniques for
characterization and identification of a wide range of materials, including polymers, biomaterials,
semiconductors, metallic nanoparticles, and 2D materials with nanoscale resolution. Extending
these techniques to liquid environments could provide unprecedented insights into bio-chemical
processes, crystal growth, material sciences, and molecular sensing. However, the development
of in-situ IR s-SNOM and nano-FTIR has remained a significant challenge due to water’s strong
IR absorption and challenges associated with the tapping mode AFM operation in liquid. In
this chapter, we describe two novel s-SNOM techniques developed during this thesis, enabling
amplitude- and phase-resolved nanoimaging and nanospectroscopy in liquid environments. These
advancements open new possibilities for in-situ nanoscale study of materials and processes in
their native liquid state. Some parts of the results presented in this chapter were previously
published in Reference [112].

4.1. Introduction

Nanoscale-resolved studies of molecular interactions and dynamic processes in liquid
environments could provide valuable insights into fundamental processes in biological
systems, chemical reactions, (nano)biomolecular engineering, and material research.
However, developing scattering-type scanning near-field optical microscopy (s-SNOM)
and nanoscale resolved Fourier transform infrared (nano-FTIR) spectroscopy techniques
for operation in liquid environments has remained significantly challenging, primarily
due to the strong absorption of infrared (IR) radiation by water and the complexities
associated with tapping mode atomic force microscopy (AFM) operation in liquids.
Initially, mid-IR s-SNOM experiments with samples in liquid relied on graphene/SiN-
based liquid cells, where the liquid is covered by a thin IR transparent membrane while
the s-SNOM is operated in air. These ultrathin membranes have enabled nanospec-
troscopy of living cells and nanoparticles in liquid environments [35-40]. However,
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4. Instrumental development for infrared s-SNOM and nano-FTIR in a liquid environment

membrane-based liquid cells often require complex sample preparation and may exert
pressure on the encapsulated samples [35,113,114], potentially distorting the topo-
graphical information. Additionally, fluctuations in the volume of the encapsulated
water can create artifacts impacting the image contrast [35].

More recently and parallel to the results presented in this thesis, IR s-SNOM where
both the near-field probe and the samples were immersed in liquid was demonstrated
for organic materials [41,42]. This in-situ near-field optical microscopy approach has
the potential to allow imaging of bio(chemical) samples in physiological environments
while minimizing near-field interactions between the samples and the membranes that
cover them. However, IR s-SNOM and nano-FTIR spectroscopy in liquid remain under-
developed due to various technical and scientific challenges. For instance, complex beam
shapes are often necessary for normal incidence illumination, allowing for nanoimaging
but complicating spectroscopy [42]. Conversely, a total internal reflection (TIR)-based
geometry has been successfully demonstrated for nanospectroscopy, but is deemed
challenging for nanoimaging due to effective beam path change during scanning [41].

Beyond s-SNOM, nanoscale-resolved IR nanoimaging in liquid has also been achieved
using techniques such as photothermal expansion (PTE) microscopy and photoinduced
force microscopy (PiFM) [115-118]. These methods detect the IR absorption of a
sample non-optically by monitoring changes in the cantilever oscillation caused by the
photothermal expansion of the sample. However, the interferometric detection scheme
of s-SNOM provides several advantages over these techniques, as discussed previously
in Chapter 3.

In this Chapter, we outline the development and implementation of two novel instru-
mental approaches enabling s-SNOM imaging and nano-FTIR spectroscopy in liquid
environments. We begin by discussing the underlying concept (Section 4.2) and ex-
perimental implementation (Section 4.3) of our techniques. This includes a detailed
discussion of AFM operation in liquid (Section 4.3.1), followed by the implementation of
two illumination and collection schemes: the normal incidence/collection transflection
setup (Section 4.3.2) and the TIR-based setup (Section 4.3.3) for s-SNOM and nano-FTIR
inliquids. We apply the transflection s-SNOM for mapping localized plasmon polaritons
in metal antennas in liquid in Section 4.4. Subsequently, in Section 4.5, we demonstrate
the application of TIR-based s-SNOM for chemical nanoimaging and nanospectroscopy
in liquids.
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Figure 4.1.:
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Schematic representation of the bottom illumination and detection
scheme for IR s-SNOM nanoimaging (red) and nanospectroscopy (blue)
in liquid. A schematic of the two illumination and detection schemes de-
signed for amplitude- and phase-resolved s-SNOM (red) and nano-FTIR
(blue) in a liquid environment. In the first scheme, the sample is illuminated
from either a monochromatic (red) or a broadband (blue) source under
normal incidence using a parabolic mirror (PM1). In the second scheme, the
sample is illuminated from either a monochromatic (red) or a broadband
(blue) source with totally internally reflected light from a ZnSe wedge (not
shown here, see Figure 4.9) using a second parabolic mirror (PM2). BS,
beamsplitter; FM, flip mirror; RM1, piezo actuated vibrating mirror; RM2,
piezo actuated translating mirror; QCL, frequency-tunable quantum cascade
laser; IRSC, infrared supercontinuum broadband laser.

s-SNOM and nano-FTIR are advanced AFM-based techniques that enable amplitude-
and phase-resolved optical characterization of diverse samples with nanoscale resolution.
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Before discussing the instrumental development for liquid environments, it is crucial
to understand the fundamental principles underlying s-SNOM and nano-FTIR. These
principles are rooted in the interaction between light, the AFM tip, and the sample,
which are essential for achieving precise optical measurements. A detailed discussion
of these fundamental working principles of s-SNOM is presented in Chapter 3.

Figure 4.1a illustrates a typical s-SNOM setup for amplitude- and phase-resolved
nanoimaging (s-SNOM or synthetic optical holography (SOH)) and nanospectroscopy
(nano-FTIR) in air. In this configuration, the AFM tip is illuminated at an angle of 60° rel-
ative to the tip axis using an off-axis parabolic mirror (PM), and the back-scattered light
is collected by the same parabolic mirror. However, such side-illumination geometry is
unsuitable for operation in liquid environments, particularly at infrared frequencies,
due to the strong absorption of infrared light by water and other liquids.

To facilitate s-SNOM and nano-FTIR measurements of samples immersed in liquids with
the AFM also operating in liquid (as opposed to membrane-based liquid cells [35-40]),
it is essential to adopt an illumination and detection scheme that minimizes the optical
path through the liquid medium. To address this, we implement a bottom illumination
and detection scheme for s-SNOM, as illustrated in Figure 4.1b. In this setup, the IR
beam is focused onto the tip apex using an off-axis parabolic mirror (PM) through a
substrate and a sample holder window made of CaFy. We chose CaF, as the window
material in our setup since it is transparent to both visible and infrared light, facilitating
precise alignment of the IR light from laser sources to the tip and subsequently to the
detector. For alignment purposes, the IR beam in our setup is guided by overlapping it
with a pilot laser (HeNe, A = 633 nm) as a visual reference.

To conduct nanoimaging and nanospectroscopy in liquids, we employed an open liquid
cell, described in detail in Section 4.3, consisting of a droplet of water confined between
the sample and a transparent window above the AFM cantilever (see Figure 4.1b). The
transparent (CaF3) window is integrated into the cantilever holder to optimize the AFM
and, consequently, s-SNOM performance in liquid. The AFM operation in liquid is
elaborated in Section 4.3.1.

We propose two distinct bottom illumination and detection schemes for operation in
liquid. In the first scheme (transflection s-SNOM setup), the tip is illuminated under
normal incidence (i.e., perpendicular to the sample surface) while the back-scattered
light is collected in a transflection configuration (see Figure 4.1b). A detailed discussion
of the implementation of the transflection setup in air and liquid environments, along
with its advantages and disadvantages, will be provided in Section 4.3.2. In the second
scheme (TIR s-SNOM setup), the tip is illuminated via the totally internally reflected
(TIR) beam at the substrate-liquid or substrate-air interface. A comprehensive discussion
of the working principle and implementation of TIR-based s-SNOM in liquid will be
elaborated in Section 4.3.3.
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4.3. Implementation

To enable amplitude- and phase-resolved nanoimaging and nanospectroscopy in liquid
environments, we developed two novel instrumental approaches. Our implementations
consist of the transflection and TIR-based s-SNOM techniques, both of which are based
on a commercial s-SNOM (neaSNOM) setup from Neaspec, Attocube Systems AG. To fa-
cilitate the operation of this setup in a liquid environment (illustrated in Figure 4.1b), we
modified the cantilever and sample holders, along with adjustments to the illumination
and collection schemes, as summarized in Section 4.2. Some of these modifications were
made in collaboration with Neaspec. In this section, we present a detailed description
and implementation of the modified setup.

(@) (b)
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Figure 4.2.: Open liquid cell concept for s-SNOM and nano-FTIR. (a) Schematic of
the liquid cell and (b) an image of the sample holder showing the formation
of a liquid droplet on a ZnSe wedge. The droplet can be easily refilled by
injecting a small quantity of liquid through a tube connected to the substrate.
This concept is similarly applied for for both transflection and TIR-based
s-SNOM measurements.

To facilitate the setup’s operation in liquid, we implemented an open liquid cell (see
Figure 4.2). The sample is securely mounted to the CaF, window on the sample table
(Figure 4.3a) using double-sided carbon tape (Figure 4.2b). An electrically conductive
carbon tape is employed to minimize charge accumulation on the AFM tip, which is a
common issue when working with insulating substrates (for instance, the sample holder
window is made from the insulating material CaFy) [119,120]. Charge accumulation
can degrade AFM performance, often preventing the AFM tip from making contact
with the sample during the tapping cycle. Notably, increasing ambient humidity can
also mitigate charge accumulation, which tends to affect measurements in air [119].

A droplet of liquid is placed directly on the CaF, or wedged ZnSe substrate, and it can be
replenished by injecting additional liquid from a syringe connected via a tube to a Teflon

37



4. Instrumental development for infrared s-SNOM and nano-FTIR in a liquid environment

(Polytetrafluoroethylene) block, which is in direct contact with one edge of the substrate.
This design allows for convenient refilling of the droplet between measurements (see
Figure 4.2).

(a) Sample Table (Top View) (b) Cantilever Holder (Top View) (c) AFM in liquid (Side View)
B B
< e R CaF, = AFM Head

& P window

H,0

LCan window
X

Sample Table

Figure 4.3.: Modified cantilever and tip holder for s-SNOM operation in liquids. (a)
Sample table integrated with a CaFy window to facilitate illumination and
collection from below the sample. (b) Cantilever holder integrated with a
CaF3 (IR transparent) window for optimal detection of the deflection laser
as part of the AFM operation. (c) Schematic representation of the AFM tip
in an open liquid cell.

For AFM and s-SNOM operation in liquid, an AFM tip (Si tip coated with either Pt — Ir
(Arrow NCPt, Nanoworld) or Au (PPP-NCSTAu, Nanosensors)) is affixed to the modi-
fied cantilever holder using thermal glue (Figure 4.3b). A CaF, window is integrated
into the cantilever holder to ensure optimal detection of the deflection laser within
the liquid medium. The deflection laser is focused through this CaFs window onto
the backside of the cantilever and the reflected beam is detected as part of the AFM
operation (for a detailed description of AFM operation in liquid, see Section 4.3.1).
The sample is brought close to the AFM tip until the droplet of water is uniformly
squeezed between the sample and the transparent window above the AFM cantilever
(see Figure 4.1 and 4.3c). This open liquid cell enables stable s-SNOM operation in
liquid. A detailed protocol for AFM and s-SNOM operation in liquid specific to this
setup can be found in Appendix A.

In this thesis, we utilize either deionized (DI) water (H2O) or heavy water (D>0O) (99.9
atom % D, Sigma-Aldrich). We substitute HyO with DoO when extended measurement
times are necessary. This substitution is advantageous because the IR absorption in DO
is lower than that in HoO [121,122] within the frequency range of the broadband laser
emission (1200 — 2100 cm™?, essential for the polariton and dielectric mapping shown
in this work). The reduced absorption in DoO minimizes the rate of evaporation of the
liquid, thus enhancing the stability of AFM operation.
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4.3.1. AFM in liquid

In this section, we describe the operation of tapping mode AFM in liquid, which serves
as the foundation for s-SNOM and nano-FTIR measurements. The working principle
of AFM, specifically tapping mode AFM, has been previously discussed in Chapter 3,
Section 3.2. A schematic of the tapping mode AFM setup operated in liquid is shown in
Figure 4.4. We employ an open liquid cell (see Figure 4.3¢c), where a droplet of liquid held
between the sample surface and the CaF; window integrated in the cantilever holder
serves as the imaging medium. This CaFy window minimizes spurious reflections
from the liquid droplet’s meniscus, allowing for efficient focusing and detection of
the deflection laser, which is crucial for accurate AFM detection in liquid. A detailed
protocol for loading and operating the liquid cell is provided in Appendix A.

Deflection Quadrant
Laser Photodiode

CaF, window.

o 4

~ Cantilever
Tip Liquid

| Sample |

Figure 4.4.: Schematic of tapping mode AFM in liquid. The open liquid cell concept
allows both the sample and cantilever to be fully immersed in liquid during
imaging. The cantilever movement is monitored by recording the reflection
of the deflection laser focused on the back of the cantilever using a position-
sensitive quadrant photodiode.

In tapping mode AFM, a piezoelectric actuator is commonly used to acoustically excite
the cantilevered tip by applying a sinusoidal voltage to the drive piezo [56]. The
cantilever is oscillated at a fixed frequency, typically near its fundamental resonant
frequency. The oscillation amplitude is sensitive to the tip-sample interaction and
decreases as the tip approaches the sample surface. This oscillation amplitude serves as
a feedback parameter, enabling the monitoring of changes in the sample’s topography
while the sample is raster-scanned beneath the tip. Figure 4.5a shows a typical frequency
response spectrum of a Pt — Ir coated Si tip (Arrow NCPt, Nanoworld) measured in
air, revealing a distinct sharp peak, with a zoom-in shown in Figure 4.5b, corresponding
to its fundamental resonant frequency.
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In contrast, when operating in liquid, the acoustic excitation of the cantilever leads to a
frequency response that is characterized by multiple peaks, commonly referred to as a
“forest of peaks” [123]. Figure 4.5c shows the measured frequency response of the same
cantilevered tip (as presented in Figure 4.5a) now immersed in liquid (specifically H»O).
The appearance of these additional peaks can be attributed to the acoustic vibrations of
the liquid surrounding the cantilever, which can also drive the cantilever. Consequently,
the frequency response of the cantilever in liquid can be approximated as a convolution
of the true cantilever resonance and the complex fluid drive spectrum of the liquid
cell. This combined response is influenced not only by the intrinsic properties of the
cantilever but also by the geometry and dynamics of the liquid cell itself [123,124].

The presence of these additional sharp peaks (see example in Figure 4.5¢) complicates
the selection of the appropriate driving frequency for effective operation in liquid. To
navigate this complexity, one must first identify a strong low-frequency peak specific to
the particular cantilever-liquid cell setup being used. This involves a careful analysis of
the frequency response spectrum to discern which peaks correspond to useful resonant
modes for excitation while filtering out the less relevant or spurious peaks. Once the
optimal driving frequency is determined, it serves as a reliable reference for future
measurements in liquid environments. The detailed protocol for selecting the driving
frequency, along with guidance for adjusting the imaging parameters in liquid, is
outlined in Appendix A.

The presence of liquid significantly influences two key cantilever resonance parameters:
the resonance frequency fy and the quality factor @ = g—of (see Figure 4.5b), where
Af is the bandwidth of the resonance, i.e., Full Width at Half Maximum (FWHM).
The quality factor @ is a dimensionless quantity that gives a measure of the damping
in the cantilever oscillation. Both f; and @ influence how quickly the tip responds to
changes in the sample’s topography. In liquid, both the resonance frequency and the
quality factor are reduced. Specifically, the resonant frequency ( fp) can decrease to
approximately one third of its value in air, with f;2° ~ 1 f2r, due to the increased
effective mass of the cantilever in liquid (which occurs as a result of the cantilever
dragging the surrounding liquid during oscillations) [123,125]. For instance, in our
liquid cell, the resonant frequency of a Pt — Ir tip recorded in air f&'* ~ 268 kHz shifts to
roughly 5{20 ~ 108 kHz in HpO (see Figures 4.5b, d). A detailed protocol for selecting
the driving frequency is provided in Appendix A.

Moreover, the hydrodynamic damping in liquid broadens the resonance peak, leading
to a significant reduction in the quality factor Q). For our system, the @ factor in liquid
is approximately five times lower than in air (Q** = 525, Q120 = 28), see cantilever
resonance in air and H,O in Figures 4.5b, d, respectively. This low () factor results
in anharmonic and asymmetric oscillations of the cantilever, which can enhance the
force exerted by the tip on the sample [126]. Such an increase in tip force, combined
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with incorrect selection of the drive frequency, may lead to greater sample damage
and deformation in liquid. Therefore, it is crucial to carefully select optimal imaging
parameters in liquid to minimize potential sample damage. A detailed description can
be found in Appendix A.
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Figure 4.5.: Comparison of typical frequency response of a cantilevered AFM tip
recorded in air and liquid. (a) Frequency response spectrum of a com-
mercially available Pt — Ir coated Si AFM tip (NCPt arrow tip, Nanoworld)
measured in air. TA, tapping amplitude. (b) Zoom-in of the resonance peak
of the cantilever in air. (c) Frequency response spectrum of the same AFM
tip (as in panel a) measured in liquid (H20). (d) Zoom-in of the selected
resonance peak (indicated by shaded region in panel ¢) for AFM operation
inliquid. A detailed protocol for selecting the driving frequency is provided
in Appendix A.

To evaluate the performance of our setup in liquid, we recorded a topographical im-
age (10 x 10 um) of a TGQ1 calibration grating (NT-MDT Spectrum Instruments Ltd.,
Ireland), which consists of a 3D array of SiO; islands patterned onto a Si wafer. The
SiOg islands are approximately 20 £ 1.5 nm high and 1.5 £ 0.35 m wide, with a grating

41



4. Instrumental development for infrared s-SNOM and nano-FTIR in a liquid environment

periodicity of 3 & 0.05 pm. The topographical image recorded in liquid is shown in
Figure 4.6a, revealing a drift-free topography map of the grating structure. This indicates
robust AFM performance in liquid. The measured height, width, and separation of
the islands corresponds well with the parameters specified by the manufacturer. A
representative line scan showing the height data (extracted along the blue line shown
in Figure 4.6a) for a SiO island is shown in Figure 4.6b, further confirming the stability
and accuracy of our setup in liquid.
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Figure 4.6.: AFM in liquid. (a) AFM topography image of the TGQ1 calibration sample,
demonstrating the reliable performance of our setup in liquid. (b) Line
profile extracted along the horizontal line shown in panel a, revealing the
height » = 20nm and width w = 1.5 um of the SiO; islands on the Si
substrate. These values match well with the grating specifications provided
by the manufacturer.

It is important to note that the AFM setup used in this study remains relatively basic for
liquid operation. Future improvements in AFM performance and resolution could be
achieved by implementing advanced () control strategies to increase the quality factor
@ of the cantilever oscillation in liquid [127,128]. Additionally, alternate excitation
methods, such as magnetic piezoelectric excitation [129], could be explored to mitigate
the appearance of spurious peaks in the cantilever response spectra and improve overall
imaging stability.
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4.3.2. Transflection illumination and collection geometry
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Figure 4.7.: Normal incidence transflection illumination and collection geometry.
Schematic representation of the transflection setup. The incident light Ej, il-
luminates the tip under normal incidence and the backscattered light £ is
collected. The polarization direction of the incident light is indicated by the
red double sided arrow. PM, parabolic mirror; 2, tip oscillation frequency.

In this section, we describe the implementation of the transflection illumination and
collection geometry in s-SNOM, specifically designed to minimize the optical path
through the liquid medium enabling nanoimaging and nanospectroscopy in liquid
environments. A schematic of the normal incidence transflection scheme is shown in
Figure 4.7.

In this setup, a Pt — Ir coated AFM tip (NCPt arrow tip, Nanoworld) is illuminated
with a focused IR beam under normal incidence relative to the sample surface using a
parabolic mirror (f = 8 mm, NA = 0.44) through a CaF, substrate and sample holder,
similar to transmission mode s-SNOM [26,130]. The parabolic mirror was mounted on
a three-axis (—zyz) piezo translation stage to enable fine positioning of the laser focal
spot. The parabolic mirror and the piezo stage were provided by Neaspec, Attocube
Systems AG. A key difference in transflection mode is that we collect the backscattered
light transmitted through the substrate using the same parabolic mirror, instead of
employing a second parabolic mirror to collect the tip-scattered light above the sample,
as in transmission mode.

The transflection geometry is crucial for enabling s-SNOM measurements in liquid
environments. By effectively minimizing the optical path of the tip-scattered light
in the liquid, it significantly reduces IR absorption (particularly by water, HyO) and
mitigates reflection losses at the liquid droplet meniscus. Furthermore, the backscattered
light is recorded as a function of either the tip position (using a standard pseudo-
heterodyne interferometer [96]) or the reference mirror position (using an asymmetric
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FTIR spectrometer; nano-FTIR [16]) with an MCT detector (see also the schematic in
Figure 4.1).

To suppress background contributions, higher harmonic signal demodulation of the
detector signal at n{2 (for n > 2, where (2 is the tip oscillation frequency) is used, similar
to side illumination s-SNOM (described previously in Chapter 3).

Within the s-SNOM community, it is well-established that maximum field enhancement
between the tip and the sample occurs when the polarization of the incident light aligns
parallel to the long axis of the tip [131,132]. However, under normal incidence, the
polarization of the incident beam remains perpendicular to the long axis of the tip,
preventing direct coupling between the probing tip and the IR light. To overcome this
limitation, we propose utilizing the transflection geometry to examine nanostructures,
such as resonant polaritonic antennas, which can convert the incident electric field into
a field possessing a vertical component that is aligned parallel to the tip’s long axis.

The transflection geometry offers a two-fold advantage for performing nanoimaging and
nanospectroscopy of resonant antennas in a liquid environment. First, normal incidence
is an ideal configuration for antenna mapping, as it facilitates efficient excitation of
antennas while minimizing tip excitation (since the field polarization is perpendicular to
the tip axis), thus reducing distortion of the antenna fields [130,133]. Second, polaritons
are well known for their ability to significantly enhance infrared absorption not only in
air [134,135] but also in liquid environments [136-138].

While near-field mapping of optical and infrared antennas has been successfully demon-
strated in air using transmission mode s-SNOM [26,130, 139] and side illumination
s-SNOM [28,140-142], transflection s-SNOM has not yet been reported. We demonstrate
the application of transflection s-SNOM for amplitude- and phase-resolved nanoimag-
ing and nanospectroscopy of the antenna near-fields in both air and liquid environments
(Section 4.4 and Chapter 5, respectively). The ability to perform amplitude- and phase-
resolved nanoimaging of the antenna near-field distribution is critical for the design and
optimization of antennas for future in-situ studies of antenna-enhanced (bio)chemical
interactions.

4.3.3. TIR-based s-SNOM

The normal incidence transflection mode in s-SNOM is suitable for scenarios where
the near-field is generated by an antenna and the tip serves exclusively as a scattering
probe. However, for applications such as dielectric mapping, chemical identification
[15,16,21,143], and imaging ultraconfined polaritons in 2D materials [30,31], efficient
coupling of the incident light with the tip is essential to generate concentrated near
fields at the tip apex.
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To overcome the limitations of the transflection setup, we developed a TIR-based illu-
mination and collection geometry in s-SNOM. This setup enables efficient coupling of
the incident light with the tip, enabling nanoimaging and nanospectroscopy of diverse
sample systems.

TIR occurs when light traveling from an optically denser medium strikes the interface
with an optically rarer medium at an angle greater than the critical angle .. Let medium
1 be the optically denser medium with refractive index n; and medium 2 the optically
rarer medium with refractive index ng, such that n; > ns. The light is totally internally
reflected back into medium 1 when the angle of incidence 6 exceeds the critical angle 6.,
(i.e., 8 > 6.). The critical angle can be calculated using Snell’s law: n; sin 6; = ng sin 6.
By setting the angle of refraction 6 = 90°, the critical angle 6, is defined as [6]

f. = sin~! <”2> . (4.1)

ni

Above the critical angle 0., no propagating fields exist in the optically rarer medium
(medium 2). However, an evanescent field is generated that extends perpendicular to
the interface of the two media (in medium 2). This evanescent field decays exponentially
with increasing distance from the interface. Notably, the electric field of the evanescent
wave is oriented vertically, i.e., parallel to the tip axis, which is crucial for efficient
coupling with the AFM tip. The decay length of the evanescent field into medium 2,
defined as the distance at which the field strength has decayed to /e of its maximum
intensity, can be calculated as follows [45]:

A
271y \/sin2 0 — ("2'/711)2

= ) (42)

where ) is the wavelength of the incident light. This decay length depends on the angle
of incidence and the refractive indices of both media. Typically, in the infrared region,
the decay length is of the order of 0.5 — 2 um (see schematic in Figure 4.8b).

The confinement of the electric field near the interface makes TIR particularly suited
for the study of surfaces and interfaces. Furthermore, it enables measurements in
liquids with strong infrared absorption, such as HoO [144-146]. Consequently, TIR
techniques are widely used in various spectroscopy and microscopy applications, includ-
ing attenuated total internal reflection Fourier transform infrared spectroscopy (ATR-
FTIR) [45,145,147], total internal reflection fluorescence (TIRF) microscopy [148,149],
and total internal reflection Raman spectroscopy [150,151].

To implement TIR-based s-SNOM, the tip is illuminated with the evanescent fields
generated above the surface of an optically denser medium when the incoming light
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(a) Schematic front view (b) Schematic side view
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Figure 4.8.: Implementation of TIR-based illumination and collection scheme. (a)
Schematic of the fabricated ZnSe wedge. The wedge angle is 30°. (b)
Schematic of the tip illumination in TIR based s-SNOM. The incoming light
Eiy is focused onto the ZnSe wedge (n1) at an angle 6 > 6., where 0, is the
critical angle. The tip is illuminated via an exponentially decaying evanes-
cent field generated by total internal reflection of the incoming light at the
ZnSe and liquid interface, which efficiently polarizes the tip-sample dipole
that radiates into the far field Eqy;.

undergoes total internal reflection. Typically, a prism is used to meet the conditions
for TIR and to create this evanescent field. The prism material is selected based on
several key criteria: the material must be transparent in the measurement spectral range,
exhibit no overlapping IR resonances with the sample, be chemically compatible with
both the sample and imaging medium (i.e., does not react with the sample or dissolve
in the liquid), and possess a higher refractive index compared to the sample under
investigation. Commonly used materials for the prism at IR frequencies include ZnSe,
Si, and Ge.

Due to space constraints in the current setup, we utilized a wedged substrate to achieve
TIR [45,146]. Specifically, a wedged ZnSe substrate was chosen for this work owing
to its higher refractive index of nznse = 2.4 [152], when compared to the intended
imaging media (H20,D20) and samples (refractive index of medium 2, ny ~ 1.6).
Furthermore, ZnSe has a broad transmission range (0.6 — 21 um), is chemically inert,
and is easy to fabricate with custom specifications. Additionally, its transparency to
visible light (specifically, HeNe laser at A = 633 nm) facilitates the optical alignment of
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the IR beam using a HeNe pilot laser.

The ZnSe wedges were fabricated according to custom specifications by Crystan Ltd,
UK. To create the wedges, one edge of a 10 x 10 x 2mm ZnSe substrate was polished
at an angle of 30°. For added stability, the wedge edge was chamfered to 0.3 mm (see
schematic in Figure 4.8a).

A detailed schematic of the tip illumination is shown in Figure 4.8b. In this setup, the
wedge is illuminated by a focused beam using an off-axis parabolic mirror (f = 10mm)
at a central beam angle of approximately 50° relative to the tip axis. The angled polished
surface ensures that the ZnSe-air or ZnSe-liquid interface is illuminated at an incidence
angle 6 > 0. ~ 34° (with ny = 1.35 and n; = 2.4). As a result, the tip is illuminated
by the TIR-generated evanescent field at the wedge-liquid interface (see Schematic in
Figure 4.8b).

The decay length + of the evanescent field above the ZnSe wedge can be calculated using
Equation (4.2). For an illuminating wavelength of 6 um with § = 45°, the decay length
is approximately 700 nm in liquid. Consequently, samples are placed directly on the top
surface of the ZnSe wedge.

Figure 4.9a illustrates the tip illumination and collection geometry in TIR-based s-
SNOM. An off-axis parabola (f = 10 mm) focuses the incident beam onto the wedged
substrate, while the tip-scattered light is collected by the same parabolic mirror. The
parabolic mirror was mounted on a three-axis (—zyz) piezo translation stage to enable
fine positioning of the laser focal spot. The parabolic mirror and the piezo stage were
provided by Neaspec, Attocube Systems AG. This setup enables both monochromatic
nanoimaging and nano-FTIR spectroscopy, as elaborated in Section 4.5 and Chapter 6.

Figures 4.9b, c display so-called “approach curves” recorded in DO with the TIR
s-SNOM and nano-FTIR setup, respectively. These curves show the demodulated near-
field amplitude signal s, (n > 2) as a function of the tip-sample distance. In practice,
the “approach curves” are recorded as the oscillating tip is retracted from the sample
surface. Notably, a higher tapping amplitude was used for the AC recorded with
nano-FTIR compared to s-SNOM imaging. This adjustment was aimed to improve
the signal-to-noise (S/N) ratio when using typically low-powered broadband infrared
sources [16,17,153].

The approach curves exhibit a strong signal decay with increasing tip-sample distance,
which is more pronounced for higher harmonic signals. This behavior is consistent with
well-established results from s-SNOM studies in air [88]. As expected, all the curves
decay to the noise floor at large tip-sample distances, verifying that background-free
near-field signals are measured. The rapid signal decay at higher harmonics of the
demodulated signal is known for significantly enhancing surface sensitivity and spatial
resolution in s-SNOM and nano-FTIR. Consequently, Figures 4.9b, c suggest that higher
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harmonic demodulation may also be exploited for increasing the spatial resolution and
surface sensitivity in liquid environments.
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Figure 4.9.: TIR-based s-SNOM and nano-FTIR in liquid. (a) Schematic of the setup.
The tip is illuminated by the TIR-generated evanescent field. The backscat-
tered light is demodulated at higher harmonic’s of the tip’s oscillation fre-
quency, nf). PM, parabolic mirror. (b) Approach curves (ACs) showing
the decay of s-SNOM amplitude signals s, in liquid (D20) with increasing
tip-sample distance (i.e., the minimum distance between the tip apex and
the sample during an oscillation cycle of the tip, as typically done in tapping
mode AFM), recorded at 1600 cm™~!. Tapping amplitude (TA) ~ 60 nm. (c)
ACs recorded for the nano-FTIR signal (at the white light position) in liquid,
with TA ~ 120 nm.

In Section 4.5, we demonstrate the application of TIR-based s-SNOM for amplitude- and
phase-resolved chemical nanoimaging and nanospectroscopy, both in air and liquid
environments. Furthermore, Chapter 6 describes the application of TIR-based s-SNOM
for nanoimaging and nanospectroscopy of ultraconfined polaritons in van der Waals
materials, specifically hexagonal boron nitride flakes, in a liquid environment.
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4.4. Demonstration of transflection s-SNOM for amplitude
and phase resolved antenna mapping in liquid

In this section, we apply the transflection s-SNOM setup described in Section 4.3.2 for
amplitude- and phase-resolved antenna mapping in a liquid environment, which is cru-
cial for designing and optimizing antennas for enhanced molecular sensing applications
in liquid environments.

4.4.1. Sample fabrication

The samples were prepared by Irene Dolado at CIC Nanogune BRTA.

Au disks were fabricated on a double-side polished CaF [100] substrate using high-
resolution electron-beam lithography. To facilitate the lithography process, a layer
of polymethyl methacrylate (PMMA ) was spin coated onto the substrate at 4000 rpm,
serving as the electron-sensitive polymer. To enable lithography on insulating substrates
(CaF3), a 2nm thick layer of gold (Au) was deposited on top of the PMMA layer. This
gold layer was then chemically etched by immersing the sample in a KI/I, solution for
approximately 5 seconds. Following this, the PMMA was developed in a 1:3 methyl
isobutyl ketone and isopropanol solution. A 3 nm layer of Ti was subsequently deposited
by electron beam evaporation, followed by thermal evaporation of 50 nm of Au. Finally,
the lift-off of the fabricated disks was accomplished by immersing the sample in acetone
overnight.

4.4.2. Nanoimaging in liquid

We demonstrate the application of transflection s-SNOM for antenna mapping in liquid
using a gold disk with a diameter of 4 um on a CaF; substrate, exhibiting a dipolar
resonance at 10.5 ym wavelength. Simultaneous to the topography (Figure 4.10a, left),
we observe two bright spots in the IR amplitude image (Figure 4.10a, middle). They
are aligned along the polarization of the incident beam (indicated by the double-sided
arrow in Figure 4.11a) and reveal the strongly enhanced fields of the in-plane oriented
dipole. The phase (Figure 4.10c, right) at the position of the two bright spots is stable and
nearly the same. Similar amplitude and phase images were obtained for the same disk
imaged in air (Figure 4.10), demonstrating that our setup allows for reliable amplitude-
and phase-resolved imaging of infrared antenna modes without significant distortion by
the liquid. However, a small resonance shift is observed due to the liquid, as discussed
in detail in Chapter 5, which does not affect the mode pattern.
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Figure 4.10.: Normal incidence transflection s-SNOM for mapping mid-IR plasmonic
antennas. (a, b) Topography, amplitude (s3), and phase (¢3) (from left
to right, respectively) images of the dipolar antenna mode of a gold disk
(approximately 40 nm high with a diameter of 4 ym) in (a) H,O and (b)
air. The mid-IR imaging wavelength is 10.5 ym.

Compared with previous side-illumination s-SNOM experiments [28,135] the amplitude
and phase pattern resemble the ones obtained with s-polarized illumination (where
particularly the phase is the same for the two bright amplitude spots). This can be
explained by a double scattering process [28,135] which is illustrated in Figure 4.11a.
Here, the near field of the antenna illuminates and polarizes the tip. The tip-polarization
can be approximated as an antenna-induced dipole in the tip. Due to the close proximity
of this tip dipole to the antenna, the tip radiates into the far field via the gold disk. As a
result, the gold disk effectively acts twice. The amplitude image yields essentially the
sum of the squares of the in- and out-of-plane electric antenna near fields (weighted by
the polarizability tensor of the tip) and a constant phase across the whole disk. A more
detailed discussion is beyond the scope of this thesis and we refer the interested reader
to the detailed analysis provided in Reference [135].

To further analyze the near-field contrast, we record approach curves at four representa-
tive positions on the sample, as indicated by the colored dots in the inset of Figure 4.11b.
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For the ACs recorded on the disk edges (orange and blue curves), we observe a sharp
decrease in the near-field amplitude signal s3 with increasing tip-sample distance. The
signal eventually decays to the noise floor for distances z > 150 nm. The ACs recorded
at the left and right edges of the disk are well correlated, suggesting homogeneous
illumination of the antennas in the transflection geometry. This allows us to largely
avoid the impact of retardation effects on the electromagnetic field of the antennas, as
previously described in References [140,142]. In contrast, the ACs recorded with the tip
positioned on the substrate and the center of the disk (pink and green curves) show no
notable changes in the amplitude signal s3. This confirms that the near-field signal is
negligible on the substrate, consistent with our previous observations in Figure 4.10.
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Figure 4.11.: Probing infrared antennas with tansflection s-SNOM (a) Illustration of
the near-field scattering process. The incident field Fj,. illuminates the
antenna (A). The fields generated by the antenna illuminate and polarize
the tip (T), which then scatters the near-field through the antenna into the
far field, where it is detected interferometrically (not shown here). (b) Ap-
proach curves (ACs) showing how the demodulated s-SNOM amplitude
signal s3 changes with increasing tip-sample distance, recorded at an illu-
mination wavelength of 10 ym. The inset shows the near-field amplitude
image of the disk antenna as in Figure 4.10. The colored dots in the inset
(red, right; blue, left; pink, center; green, substrate) indicate the positions
where the ACs were recorded. Scale bar: 1 ym.

To summarize, we successfully demonstrate that the transflection s-SNOM setup in
liquid yields undistorted, amplitude- and phase-resolved infrared nanoimages of the
near-field distribution of resonant plasmonic antennas. These results closely resemble
those obtained in air, highlighting the effectiveness of our approach.
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4.5. Demonstration of TIR-based s-SNOM for chemical
nanoimaging and nanospectroscopy in liquid

In this section, we apply the TIR-based s-SNOM setup described in Section 4.3.3 for
chemical nanoimaging and nanospectroscopy in both air and liquid environments. To
this end we investigated the IR absorption of a PMMA layer on a wedged ZnSe substrate.

4.5.1. Methods
Sample fabrication

The samples were prepared by Irene Dolado at CIC Nanogune BRTA.

To demonstrate amplitude- and phase-resolved chemical mapping of organic layers in a
liquid environment, a layer of 495A4 PMMA was spin coated at 4000 rpm onto the top
surface of a wedged ZnSe substrate. Following this step, the sample was baked for 1
minute and 30 seconds at 180°C.

To measure the contrast between the substrate and the PMMA layer, PMMA patches
were fabricated using electron beam lithography. To enable electron beam lithography
on an insulating substrate, a 2 nm thick layer of gold was evaporated on top of the PMMA
layer. After the electron-beam assisted writing of the patches, the gold was chemically
etched by immersing the sample in a KI/I; solution for 5 seconds. The PMMA patches
were then developed in a methyl isobutyl ketone and isopropanol (MIBK/IPA) 1:3
solution. Finally, the sample was fully dried using a nitrogen gun.

Correction for phase drift in near-field phase images

During the imaging process, the wedged ZnSe substrate with the sample is raster
scanned. This scanning causes a change in the effective beam path in the y-direction
due to the varying thickness of the substrate that the beam transverses (see geometry
illustrations in Figure 4.8b and topography in Figure 4.12a). Consequently, a constant
phase drift in the y-direction is superimposed onto the phase images (see Figure 4.12b).
To correct for this effect, we calculate the phase correction exp (ik,y). For the example
in Figure 4.12, we used k, = 1.4 um~!, which corresponds to a period of ~ 4.5 um
(see Figure 4.12c). The corrected phase image is obtained after subtracting the phase
correction from the raw phase image (see Figure 4.12d).

This procedure is applied to all phase images presented in this work.
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Figure 4.12.: Phase drift correction. (a) AFM topography of a 135 nm thick PMMA layer
on a ZnSe wedge. (b) Near-field phase ¢3 image recorded at 1735cm™!,
superimposed by a constant phase drift in the y-direction caused by the
effective beam path change along the y-direction during imaging. (c) Cal-
culated phase correction exp (ik,y), where k, = 1.4 yum~!. (d) Corrected
phase image obtained after subtracting the calculated phase correction in
panel c from the raw phase image in panel b.

4.5.2. Amplitude- and phase-resolved chemical mapping in air and liquid

The interferometric detection scheme in s-SNOM allows for simultaneous measurement
of the near-field amplitude s,, and phase ¢,, of the scattered field, which encodes in-
formation about the local dielectric function of the sample. For dielectric materials,
such as polymers and biological samples, the signals s,, and ¢,, provide insights into
the local reflectivity and absorption of the sample, respectively, facilitating chemical
identification and composition mapping with nanoscale resolution [15,21,110].

To demonstrate nanoscale-resolved chemical mapping using the TIR-based s-SNOM
setup in both air and liquid environments, we investigated the well-defined C = O
stretching mode of PMMA [16] (see dielectric function in Figure 4.13d [154]). The
PMMA layer was spin coated directly onto the wedged ZnSe substrate (refer to the
schematic in Figure 4.13b) according to the protocol described in Section 4.5.1. Fig-
ures 4.13a, g show the topography of a 135 nm thick PMMA layer recorded in air and
H>O, respectively. The smooth topography images acquired in liquid indicate stable
AFM operation with minimal noise.

Using SOH (detailed description is provided in Section 3.4.2, Chapter 3), we recorded,
simultaneous to the topography, the near-field amplitude s3 and phase ¢3 images of
the sample in both air (Figures 4.13a-f) and liquid (Figures 4.13g-1) environments. The
near-field images were recorded at two representative frequencies: 1735 cm ™!, where the
PMMA film is strongly absorbing (indicated by the blue dashed line in Figures 4.13d, j)
and 1600 cm ™! (green dashed line in Figures 4.13d, j), where the PMMA film is non-
absorbing.
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Figure 4.13.: Amplitude- and phase-resolved dielectric mapping in air (a-f) and liquid
(g-1). (a) AFM topography of a 135 nm thick PMMA layer on a ZnSe wedge
recorded in air. (b) Schematic of TIR-based s-SNOM imaging of PMMA
film (blue) on a ZnSe wedge (yellow) in air. (c) Near-field amplitude image
s3 recorded at 1600 cm~!. (d) Real (black) and imaginary (red) parts of
the dielectric function of PMMA, modeled by a Lorentz oscillator, showing
the IR absorption centered around 1735cm ™! [154]. (e) Near-field phase
image ¢3 recorded at 1600 cm ™! and (f) at 1735cm ™. (g-1) Same as panels
a-f, but for measurements performed in liquid (H5O).

To ensure consistency between different measurements, the measured near-field images
were normalized to the average signal obtained from the ZnSe substrate. Specifically,
the normalized amplitude is expressed as 5" /sZn5 and the normalized phase as
PPMMA _ pZnSe For clarity, we will refer to these normalized values simply as s,, and ¢,
throughout the discussion. It is important to note that scanning the ZnSe wedge in the
y-direction yields a phase drift, which was subtracted from all phase images presented

in this work (see Section 4.5.1).

In the normalized near-field amplitude s3 images recorded in air (Figure 4.13c) and
in liquid (H20O) (Figure 4.13i), we observe a strong near-field contrast between the
PMMA region and the ZnSe substrate, i.e., PMMA appears darker than the substrate.
The higher near-field amplitude signal on ZnSe can be attributed to its higher refractive
index compared to PMMA [11,152]. The abrupt change in the near-field amplitude
signal at the material boundary verifies the nanoscale spatial resolution in both air and
liquid environments.

Figures 4.13f, 1 show the near-field phase images recorded at 1735 cm™~! (which is associ-
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ated with the C = O stretching mode of PMMA [155]) in both air and H5O, respectively.
In both environments, as expected a positive phase contrast between the PMMA layer
and the ZnSe substrate is observed due to the strong IR absorption by the PMMA layer
relative to the non-absorbing ZnSe substrate [15]. For the near-field phase images
recorded at 1600 cm ™!, where PMMA is non-absorbing, we expected a vanishing phase
contrast between the PMMA layer and the ZnSe substrate (i.e., oL MMA — gZnSe — ),
However, a negative phase contrast on the PMMA layer is observed in the near-field
images recorded in both air (Figure 4.13e) and liquid (Figure 4.13k) environments (see
also line profiles in Figures 4.14d, h).

Negative phase contrasts on weakly absorbing materials with respect to a non-absorbing
reflective substrate have been previously observed in literature [21,42,156,157]. In our
setup, we speculate that the negative contrast on PMMA is caused by a cumulative effect
of the negative contrast typically observed in s-SNOM experiments [21,42,156,157]
and the optical path difference caused by the vertical movement of the ZnSe wedge
as the tip scans the PMMA film (see schematic in Figure 4.14b). However, for the
measurements recorded in liquid, we observe a much higher negative contrast on PMMA
compared to the measurements in air. This effect is potentially related to the mixing
of the amplitude and phase signals observed in TIR-based nano-FTIR spectroscopy
discussed in Section 4.5.3.

To isolate the local near-field response of the sample, we calculated the difference of
the demodulated phase data obtained at the third and second harmonics, expressed
as ¢3 — ¢2. The resultant phase images and corresponding line profiles are shown
in Figures 4.14e, f (air) and Figures 4.14i, j (liquid), revealing the vanishing phase
contrast between the PMMA film and the ZnSe substrate. The method of calculating
complex-valued ratios between two harmonics (i.e., 2 = 22 exp i (¢m — ¢n) for m# n)

has been previously employed to effectively eliminate artifacts resulting from far-field
reflections [158,159] and isolating the pure near-field response of the sample.

A comparison of near-field images recorded in liquid and air offers significant insights.
The signal-to-noise ratio in the liquid environment is slightly reduced, likely due to
enhanced IR absorption, sample drift, and tip contamination during probing in HO.
Nevertheless, the amplitude and phase contrasts between the PMMA and ZnSe areas
remain distinct and clear. The qualitative agreement between near-field images obtained
in both environments confirms the robustness and sensitivity of the TIR-based s-SNOM
technique for high-resolution chemical nanoimaging, even in liquid environments.
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Figure 4.14.: Negative phase contrast on the PMMA film on ZnSe wedge. (a) AFM
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topography of a 135 nm thick PMMA layer on ZnSe. (b) Schematic show-

ing the optical path traversed by the incoming beam when the tip is on
ZnSe (left) and on PMMA (right). (c) Near-field phase image recorded at

1600 cm 1

, revealing a negative phase contrast on PMMA compared to the

substrate and (e) the corresponding line profile (averaged over 10 lines)
extracted perpendicular to the PMMA edge. (d) Calculated near-field

phase difference image (¢3 — ¢2) recorded at 1600 cm !

sponding line profile extracted perpendicular to the PMMA edge. Panels
(g-j) show the same as panels c-f, but for mapping done in liquid H,O.

and (f) the corre-



4.5. Demonstration of TIR-based s-SNOM for chemical nanoimaging and nanospectroscopy in liquid

4.5.3. Amplitude- and phase-resolved nanospectroscopy in air and liquid

We finally demonstrate nanoscale-resolved chemical recognition using TIR-based nano-
FTIR spectroscopy in both air and liquid environments. For the liquid measurements,
the spectra were recorded in DO instead of H2O to minimize IR absorption by the liquid
[121,122]. To this end, we recorded point spectra indicated by red/blue (PMMA) and
green (reference, ZnSe) markers in the topography images, as presented in Figures 4.15b
(air) and 4.15f (D20). Figures 4.15¢, d show the normalized amplitude

SQPMMA (w)

R

(4.3)

and phase
92 (W) = $5MM (w) — 95" (w) (4.4)

spectra recorded in air, respectively. The amplitude spectrum s (w) (Figure 4.15¢)
~1, corresponding to the C = O stretching mode
in PMMA. Conversely, the phase spectrum ¢, (w) (Figure 4.15d) shows an absorption
peak at 1735cm~!. These near-field amplitude and phase spectra closely resemble
the real and imaginary parts of the complex dielectric permittivity of PMMA (see
Figure 4.13d), respectively. These observations are consistent with expected near-field
response of organic materials [14,15,21].

exhibits dispersive behavior at 1735 cm

However, we observe significant deviations when examining the spectra from the sample
fully immersed in the liquid environment (see Figures 4.13g, h for amplitude s (w)
and phase ¢, (w) spectra, respectively). Specifically, the amplitude spectrum s; (w)
(Figure 4.13g) exhibits a dip centered around 1735 cm ™!, while the phase spectrum
¢2 (w) (Figure 4.15h) exhibits dispersive behavior. In simpler terms, the amplitude and
phase spectra appear reversed compared to their air counterparts.

Although this setup demonstrates sensitivity to the chemical composition of the sample,
further studies are required to explore this phenomenon. This could be caused due
to contributions from both propagating and evanescent fields that illuminate the tip,
which arise from a non-optimal prism geometry given the space constraints in our
current setup or from enhanced higher-order mechanical harmonic generation in liquids.
Nevertheless, in Chapter 6, we successfully apply this TIR-based setup for the mapping
and nanospectroscopy of ultra-confined phonon polaritons in liquid environments.
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Figure 4.15.: TIR-based nano-FTIR spectroscopy in air and liquid. (a) Schematic of
TIR-based nano-FTIR in air. (b) AFM topography of a 150 nm thick PMMA
layer on a ZnSe wedge. The bright area corresponds to the PMMA layer.
(c) Normalized nano-FTIR amplitude s; (w) and (d) phase ¢ (w) spectra
of PMMA, recorded at the point indicated by the red dot in the topography
image shown in panel b. The spectra are normalized to those recorded
on ZnSe (green dot in the topography image). (e-h) Same as panels a-d,
but recorded in liquid (D20O). The position at which the PMMA spectra
were recorded is indicated by a blue dot in the topography image in panel
f. Spectral resolution: 16.67 cm ™!

4.6. Conclusions and outlook

In this chapter, we developed and implemented two novel instrumentation techniques
to enable infrared s-SNOM and nano-FTIR spectroscopy for samples fully immersed in
liquid environments. These advancements address the significant challenges posed by
water’s strong IR absorption and the complexities of AFM operation in liquids.
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The first approach described is the normal incidence transflection s-SNOM setup, which
minimizes the optical path through the liquid and effectively reduces IR absorption
in water. This setup demonstrated robust, background-free amplitude- and phase-
resolved infrared nanoimaging of the near-field distribution of resonant plasmonic
antennas in liquid. This setup can potentially facilitate future in-situ s-SNOM studies of
(bio)chemical substances with enhanced sensitivity [160], vibrational strong coupling
experiments [161], or plasmon-induced chemical modifications. By extending the
applicability of this setup for nanospectroscopy of single antennas in both air and
liquid environments, we move closer to fully realizing in-situ studies based on antenna-
enhanced s-SNOM nanoimaging and nanospectroscopy, as described in Chapter 5.

The second approach is the TIR-based s-SNOM setup, which utilizes evanescent fields
generated by TIR for efficient tip excitation. This setup enables high-resolution chemical
nanoimaging and nanospectroscopy of samples fully immersed in liquids. Although
deviations in dielectric contrasts in air and liquid are observed (specifically between
PMMA and ZnSe), our TIR-based s-SNOM setup demonstrates promising results for
chemical mapping and identification of samples. Further exploration and optimization
of the setup is needed for quantitative dielectric mapping using TIR-based s-SNOM.
Nevertheless, this setup was successfully applied for mapping ultraconfined phonon
polaritons in van der Waals materials like hexagonal boron nitride (h-BN). Detailed
application of this setup for polariton mapping and nanospectroscopy in liquids is
explored in Chapter 6.

These advancements collectively represent a significant step forward in near-field optical
microscopy of materials in their native liquid states. The methodologies presented here
lay a foundation for future optimization and exploitation of both transflection and TIR-
based setups for in-situ infrared studies of chemical, polaritonic, and biological systems
fully immersed in liquid environments.
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5. Transflection nano-FTIR for infrared
spectroscopy of single metal antennas

Infrared antennas based on metal nanostructures facilitate efficient conversion of incident light
into highly confined hotspots that are characterized by strongly enhanced electromagnetic fields.
A nanoscale-resolved characterization of the local electromagnetic field distribution of metal
antennas is crucial for understanding and exploiting these hotspots in the future for highly
sensitive sensing applications. In this chapter, we demonstrate the application of the normal
incidence transflection nanoscale resolved Fourier Transform Infrared (nano-FTIR) spectroscopy
setup described in Chapter 4 for near-field spectroscopy of resonant metal antennas in both air
and liquid environments. We describe the key technical details for recording, referencing, and
stitching transflection nano-FTIR spectra. The results form a foundation for future nano-FTIR
studies of antenna enhanced molecular spectroscopy in liquid environments and may open new
paths for developing highly sensitive molecular sensors. Some parts of the results presented in
this chapter are published in Reference [162].

5.1. Introduction

Optical and infrared (IR) antennas based on metal nanostructures facilitate the efficient
conversion of incident light into highly confined hotspots characterized by strongly
enhanced electromagnetic fields [163-167]. Nanoantennas play a crucial role in the
development of highly sensitive (bio)chemical sensors [167-170], optoelectronics [171-
173] and light detection devices [174,175]. At infrared frequencies, localized plasmon
resonances in metal antennas have significantly improved surface-enhanced infrared
absorption (SEIRA) spectroscopy in both air [134,135] and liquid environments [136—
138], allowing for highly sensitive analyses of chemical composition and molecular
conformation of minute quantities of substances, opening new possibilities for plasmonic
sensing in the infrared spectral range.

Imaging the local field distribution of metal nanostructures is critical for designing and
optimizing antenna performance. Scanning near-field optical microscopy (s-SNOM)
[13] has emerged as a powerful tool for mapping the antenna near-fields, providing
access to both the amplitude and the phase of the antenna near-fields with nanoscale
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resolution [25,130, 140, 142,176,177]. In a typical s-SNOM setup, a metal-coated tip
is illuminated with p—polarized light (i.e., along the tip axis). The tip-scattered light
is detected in the far-field using an interferometric detection scheme (see Figure 4.1b
in Chapter 4). The near-field interaction between the tip and the sample modifies the
scattered field, allowing for mapping the local dielectric properties of the sample with
nanoscale resolution. However, when mapping the antenna near-field distribution,
the excitation of the metallic tip in a such a scheme can distort the near-fields of the
antenna [133].

Several modifications to the typical s-SNOM setup have been introduced to minimize the
tip perturbations. These include using a dielectric tip illuminated with s—polarized light
[28,141,178] (i.e., perpendicular to the tip axis and along the antennas) and employing
cross-polarization illumination and detection schemes [140,142]. Transmission mode s-
SNOM [130] and transflection s-SNOM (developed in this work, see details in Chapter 4)
[112] are alternate illumination schemes, that enable distortion-free antenna mapping
and homogeneous illumination of the antenna, preventing retardation effects on the
electromagnetic response of the sample [140, 142]. However, distortion-free nano-FTIR
spectroscopy of antenna near-fields has not been demonstrated so far. Furthermore, most
studies have primarily been performed in air. s-SNOM-based infrared mapping and
spectroscopy of antennas in both air and liquid environments represent an essential first
step towards future in-situ studies of antenna-enhanced chemical sensing. In Chapter 4,
Section 4.4, the normal incidence transflection s-SNOM was successfully demonstrated
for background-free, amplitude- and phase-resolved infrared nanoimaging of the near-
field distribution of resonant plasmonic antennas in liquid environments [112].

In this chapter, we demonstrate a normal-incidence transflection nano-FTIR setup for in-
frared spectroscopy of individual antenna structures in both air and liquid environments.
The chapter is structured as follows: In Section 5.2, we introduce the methodologies
used in our experiments, including sample preparation and numerical simulations. In
Section 5.3, we discuss the transflection nano-FTIR setup and the normalization process
of the spectra. Details of phase unwrapping and stitching of nano-FTIR spectra recorded
at different broadband laser settings are presented in Section 5.3.2. In Section 5.4, we
demonstrate the application of the setup for infrared spectroscopy of individual metal
rod antennas in both air and liquid environments, followed by a discussion on the shifts
in antenna resonance frequencies and the origins of the observed spectral features.
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5.2. Methods

5.2.1. Sample preparation

The sample preparation was carried out by Irene Dolado at CIC Nanogune BRTA.

In this chapter, we present results obtained from experiments conducted on Au rods
fabricated on a double-side polished CaF; (100) substrate using high-resolution electron-
beam lithography. For the lithography process, Polymethyl methacrylate (PMMA) was
spin coated onto the substrate at 4000 rpm,acting as the electron-sensitive polymer layer.
To facilitate the lithography process on the insulating substrate, 2 nm thick layer of gold
was deposited on top of the PMMAlayer. After the electron-beam assisted writing of the
rods, the gold was chemically etched by immersing the sample in a KI/I, solution for
~ 5 seconds. PMMA was then developed in 1 : 3 methyl isobutyl ketone: isopropanol.
Subsequently, a 3nm layer of Ti was deposited by electron beam evaporation, followed
by the thermal evaporation of a 50 nm Au layer. Finally, the lift-off of the fabricated rods
was done by immersing the sample in acetone overnight.

Using an identical protocol, Au patches with dimensions of 100 x 100 pm were also
fabricated on the same CaF substrate through electron beam lithography. These Au
patches serve as a reference plane for the experimental work discussed in this chapter.

5.2.2. Numerical simulations

The numerical calculations were carried out by Martin Schnell at CIC Nanogune BRTA.

For the results presented in Figure 5.7(b), the out-of-plane component (E.) of the
antenna near-fields as a function of the incoming light frequency was calculated nu-
merically using the finite-difference time-domain (FDTD) method (Ansys Lumerical
FDTD, Ansys, Inc.). Although, in transflection mode the sum of the square of the in-
and out-of-plane electric antenna near-fields (weighted by the polarizability tensor
of the tip) is mapped, the out-of-plane electric antenna near-field |E,| can be used as
a good approximation to describe the near-field amplitude at the extremities of the
antenna [135].

The simulations were performed for rod antennas with lengths ranging from L = 1.5 um
to L = 2.5 um, while the width and height were fixed at W = 100nm and H = 100 nm,
respectively. The calculations were performed for rod antennas placed on a CaF,
substrate in both air and in H,O. The near-field was computed at a height of 50 nm
above the antenna surface and 100 nm from one of the antenna ends. A mesh size of
5nm was used for these calculations.
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The dielectric permittivity of gold (Au) was calculated by a Drude fit to the Johnson
and Christy values (permittivity 6, plasma resonance w, = 1.3597 x 101¢ %, plasma
collision w, = 1.07527 x 10'* 124) [179]. The dielectric permittivities of HyO and CaF,
were taken from references [180] and [181], respectively.

5.3. Transflection nano-FTIR setup and normalization of
nano-FTIR spectra
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Figure 5.1.: Normal incidence transflection nano-FTIR setup for near-field infrared
spectroscopy in air and liquid. (a) Illustration of the illumination and
scattering process in the transflection nano-FTIR setup. A metal-coated
AFM tip is illuminated with an infrared supercontinuum (IRSC) broadband
laser. The incident field, Ej,.(polarized along the long axis of the antenna),
induces a dipole moment pain the antenna. Dashed lines illustrate the near-
field coupling between the antenna and the tip, which is modulated at the
tip tapping frequency (2. The backscattered field, Fy., is analyzed in the
far field using an asymmetric nano-FTIR spectrometer, yielding amplitude
and phase spectra of the antennas (not shown here). (b) Measured output
spectra for three settings of the IRSC laser covering a frequency range of
850 — 2200 cm L.

A detailed description of the normal incidence transflection s-SNOM setup developed
during this work has been previously presented in Chapter 4. Here, we describe the
application of the transflection setup for spectroscopic measurements of single IR-
resonant antennas. The transflection-mode geometry allows for efficient excitation
of the antenna structures on the sample while largely avoiding direct excitation of
the s-SNOM probe as the long axis of the tip is oriented along the direction of light
propagation. This configuration permits the use of metallic near-field probes as a strong
scatterer of the local near-fields.
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A schematic of the setup is shown in Figure 5.1a. For nano-FTIR spectroscopy, a standard
Pt — Ir coated (metallic) AFM tip (NCPt arrow tip, Nanoworld) is illuminated under
normal incidence with broadband infrared radiation (IRSC). The IRSC laser covers the
following frequency ranges: B: 850 — 1450 cm ™!, C: 1200 — 1900 cm ™!, and D: 1500 —
2200 cm~! depending on the settings of the broadband laser (see output spectra in
Figure 5.1b). As in Chapter 4, Sections 4.3.2 and 4.4, a parabolic mirror is used to focus
the IRSC beam (under normal incidence) through a CaFs window (sample holder) and
the substrate (CaF). The polarization of the illuminating beam is chosen to be parallel to
the nanorod axis for efficient excitation of the dipolar resonance. The back-scattered light
transmitted through the substrate is collected by the same parabolic mirror and analyzed
using an asymmetric Fourier transform spectrometer. Background contributions are
suppressed by oscillating the near-field probe sinusoidally in the z—direction with an
amplitude Ad ~ 100 nm and frequency 2 = 256 kHz, § = d¢ + Ad cos 2t. The detector
signal is then demodulated at a frequency 7S}, yielding background-free amplitude
sp (w) and phase ¢,, (w) spectra of individual Au antennas for (n > 2). Measurements in
liquid were conducted using the same open liquid cell concept described in Chapter 4,
Section 4.3, with HO as the liquid medium for the results presented in this Chapter.

To ensure background-free detection of antenna near-fields, we maximize the signal
scattered by the antenna at each setting of the IRSC laser placing the tip at one of the
ends of the IR-resonant rod antenna. During this process, we block the reference arm
of the nano-FTIR interferometer and record white-light images, which are essentially
spectrally integrated maps of the rod antenna. Upon proper alignment of the setup, we
observe the fundamental dipolar mode of the rod antennas (Figure 5.2a), even though
spectrally integrated maps of the antenna field are recorded. This can be attributed to
the broader spectrum of the rod antenna in comparison to the frequency range of one of
the ranges (B, C, or D) of the IRSC laser. More importantly, the signal on the substrate
is small and below the noise floor.

To quantify this observation, Figure 5.2b shows line profiles taken across the long axis
of the rods. Recording near-field spectra on the antenna and on the substrate confirms
that the near-field signal is negligible on the substrate (Figure 5.2c). Additionally, we
recorded approach curves (Figure 5.2d) with the tip placed at the edge of the rod
antenna, showing the typical exponential decay of the demodulated signal s,, (n > 2)
with increasing tip-sample distance [88]. All the harmonics decay to the noise floor
within a tip-sample distance of approximately 60 nm. Therefore, we conclude that the
transflection setup allows for both uniform illumination of antenna structures and
background-free detection of the antenna spectra.
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Figure 5.2.: White-light imaging and other test measurements for near-field align-
ment. (a) White-light images of the rod antennas taken at different settings
of the broadband laser: B: 850 — 1450 cm ™!, C: 1200 — 1900 cm ™!, and D:
1500 — 2200 cm L. The fundamental dipolar mode is clearly visible. Scalebar:
500 nm. (b) Line profiles taken along the long axis of the rod antennas in
(a), averaged over 8 lines. (c) Raw near-field amplitude spectra recorded on
a 1.8 um long rod antenna and on the CaF'; substrate. (d) Approach curves
recorded at the edge of a 1.5 um long antenna, measured at the white light
position. Tapping amplitude ~ 78 nm.

5.3.1. Normalization of nano-FTIR spectra

For spectral analysis of the antenna structures, we placed the tip at one of the edges of
the rod antenna (Figure 5.3a) and recorded interferograms by recording the demod-
ulated detector signal while translating the reference mirror (Figure 5.3¢c, blue). We
then removed the global DC offset from the recorded interferograms, applied a Tukey
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window with a parameter of o = 0.1, and zero filled the interferograms by a factor of 3.
The raw near-field amplitude s;*™ (w) (Figure 5.3d, blue) and phase spectra ¢;*™(w) (Fig-
ure 5.3e, blue) were obtained by inverse Fourier transformation of the interferograms.
For quantitative analysis of nano-FTIR spectra, the recorded sample spectra needs to be
normalized to a reference spectra. In a typical side-illumination nano-FTIR setup, the
reference spectrum is recorded on a spectrally flat substrate such as Au or Si. However,
in transflection nano-FTIR spectroscopy (Figure 5.2, see also Chapter 4, Section 4.4),
where the near-field signal on the substrate is negligible, reference spectra cannot be
recorded on the substrate. To remove the influence of the instrument characteristics
from the transflection nano-FTIR spectra, we fabricated large (100 pm x 100 gm) Au

patches adjacent to the antennas on the same sample.

We then carried out the following steps: First, the s-SNOM probe was moved to the center
of the metal patch and brought into close proximity to the patch surface (Figure 5.3b).
By doing so, the incident beam was focused on, and reflected at, the metal patch,
effectively shielding the s-SNOM probe from directly contributing to the measurement.
We recorded the DC signal of the MCT detector by using the DC output at the detector
amplifier and selecting the sg signal in the microscope software to acquire a reference
interferogram (Figure 5.3c, red). Applying the same steps as mentioned above, we
obtained the DC amplitude si$5(w) (Figure 5.3d, red) and phase ¢S5, (w) (Figure 5.3e,
red) reference spectrum. The normalized near-field spectra were then determined
according to:

S (W)

51]5‘% (w)

sp(w) = (5.1)

and
Dn(w) = ¢S (w) — GSE(w) + 180°. (5.2)

Normalization of the amplitude spectra mitigates the influence of the nano-FTIR source
spectrum. Simultaneously, normalization of the phase spectra provides an absolute
measurement of the scattering phase of the antenna. The normalization effectively
corrects for the phase shifts accumulated by both the illuminating and scattered beams
as they traverse the substrate, thereby allowing for direct and reliable comparison of
phase spectra across different antennas. Notably, during the reference measurement,
the illuminating beam undergoes an additional phase shift of 180° due to the reflection
from the metal patch. Consequently, we explicitly incorporate this additional phase
shift into ¢,, in Equation (5.2).
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Figure 5.3.: Nano-FTIR measurements of individual Au rod antennas. (a) Illustration
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of the tip position for recording raw near-field spectra on the sample, at one
edge of a linear rod antenna. (b) Schematic of the tip position for record-
ing the reference spectra on a 100 x 100 gm Au patch. (c) Interferograms
recorded on a 1.5 pm long Au antenna (I5*™ (w); blue) and via back reflec-
tion from the Au patch (I (w); red). The interferograms were recorded
on the positions marked by crosses in the inset of the panel c. The upper
left inset shows the near-field amplitude image of the rod antenna recorded
at the white light position (WLP), while the lower left inset displays the
Au patch where the DC interferograms were recorded. (d) Nano-FTIR
amplitude spectrum (5™ (w), st5h(w)) obtained by inverse Fourier transfor-
mation of the recorded interferograms shown in panel c. (e) Corresponding
phase spectrum (¢5™™(w), ¢}5i(w)) recorded with a spectral resolution of
125cm™!



5.3. Transflection nano-FTIR setup and normalization of nano-FTIR spectra

To obtain near-field scattering spectra over a wide spectral range, we conducted the
experiment under various settings of the broadband source (see Figure 5.1b), covering a
range from 850 to 2200 cm~!. The normalized spectra recorded on a 1.5 ym long antenna
at different settings of the IRSC laser are shown in Figure 5.4. For better visualization of
the complete spectrum of the rod antennas, we stitched together the individual spectra.
The stitching protocol and the details of phase unwrapping are described below in
Section 5.3.2. For the measurements presented in this chapter, we recorded a reference
spectrum after each antenna measurement under similar measurement parameters (i.e.,
same tip, tapping amplitude, optical alignment, etc.) to minimize the impact of sample
drift on the spectra. The spectra were recorded with a spectral resolution of 12.5cm ™!
and averaged over 40 spectra, with an acquisition time of approximately 5 minutes per
antenna.
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Figure 5.4.: Normalized nano-FTIR spectra of rod antenna. Normalized (a) amplitude
s3(w) and (b) phase ¢3(w) spectra of a 1.5 um long antenna, recorded at
different settings of the IRSC laser indicated by B (blue), C (green), and D
(orange) as shown in Figure 5.1 (b).

5.3.2. Stitching of nano-FTIR spectra

For better visualization of the full spectrum of the rod antenna structures, individual
nano-FTIR spectra (as shown in Figure 5.4) recorded at different IRSC laser settings
(see Figure 5.1b), were combined through a stitching algorithm. This process, applied
to each pair of partially overlapping adjacent spectra, involves identifying the overlap
region of the adjacent spectra and computing averages in this region to combine them.

To ensure a seamless transition between partially overlapping spectra, linear interpo-
lation was employed before averaging the data in the overlap region. This step was
necessary because the data points in the overlap region do not necessarily coincide
on the x-axis (i.e., w). By interpolating the data, averages can be calculated without
introducing additional artifacts.
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5. Transflection nano-FTIR for infrared spectroscopy of single metal antennas

Additionally, to avoid stitching jumps (i.e., vertical dislocations due to discrepancies at
the overlap region boundaries), each spectrum was extended with an additional data
point from the adjacent spectrum outside the overlap region, effectively enlarging the
overlap region. This modification ensures seamless alignment of the interpolated spectra
at the borders of the overlap region, mitigating stitching jumps while preserving original

data features. Alternatively, a weighting function as described in Reference [182] can
also be employed to achieve similar results.

This stitching process was implemented using custom Python scripts, utilizing the
NumPy and SciPy libraries for numerical operations. The methodology was validated
with multiple data sets, confirming its robustness and reliability. As illustrated in
Figure 5.5, the stitching procedures differ slightly for the near-field amplitude and phase
spectra, a detailed description is provided below.
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Figure 5.5.: Stitching of nano-FTIR spectra (a) Normalized nano-FTIR amplitude s3 (w)
spectra for a 1.5 ym long Au antenna recorded at three different settings
of the IRSC laser and (b) broadband nano-FTIR amplitude spectra after
stitching. (c) Normalized nano-FTIR phase ¢3 spectra of the same antenna
at three different settings of the IRSC laser, (d) spectra after offset correction,
and (e) broadband phase spectra after stitching. The spectral overlap region
is marked by the gray shaded area.
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Amplitude Spectra Stitching

For combining the adjacent amplitude spectra, average amplitude values were calculated
in the overlap regions (marked by the gray shaded area in Figure 5.5a). The normalized
amplitude spectra were stitched as follows:

s1(w) forw € [wmin, w1]
Sstiteh (W) = § 3(s51(w) + s2(w)) forw € (w,ws) (5.3)
SQ(W) forw € [W27 Wmax]

where s1(w) and s2(w) represent adjacent segments of the amplitude spectra, and [w;, wo]
represents the overlap region. An example of the stitched normalized nano-FTIR ampli-
tude s3(w) spectra of a 1.5 um long rod antenna is shown in Figure 5.5(b).

Phase Spectra Stitching

Before combining adjacent phase spectra, phase unwrapping was applied to the indi-
vidual normalized phase data. This procedure is essential for removing discontinuities
(jumps of +) inherent to the periodic nature of phase measurements. This is achieved
by adding or subtracting multiples of 27 to the phase values, ensuring smooth variation
in the overall phase [183]. Without phase unwrapping, the data exhibits jumps that can
complicate the stitching procedure and compromise its accuracy.

In the subsequent step, it is necessary to correct for the phase offset Ay between adjacent
spectra (illustrated in Figure 5.5c). This phase offset Ay can be attributed to fluctuations
in the environmental conditions, such as temperature variations and air flow, causing a
drift in the effective interferometer path length. The unwrapped and offset-corrected
phase data can then be stitched together in a similar manner to the amplitude data, as
follows:

o1 (w) forw € [wmin, w1]
Bstitch (W) = %((ﬁl(w) + ¢2(w) — Ap) forw € (w1, ws) (5.4)
Pa(w) — Agp forw € [w2, Wmax]

where, Ay is the difference between the average phases in the overlap region.

An example of the stitching of the normalized phase ¢3 spectra of a 1.5 ym long rod
antenna is shown in Figures 5.5¢c-e. The spectra after offset correction, and the broadband
phase spectra post-stitching, are presented in Figures 5.5d and 5.5e, respectively. The
spectral overlap region is marked by the shaded gray area.
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5.4. Infrared spectroscopy of individual antennas
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Figure 5.6.: Nano-FTIR spectroscopy of individual Au rod antennas in air (L = 1.5 —
2.5 um) and in a liquid (L = 1 — 2.5 ym) environment. (a) Schematic of
the tip illumination and scattering in air. The incident field Ej,. is polarized
along the long axis of the rod antenna. The inset to panel a shows the linear
dependence of nanorod resonance (\) with its length (L). Normalized (b)
amplitude (s3) and (c) phase (¢3) spectra of metal rod antennas of different
lengths, L = 1 — 2.5 ym recorded in air. (d-f) Same as in panels a-c but
similar antennas were probed in liquid (H3O).

Metal rod antennas exhibit a dipolar resonance, visible as two bright spots at the edges of
the antenna in near-field amplitude images (see Figure 5.2a). To demonstrate nano-FTIR
spectroscopy of single antenna structures, we recorded nano-FTIR spectra on one of the
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edges of gold (Au) rod antennas (see schematic in Figure 5.6a). The resulting spectra
were recorded and normalized as described in Section 5.3.

In Figure 5.6b, ¢, we present the third harmonic of the normalized amplitude s3 (w) and
phase ¢3 (w) spectra of rod antennas with lengths L = 1.5 — 2.5 um, recorded in air.
The near-field amplitude spectra s3 (w) in Figure 5.6b show the typical fundamental
resonance of the nanorods in the form of a broad peak, which shifts to lower frequencies
(or higher wavelengths, \) with increasing antenna length (L). Analogous to traditional
radio wave antennas, the nanorod resonance wavelength (\) follows a linear scaling
with the length (L) of the nanorod, see inset to the Figure 5.6b. However, the antenna
lengths (L) are significantly shorter than A\/2 [184] due to the relatively large width
of the nanoantennas compared to its length and dielectric screening by the substrate
[26,185,186].

Additionally, the near-field phase spectra ¢3 (w) in Figure 5.6c show a transition from 0
to 27 as the fundamental resonance of the antenna is crossed. Specifically, the typical
response of an antenna (i.e., a phase transition from 0 to 7 across the antenna resonance)
is doubled owing to the double-scattering process between the antenna and the tip [28]
(see also Chapter 4, Section 4.4).

We note that in addition to the fundamental antenna resonance, we observe the spectral
signature of the vibrational resonance of polydimethylsiloxane (PDMS), a common con-
taminant found on commercial tips packed in gel boxes, specifically the Si-CHsvibration
centered at 1258 cm™—!. However, a detailed analysis of this field-enhanced molecular
vibrational scattering goes beyond the scope of the current discussion and is thoroughly
examined in Reference [162].

To demonstrate nano-FTIR spectroscopy of antennas in liquid, we recorded spectra of
similar rod antennas with lengths L = 1 — 2.5 um in HyO (see Figure 5.2d). As in air,
we observe the fundamental nanorod resonance in liquid in the near-field amplitude
spectra s3 (w) in Figure 5.6e, which shifts to lower frequencies with increasing antenna
length (L).

Upon comparing with the spectra recorded in air, two main observations can be made:
First, the fundamental nanorod resonances undergo a red shift (i.e., shifted to lower
frequencies) in HyO for the same antenna lengths. This shift can be attributed to the
higher refractive index of H,O compared to air [169,187]. Second, we observe a broad
dip in the near-field amplitude spectra s3 (w) at w ~ 1660 cm ™!, which can be attributed
to the HoO absorption, specifically the vibrational resonance of the H-O-H bending mode
of HoO [180]. Notably, unlike the spectra recorded in air, we do not observe the PDMS
absorption peaks in the antenna spectra recorded in H2O. This can be attributed to the
additional cleaning protocol of the cantilevered AFM tips before operation in liquid
environments (see Appendix A), stripping away parts of the PDMS contamination
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along with other contaminants.

To better understand the impact of liquid (H20O) on the near-field response of the an-
tenna, we numerically calculated the out-of-plane component (E.) of the near-field
spectra of the rod antennas on a CaF, substrate in air and in H>O (for details see Sec-
tion 5.2.2). Figure 5.7 shows a comparison of the calculated near-field amplitude spectra
(Figure 5.7b) with the experimentally recorded normalized near-field amplitude spectra
s3 (w) (Figure 5.7a) of a 1.5 um long rod antenna in air (red) and in HyO (blue). The
numerical calculations qualitatively reproduced the measured spectra, particularly the
shape of the fundamental antenna resonances. The differences between the spectra
recorded in air and H2O can be fully attributed to the impact of the dielectric function
of HyO on the fundamental antenna resonance, specifically the vibrational resonance
of the H-O-H bending mode of H,O [180]. The discrepancy between the experimental
and numerical data can be attributed to the small variations in the antenna geometry
between the calculations and the experiment. The effect of demodulation of the scattered
signal has also not been taken into account for these calculations.
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Figure 5.7.: Impact of liquid on the near-field antenna response. (a) Comparison of
the normalized near-field amplitude spectra s3 of a 1.5 um long rod antenna
recorded in Air (red) and in HyO(blue). Dashed black line indicates the
dip associated with water absorption frequency centered at 1650 cm™!. (b)
Calculated out-of-plane component (E.) of the near-field amplitude spectra
of the same antenna in air and in H,O. The near-field was calculated at a
height of 50 nm above the antenna surface at a distance of 100 nm from one
of the edges of the antenna. See details in Section 5.2.2

However, the near-field phase spectra ¢3 (w) recorded in HoO show a peculiar behavior
compared to the phase spectra (¢3 (w)) recorded in air. Unlike in air, where the near-field
phase undergoes a transition from 0 to 27 as the fundamental resonance of the nanorod
is crossed, in liquid, we observe a phase spanning from 0 to almost 47. We suspect
that this behavior is likely due to the absorption of the infrared light by H»0, leading
to stronger drifts between the tip and the sample, changes in the local temperature,
and volume of the liquid droplet. These factors can lead to a strong baseline tilt in the
phase spectra [45,188]. In the future, better strategies need to be developed for baseline
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correction in liquid-phase near-field spectroscopy to mitigate these effects and improve
quantitative analysis.

5.5. Conclusions and outlook

In this chapter, we demonstrated the application of the normal incidence transflection
nano-FTIR setup (described in detail in Chapter 4) for infrared spectroscopy of individ-
ual resonant plasmonic antennas in both air and liquid environments (specifically, H,O).
To this end, we established a reliable methodology for acquiring, normalizing, and stitch-
ing nano-FTIR spectra obtained using a bandwidth-limited IRSC laser, enabling reliable
near-field spectroscopy over a broad spectral range.

Our results include detailed near-field measurements of the fundamental resonances of
metal antennas in both air and liquid. Notably, we observed shifts in these resonances
when transitioning from air to HoO, owing to the higher refractive index of water. Addi-
tionally, we detected vibrational absorption features of H,O in the near-field amplitude
spectra, demonstrating the setup’s efficacy in performing background-free, amplitude-
and phase-resolved infrared nanospectroscopy in liquid environments. The experimen-
tal findings were supported by numerical simulations that qualitatively reproduced the
near-field amplitude spectra and confirmed the observed antenna resonance shifts.

The developed transflection nano-FTIR spectroscopy setup offers significant potential for
several applications, including in-depth studies of field-enhanced molecular scattering
in both air [162] and liquid environments, refractive index sensing applications, and
investigating coupling phenomena between individual objects with nanoscale resolu-
tion. This work lays the groundwork for further nano-FTIR based in-situ studies of
plasmon enhanced chemical identification. Additional research focused on mitigating
stabilization issues, particularly in liquid environments, are necessary to fully exploit
these capabilities.
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6. Total internal reflection-based s-SNOM
for phonon polariton mapping in a
liquid environment

Strongly confined surface polaritons allow for strong light-matter coupling and for highly sensitive
analysis of (bio)chemical substances and processes. Nanoimaging of the polaritons’ evanescent
fields is critically important for experimental mode identification and field confinement studies. In
this chapter, we demonstrate an application of the total internal reflection (TIR)-based s-SNOM
and nano-FTIR setup described in Chapter 4 for nanoimaging and nanospectroscopy of polaritons
in liquid. The s-SNOM tip is both launching and probing ultraconfined phonon polaritons in
thin hexagonal boron nitride (h-BN) flakes, laying the foundation for s-SNOM-based polariton
interferometry in liquid. Our results promise manifold applications, for example, in-situ studies
of strong coupling between polaritons and molecular vibrations or chemical reactions at the bare
or functionalized surfaces of polaritonic materials. The results presented in this chapter were
previously published in Reference [112].

6.1. Introduction

Plasmon and phonon polaritons are electromagnetic modes formed by the coupling
of light with dipolar excitations (light coupled to free charge carriers in metals and
crystal lattice vibrations, respectively) in a material. Of particular interest are surface
polaritons (propagating modes at the interface of two materials, one with positive and
the other with negative dielectric permittivity) as they allow for highly confined and
enhanced electromagnetic fields owing to their shorter wavelengths (compared to the
free-space wavelength) and exponentially decaying field strengths perpendicular to
the interface [189]. At infrared frequencies, where propagating plasmon polaritons
are less confined, surface phonon polaritons could provide an alternative for polariton
enhanced bio(chemical) sensing [190]. Recently, ultraconfined IR plasmon and phonon
polaritons in van der Waals (vdW) materials such as graphene, hexagonal boron nitride
(h-BN), and molybdenum trioxide (MoO3) have attracted wide attention [30-32,34,191],
as they promise ultracompact and highly sensitive devices for molecular vibrational
spectroscopy for (bio)chemical analysis [192-195]. However, the majority of these
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studies were performed in air. Considering that (bio)chemical processes often occur
in liquid, it would be thus of great interest to explore the properties of ultraconfined
vdW material polaritons in a liquid environment. For future exploitation, for example,
in mid-IR biosensing applications, study of bio-molecular interactions, and chemical
reactions in the liquid environment.

Graphene plasmons and phonon polaritons in polar vdW materials can be imaged
in great detail by scattering-type scanning near-field optical microscopy (s-SNOM),
photothermal expansion (PTE) microscopy, and photoinduced force microscopy (PiFM).
So far, polariton imaging in the aqueous phase has been demonstrated only by PTE [117]
and PiFM [196], although the interferometric detection scheme of s-SNOM offers many
advantages, especially direct near-field phase measurements for retrieving phase and
group velocities of polaritons [33] (see also Chapter 3, Section 3.1).

In this chapter, we describe an application of our total internal reflection (TIR)-based s-
SNOM setup, which allows for efficient coupling of standard mid-IR Gaussian beams to
the near-field probe to perform both tip-enhanced infrared nanoimaging and nanospec-
troscopy in a liquid environment (Section 6.2). In Section 6.3, we apply this setup for
amplitude- and phase-resolved imaging of ultraconfined propagating phonon polari-
tons (PhPs) on h-BN flakes, yielding not only the polariton dispersion but also the sign
of the phase velocity, the latter not being directly accessible by PTE microscopy. To
further analyze the impact of liquid on the properties of phonon polaritons, we compare
the polariton dispersion in liquid and in air. We further discuss potential applications
of PhPs in liquid. In Section 6.4, we finally demonstrate nano-FTIR spectroscopy of
ultraconfined phonon polaritons in liquid.

6.2. Experimental details

6.2.1. Sample preparation

We used B monoisotopic h-BN [197]. The h-BN crystals were grown by the atmo-
spheric pressure metal flux growth method, which is described in detail in Refer-
ences [198,199].

For transferring the h-BN flakes onto the top surface of a ZnSe wedges (for details see
Chapter 4, Section 4.3.3), we performed mechanical exfoliation of the h-BN crystals
using blue Nitto tape (Nitto Europe NV, Genk, Belgium). Large and homogeneous
h-BN flakes were isolated. We then performed a second exfoliation of the h-BN flakes
from the tape directly onto the ZnSe substrate. Isolated homogeneous h-BN flakes were
then used for the work presented in this chapter.
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6.2.2. Experimental setup and phase drift correction

A detailed description of the TIR-based s-SNOM and nano-FTIR setups is presented
in Chapter 4. For convenience, the experimental setup based on a modified neaSSNOM
(Neaspec, GmbH) is briefly described here.
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Figure 6.1.: TIR-based s-SNOM and nano-FTIR setup for imaging and spectroscopy in
air and liquid. (a) Schematic of the setup for nanoimaging (s-SNOM) and
nanospectroscopy (nano-FTIR). For s-SNOM, the tip is illuminated with a
frequency-tunable QCL. The back-scattered light is demodulated at a higher
harmonic of the tip’s oscillation frequency, n2, and recorded with a pseudo-
heterodyne Michelson interferometer (top). BS, beamsplitter; PZ1, piezo
actuated vibrating mirror. For nano-FTIR, the tip is illuminated with an
infrared supercontinuum (IRSC) broadband laser. The back-scattered light
is analyzed using an asymmetric Fourier transform spectrometer (bottom).
PZ2, piezo actuated translating mirror; FM, flip mirror. (b) Example of an
s-SNOM amplitude image s3. Scale bar: 500 nm. (c) Example of a nano-FTIR
amplitude spectrum.

For nanoimaging (Figure 6.1a, top), the tip is illuminated with a frequency-tunable
quantum cascade laser (QCL, Daylight Solutions Inc.). The back-scattered field is
recorded with a pseudo-heterodyne Michelson interferometer as a function of the tip
position yielding near-field amplitude (shown in Figure 6.1b) and phase images, s, and
¢n, respectively.

Note that scanning the ZnSe wedge in y-direction (see Figure 6.2) yields a constant
phase drift, which has been subtracted from all the phase imaged presented in this
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chapter. An example of the phase drift correction process is shown in Figure 6.2. A
detailed description is provided in Chapter 4, Section 4.5.1.

For nano-FTIR spectroscopy (Figure 6.1a, bottom), the tip is illuminated with the broad-
band infrared radiation from a difference frequency generated laser supercontinuum
(frequency range = 1200 — 1700 cm ™!, average power = 500 um). The back-scattered
light is recorded with an asymmetric Fourier transform spectrometer, yielding ampli-
tude (shown in Figure 6.1c) and phase spectra of the sample, s, (w) and ¢, (w), after
normalization to reference spectra recorded on the bare substrate (ZnSe).

As a liquid we used DO instead of H>O, as its absorption within the frequency range of
the broadband laser emission (1200 — 1700 cm™!; required for h-BN polariton mapping)
is lower than for H,O [121,122]. Stronger absorption leads to faster evaporation of the
liquid, causing increased instabilities in the AFM operation.

(b) (c)

Figure 6.2.: Phase drift correction. (a) Near-field phase ¢3 image recorded at 1486 cm ™,
superimposed by constant phase drift caused by the effective beam path
change along the y-direction during imaging. (b) Calculated phase correc-
tion exp (ikyy), where k, = 1.2 um~!. (c) Corrected phase image obtained
after subtracting the calculated phase correction in panel b from raw phase
image in panel a.
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6.3. Infrared nanoimaging of phonon polaritons in a liquid
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Figure 6.3.: Amplitude- and phase-resolved imaging of h-BN PhPs in liquid (a—f)
and air (g—1). (a) AFM topography of a 110 nm thick h-BN flake recorded
in D20. (b) Schematic of s-SNOM in liquid. (c, d) Near-field amplitude
and phase images recorded at 1486 cm ™! in D50, revealing a standing wave
pattern caused by the PhP interference. (e) Amplitude and phase line
profiles extracted perpendicular to the h-BN edge (averaged over 50 lines),
revealing a fringe spacing of Ar/2. (f) Phasor diagram of the complex-valued
near-field signal o3 = s3exp(i¢3), indicating a positive phase velocity of
h-BN PhPs launched in D,0. (g—1) Same as panels a—f, but probing was
done in the air.

We demonstrate the imaging of hyperbolic phonon polaritons (PhPs) in liquid by
mapping an isolated h-BN flake on a ZnSe wedge (see Section 6.2.1). The topography
image in Figure 6.3a clearly shows the smooth surface of the 110 nm thick h-BN flake
with little noise, indicating a stable tapping mode AFM operation in the liquid. In the
simultaneously recorded amplitude s3 and phase ¢3 images at 1486 cm ™! (Figures 6.3c-
d), we observe fringes on the h-BN surface, which are parallel to the h-BN edge, similar
to s-SNOM observations of h-BN PhPs in air [32,200]. The fringes can be explained by
the interference of PhPs, as illustrated in Figure 6.3b. Typically, the interference of tip-
launched PhPs that reflect at the flake edge yields standing wave patterns, leading to a
fringe spacing of Ar/2, where Ap is the wavelength of the phonon polaritons. Importantly,
and in contrast to PTE measurements of phonon polaritons in liquid, amplitude and
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phase mapping enabled by s-SNOM allows us to directly determine the phase velocity of
PhPs in a liquid. To that end, we extract amplitude and phase line profiles (Figure 6.3e)
from the images and plot them in the complex plane (phasor diagram, Figure 6.3f).
An anticlockwise rotation is observed, corresponding to positive phase velocity with
increasing tip edge distance z. For comparison, we imaged the same flake at the same
IR frequency in the air (Figures 6.3g-1). The images look similar, but the fringe spacing
in the infrared images recorded in the air is slightly larger than in the images recorded
in a liquid. This is expected, as DO has a higher permittivity compared to air, thus
acting as a dielectric load [117]. Dielectric materials are well-known and understood to
reduce the polariton wavelength with increasing permittivity [201,202].

(a) (b)

O N | max.

Figure 6.4.: s-SNOM nanoimaging in liquid and air. (a) Near-field amplitude (left)
and phase (right) images of h-BN PhPs launched at different frequencies in
liquid. (b) Images recorded for the same flake at varying frequencies in air.

For a quantitative analysis and comparison of the phonon polariton properties in liquid
and air, we imaged the h-BN flake at different frequencies (the amplitude and phase
images are shown in Figure 6.4). Figure 6.5a and 6.5c shows amplitude images recorded
in air and liquid, respectively. To measure the polariton momentum ¢ = 27/xp at each
frequency, we extracted line profiles perpendicular to the h-BN edge, and Fourier trans-
formed them. The corresponding PhP momenta are plotted in Figure 6.5b (symbols),
clearly showing the systematic shift of the experimental dispersion to higher wavevec-
tors when the h-BN is imaged in a liquid. Between 1500 cm™! and 1600 cm™!, we did
not observe fringes, which we attribute to the low signal-to-noise (S/N) ratio at these
frequencies and to the increasing confinement of the PhPs. The latter does not allow
for observing polaritons at 1600 cm ™!, despite a reasonable S/N ratio. We confirm our
observations by calculating (see Appendix B) the dispersion of the fundamental PhP
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6.3. Infrared nanoimaging of phonon polaritons in a liquid environment

mode (in literature often denoted MO [32,33]) of an h-BN flake on ZnSe in either D2O
or air (blue and red curves in Figure 6.5b). The experimental data (symbols) and
the calculated dispersion (lines) are in good agreement with each other for an h-BN
thickness of 90 nm, which is smaller than the experimental h-BN thickness, which we
attribute to uncertainties in the height measurements and permittivities of h-BN and
ZnSe.
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Figure 6.5.: Dispersion of h-BN PhPs in liquid and air . (a) Near-field amplitude
images s3 of an h-BN flake in air. (b) Dispersion of h-BN PhPs. Symbols
show PhP momenta obtained from line profiles taken from the images shown
in panels a and c. The color plot indicates the calculated imaginary part
of the momentum- and frequency-dependent Fresnel reflection coefficient,
Im[rp], of a 90 nm thick h-BN flake on ZnSe in air (red) and D2O (blue). (c)
Near-field amplitude images s3 of an h-BN flake in a liquid environment.

To further quantify the shift of the polariton momentum, and in turn the wavelength, we
calculated Ap as a function of the dielectric permittivity of the surrounding media, €,
at 1480 cm ™! (see Appendix B). We observe a significant decrease of Ap with increasing
em (Figure 6.6). A change from air (e, = 1) to a liquid of (e, = 3) yields a polariton
wavelength compression of about 236 nm, corresponding to about 23% and a sensitivity
of (AAr/Any, = 323nm/RIU), where A)p is the wavelength change upon a refractive
index change of An,,. Such fluid-control of the polariton wavelength in 2D materials
could find interesting application potential for the development of reconfigurable po-
lariton devices. s-SNOM operating in liquid — as demonstrated in this work — in the
future can be applied for fundamental studies and for verification of corresponding
device concepts.
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Figure 6.6.: Fluid control of PhP wavelength . PhP wavelength Ap as a function of the
dielectric permittivity of the surrounding medium, €, , calculated for a 90 nm
thick h-BN slab on a ZnSe substrate at 1480 cm~!. Inset shows the sample
sketch. Symbols indicate various liquids (for references, see Appendix B.2).

As an application example, we discuss the use of s-SNOM in liquid for studying vibra-
tional strong coupling (VSC) between molecules and polaritons. Generally, VSC leads
to new hybrid polariton modes, whose coherent exchange of energy is faster than the
decay rate of the original modes [203,204], and can modify chemical reactions [205,206].
Recently, molecular vibrational strong coupling involving h-BN phonon polaritons was
observed by s-SNOM polariton interferometry [207], analogous to Figure 6.8, but in
air. In Figure 6.7 we show by calculations how a liquid environment modifies VSC.
The inset of Figure 6.7 shows the calculated dispersion (See Appendix B) of the fun-
damental phonon polariton mode (red dashed lines, €, = 1) when a 30 nm thick layer
of CBP (4,4" — bis (N — carbauolyl) — 1,1’ — biphenyl) molecules is placed on top of a
30nm thick h-BN layer. It reveals VSC by a splitting of the phonon polariton mode into
an upper and lower polariton branch (red solid lines) [207] at the molecular vibrational
frequency (1450 cm™'), marked by horizontal dashed line, associated with the C — H
deformation bond of CBP [208]. By adding liquid above the molecular layer, we find
that VSC is maintained and even enhanced (blue and green curves in Figure 6.7), as the
mode splitting (minimum distance between upper and lower polariton branch) and the
coupling strength g ~ /2 increases with increasing permittivity e, of the liquid. This
finding can be explained by the increased polariton momentum in liquid (see Figure 6.5),
which is accompanied by an increased field confinement near the h-BN surface. This,
in turn, yields a stronger overlap between the phonon polariton mode volume and the
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6.3. Infrared nanoimaging of phonon polaritons in a liquid environment

molecule layer, enhancing the light-matter coupling. As, generally, chemical reactions
and dynamics often require liquid environment, polariton imaging by s-SNOM in liquid
opens up new possibilities for studying VSC involving ultra-confined polaritons.
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Figure 6.7.: Fluid control of vibrational strong coupling (VSC) . Calculated dispersion
of the fundamental hybrid polariton mode of a 30 nm thick h-BN slab covered
with a 30 nm thick layer of CBP molecules, which is covered by liquids of
different dielectric permittivities: e, = 1 (air, red curves), e,, = 1.82 (D20,
blue curves), and €, = 3 (green curves). Upper left inset: Comparison of
the hybrid polariton mode in the air (red solid curves) with the fundamental
phonon polariton mode of an h-BN slab in the air without molecules (red
dashed curve). Lower right inset: Sketch of the sample. Gray horizontal
dashed lines mark the molecular vibrational frequency wc_y . Vertical
arrows indicate the mode splitting (2.
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6.4. Nano-FTIR spectral line scan of phonon polaritons in
liquid

s,(xw) O MOS8

Figure 6.8.: Nano-FTIR spectral line scan of h-BN in liquid. (a) Nano-FTIR line scan
perpendicular to the h-BN edge (indicated by the dashed vertical line),
showing the near-field amplitude signal as a function of frequency, w, and
distance, x, between the tip and the h-BN edge, s2(z,w). Black dashed lines
are guides to the eye, tracing the interference fringes. Spectral resolution:
14 cm™1. Total acquisition time: ~ 1 h and 20 min.

We finally demonstrate experimentally nano-FTIR spectroscopic imaging in liquid. To
that end, we recorded a line scan perpendicular to the edge of the h-BN flake. Figure 6.8
shows the normalized nano-FTIR amplitude spectra as a function of tip position x.
We clearly see a horizontal bright feature centered at 1395 cm~ !, which corresponds
to the h-BN phonon resonance. More interestingly, we observe fringes, which we
attribute to a PhP interference pattern, as the fringe spacing Ar/2 decreases continuously
with increasing frequency. We find a good qualitative agreement to similar data sets
recorded in air [32]. Figure 6.8 clearly demonstrates that hyperspectral nano-FTIR
imaging of ultraconfined polaritons in a liquid is possible. However, we refrain from a
quantitative analysis of this data set, as the required long data acquisition time (1 h and
20 min) and significant sample heating led to strong sample drift during nano-FTIR
recording. In future developments and applications, this challenge of sample drift can
be tackled by improving the thermal stability of the setup and employing drift correction
strategies [182]. Furthermore, the heating of the liquid could be reduced by employing
heat sinks or implementing flow cells instead of the simple liquid droplet used in the
presented work. We finally note that dielectric (materials) contrasts (e.g., between h-BN
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and ZnSe) obtained with our setup in the liquid differ from those in air. Future studies
are required to explore this phenomenon, which could be caused by the illumination of
the tip by both propagating and evanescent fields due to a non optimal prism geometry
(due to space restrictions in our current setup) or enhanced higher mechanical harmonic
generation in a liquid.

6.5. Conclusions and outlook

To summarize, we demonstrated the application of TIR-based s-SNOM for nanoimaging
and spectroscopy of ultraconfined h-BN phonon polaritons in a liquid, showing that the
presence of liquid shifts the PhP dispersion to higher momenta. In the future, one could
exploit polariton interferometry in liquid (pure solutions or buffer solutions containing
specific molecules) for studying chemical interactions at the interface between the bare
or functionalized polaritonic materials. We further envision in-situ studies of vibrational
strong coupling between ultraconfined polaritons and molecular vibrations. Finally, we
note that the TIR setup could be further optimized for standard s-SNOM and nano-FTIR
based chemical mapping and identification of samples that are fully immersed in a
liquid environment. The first step in this direction has been previously demonstrated in
Chapter 4, Section 4.5. The physical and chemical properties of the liquid should allow
for stable AFM operation, and the liquid’s infrared absorption should not obscure the
near-field response of the sample. Apart from using water-based buffer solutions for
biochemical studies, low viscosity ionic liquids could be used for gating 2D materials
and for studying phase transitions induced by ionic substitution.
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A. Protocol for AFM and s-SNOM
operation in liquid

AFM in liquid is a widely utilized technique for high-resolution surface characterization
of materials such as polymers, biomolecules, and nanocomposites [57]. However,
operating tapping mode AFM in liquid can pose significant challenges. The resolution
and sensitivity of AFM in liquid are largely influenced by the tip-sample interaction
which depends on both the characteristics of the tip (such as its chemical composition,
cantilever dimensions, and force constant) and on the imaging conditions (including the
imaging environment, scan parameters like tapping amplitude and feedback parameters)
[209]. The presence of liquid can significantly alter the behavior of the oscillating
cantilever (Chapter 4, Section 4.3.1). Thus, careful selection of imaging parameters and
AFM tips is often essential for stable operation in liquid. Here, we provide a detailed
protocol for operating tapping mode AFM (and s-SNOM) in liquid, specifically tailored
to the setup used in this work.

A.1. Tool and surface cleaning

To achieve stable and high-resolution imaging in liquid environments, it is crucial to
limit contamination of the tip-sample system. This step is vital not only for optimal
imaging performance, but also ensures the longevity of both the samples and the AFM
tips. Therefore, it is generally recommended to thoroughly clean all tools and surfaces
that may come into contact with the tip, sample, or liquid. Additionally, wearing nitrile
gloves during the cleaning and sample handling process is essential for minimizing
contamination.

1. Cleaning tweezers: The tweezers used for handling the cantilevers and the sam-
ples were cleaned by soaking them in acetone. After soaking, the tweezers were
allowed to either air dry or dry completely under a nitrogen flow.

2. Cleaning substrates and sample holder: The base of the substrates (CaF; and
ZnSe), and the windows of the sample and the cantilever holder (CaF3) (see
Figures 4.2, 4.3 in Chapter 4) were cleaned before and after use in liquid. To
clean these surfaces, we used a lint-free lens cleaning tissue soaked in isopropyl
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A. Protocol for AFM and s-SNOM operation in liquid

alcohol (IPA or isoproponol). Each surface was wiped thoroughly and then dried
completely under nitrogen flow to prevent any residue or contamination.

A.2. Cantilever and tip cleaning

Cantilevered AFM tips are often contaminated with organic and inorganic contaminants
arising from storage in gel boxes, or from adsorption of contaminants from air [210].
These contaminants can negatively affect tip-sample contact in liquids, as they directly
impact the wetting properties of the tip, often rendering AFM tips hydrophobic [211].
Additionally, larger contaminants can cause air bubbles to form on the AFM cantilever
(see Figure A.1), distorting the reflection of the deflection laser from the backside of
the cantilever impeding AFM operation. Therefore, it is essential to clean all cantilevers
before use in liquid.

(a)

Figure A.1.: Cantilever cleaning. Comparison of contaminated AFM cantilever in liquid
(a) before and (b) after the cleaning process.

For the work presented in this thesis, the cantilevers were cleaned using the following
procedure:

1. The cantilevers were immersed in ethanol for approximately 30-60 seconds, fol-
lowed by immersion in acetone for another 30-60 seconds. During the immersion,
the cantilevers were continuously swirled around using a clean pair of tweezers
to ensure thorough cleaning.

2. After cleaning, the cantilevers were immediately transferred to a thick lint free
filter paper and were allowed to air dry completely before gluing them onto the
cantilever holder. For temporary storage after cleaning, the cantilevers were placed
in a clean, covered glass petri dish.
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A.3. Sample mounting and liquid cell preparation

In addition to the method described above, more advanced AFM cantilever cleaning
techniques are available that can further enhance image quality and significantly elim-
inate majority of the contaminants. However, caution is necessary when selecting a
cleaning method, as harsher cleaning agents can compromise the integrity of the metallic
coating on both the tip and the back of the cantilever. This metallic coating is crucial for
optimal AFM and s-SNOM performance.

A.3. Sample mounting and liquid cell preparation

We use an open liquid cell concept (see Figure 4.2 in Chapter 4) for all the results
presented in this thesis.

To prepare the setup for operation in liquid, a cleaned cantilever was glued onto the
cantilever holder (see Figure 4.3a in Chapter 4). Next, using either a syringe or a micro
pipette, a small droplet of liquid (approximately 50 — 100 L) was carefully placed
directly on top of the cantilever. This ensures that both the cantilever and the tip are
fully submerged in liquid. This step is crucial, as it helps minimize the formation of
air bubbles during the sample’s approach to the tip, facilitating a smoother approach
process (see Section A.4).

Following that, the sample along with the Teflon block was glued onto the CaF, window
integrated on the sample holder (see Figures 4.2b, 4.3 in Chapter 4). To enable easy
refilling of the liquid between measurements, a syringe fitted with a microfluidic tube
was attached to the Teflon block. To ensure a steady flow of liquid, it is important to
eliminate air bubbles from the tube and the syringe. To this end, before connecting the
tube to the Teflon block, a small volume of the liquid was rapidly pushed through the
syringe into the tube to displace any trapped air. After this, an additional droplet of
liquid was formed on the top surface of the sample using the same syringe.

Due to the refilling mechanism and the hydrophobic nature of the ZnSe wedged sub-
strates used in our experiments, large relative motion between the tip and the sample
during quick positioning and approach can cause the droplet to slide off the substrate’s
surface. To prevent leakages and retain the liquid in place, many AFM systems employ
O-rings in open liquid cells. However, due to space limitations and the current design
of our setup, we created a barrier at the edges of the substrate using a two-component
reprorubber mix. Once dried, this reprorubber acts as a flexible barrier that can be easily
peeled off from the substrate with minimal damage or contamination.
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A. Protocol for AFM and s-SNOM operation in liquid

A.4. Approach and scanning in liquid

The sample table and the cantilever were prepared and mounted on the setup. To
focus the deflection laser on the back side of the cantilever, the cantilever was moved
downwards (in the z direction, see Figure A.2e) until a sharp spot from the deflection
laser was visible (see Figure A.2f). Note that the focal plane in liquid is significantly
lower (closer to sample table) than in air, which requires careful adjustment. The sample
table is positioned just above the parabolic mirror to avoid any collisions during the

cantilever height adjustment.
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Figure A.2.: Cantilever tuning and approach in liquid. (a) Illustration of a cantilevered

AFM tip in air. (b) Frequency response spectrum of a commercially avail-
able Pt-Ir cantilevered tip recorded in air showing a single pronounced peak
corresponding to the cantilever’s fundamental resonance frequency. TA,
tapping amplitude. (c) Illustration showing the cantilever and sample im-
mersed in liquid, with the CaF,; window positioned just above the droplet.
(d) Absence of the deflection laser spot on the backside of the cantilever
for the scenario depicted in panel c. (e) A droplet of liquid is formed on
both the cantilever and the top surface of the sample prior to approach, (f)
enabling optimal focusing and visibility of the deflection laser spot on the
backside of the cantilever. (g) A capillary bridge is created as the sample is
brought closer to the tip. (h) Frequency response spectrum of the same tip
as in panel b, but in liquid, showing multiple peaks referred to as “forest of
peaks”.

Once the cantilever was placed in the focus of the deflection laser, the sample table was

92



A.4. Approach and scanning in liquid

raised slowly (in z direction, see Figure A.2e) until a capillary bridge formed between the
liquid droplets on the tip and the sample (see Figure A.2g). Once the tip and the sample
are in close proximity, the frequency response spectrum of the cantilever was recorded
in liquid (see Figure A.2h). The presence of liquid significantly dampens the cantilever
oscillation and introduces multiple spurious peaks in its frequency response spectrum
(see discussion in Chapter 4 in Section 4.3.1). This complicates the identification of the
optimal drive frequency for stable AFM. To navigate the complexities of AFM operation
in liquid, the following guidelines are recommended:

1. Drive voltage: The resonance frequency of the cantilever in liquid is typically
around one-third of the value in air. Generally, a higher drive voltage is essential
for optimal tuning of the cantilever resonance (due to increased effective mass
of the cantilever in liquid, see Chapter 4 in Section 4.3.1). Initially, a very high
drive voltage was applied to identify the correct cantilever resonance frequency
before it was lowered to achieve the desired tapping amplitude. For example, for
the frequency responses shown in Figures A.2b (air) and A.2h (H20) we used
drive voltages of approximately 20 mV in air and 1000 mV in H»O to record the
cantilever frequency response.

2. Selection of cantilever resonance: Due to the presence of multiple peaks in the
frequency response spectrum of the cantilever in liquid, identifying the optimal
drive frequency often involves a trial-and-error process at first. However, since the
cantilever frequency response is dependent on the cantilever properties and the
geometry of the liquid cell (see discussion in Chapter 4, Section 4.3.1), once the
optimum frequency has been identified for a setup, it can serve as a reference for
future measurements. Typically for our setup, a Pt — Ir (Arrow NCPt, Nanoworld)
cantilevered tip operates optimally at frequencies around 105—130 kHz. To identify
the optimum drive frequency, a practical approach is to bring the tip close to the
sample surface and compare its frequency response with data obtained at a greater
distance from the sample. The peaks, whose amplitude remains constant between
the two measurements, can be ignored right away. Next focus on the remaining
peaks. It is important to note that the tallest peak is not always the best choice for
stable operation. Select a peak and gradually approach the tip onto a clean and
flat area of the sample while carefully monitoring the mechanical signals until an
optimal frequency is identified.

3. Approach in liquid: Once a frequency was selected for operation, the setpoint
was fixed to approximately 80% of the free oscillation amplitude of the cantilever.
Monitoring the mechanical amplitude signal can also help confirm if the selected
frequency is optimal. As an example, a trace of the mechanical amplitude signal
during approach for two of the peaks (highlighted in the inset to the Figure A.3a
and A.3b) in the cantilever frequency spectrum is shown in Figure A.3. Ideally,
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the mechanical signal should decrease steadily as the tip slowly approaches the

sample until the tip snaps into contact with the sample surface (Figure A.3a).
In contrast, when operating at a non-optimum frequency the mechanical signal
remains nearly constant until a sudden snap occurs as it contacts the sample (sharp
kink before contact in (Figure A.3b)).

. Scanning in liquid: As in air, the most critical parameters for scanning with AFM

in liquid are the setpoint and feedback gain.

a)

b)

Setpoint: The setpoint value directly correlates to the force applied by the
AFM tip onto the sample. Usually a higher setpoint indicates larger tip-
sample distance resulting in a lower tip-sample interaction force on the sam-
ple. In contrast, a lower setpoint indicates smaller tip-sample distances and
consequently higher force on the sample. When measuring soft samples
and/or in liquid, setpoint values of 80 — 90% of the free tapping amplitude
are a good starting point for scanning to minimize sample damage and tip
contamination. While scanning in liquid, it is common to gradually reduce
the setpoint to compensate for the steady decrease in the tapping amplitude,
which occurs due to the cantilever bending in liquid. This bending is often a
result of the variations in the temperature of the liquid. Therefore, it is advis-
able to perform a few blank scans (i.e., scans over a large topography-free
area of the sample) before proceeding to the area of interest.

Feedback gain: The feedback gain reflects how quickly the feedback loop
responds to changes in topography. The feedback loop (that maintains oscil-
lation amplitude while scanning the sample) can be optimized by adjusting
the proportional-integral (PI) gains. The integral gain has the most dramatic
effect on the image quality. A high value means faster response time but
may introduce instability and electronic noise to the image. We began by
setting a low integral gain value and gradually increased it, while scanning
until a clear image was observed. After optimizing the integral gain, the
proportional gain was fine tuned (start low and increase gradually) until
an improvement in the image quality without introducing additional noise
was observed. A good approach to fine-tune the PI gains is to monitor the
trace and retrace of the mechanical amplitude signals while scanning and
adjusting the gains until a high level of correlation is observed between the
two curves. Figure A4, presents an AFM topography image of a polymer
(PMMA) layer on a ZnSe substrate in liquid, demonstrating the significance
of selecting optimal scan parameters. If scan parameters are poorly chosen,
it can lead to instabilities in scanning, potential damage the sample, and tip
and liquid contamination leading to complications in interpreting AFM and
s-SNOM measurements.
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Mechanical amplitude signal trace while the tip approaches the sample.
The mechanical response for two conditions (a) at the optimum peak and (b)
at a spurious peak in the cantilever’s frequency response. Insets in panels
a and b show the frequency response spectrum of a Pt — Ir (Arrow NCPt,
Nanoworld) cantilevered tip in HoO, with the highlighted regions indicating
the selected peaks used for AFM operation. TA, tapping amplitude.
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Parameters for scanning in a liquid environment. (a) [llustration of poorly
optimized scanning parameters, resulting in abrupt jumps in AFM topogra-
phy measurement, as well as potential damage and dragging of the sample
by the AFM tip. (b) AFM topography image of the same sample imaged
with optimized scanning parameters, demonstrating a clear topography
image of a PMMA layer on ZnSe.
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B. Phonon polariton wavelength and
dispersion calculation

The calculations were performed by Andrei Bylinkin at CIC Nanogune BRTA.

We used the transfer matrix formalism [212] to calculate the Fresnel reflection coefficient
rp of the layered sample. The color plot shown in Figure 6.5b in Chapter 6 shows the
imaginary part of the Fresnel reflection coefficient, Im (r), calculated for h-BN layer on
ZnSe in either air or D5 0.

The polariton dispersions shown in Figure 6.7 in Chapter 6 were obtained by determining
the poles of r,. To determine the poles, we numerically solved the equation 1/Abs(r,) = 0.
We considered complex frequencies w — iy and real momenta ¢ , i.e., determined the
poles of r, (¢,w — i7), yielding the polariton frequency w(g) and the mode splitting €.

The polariton wavelengths in Figure 6.6 and the PhP dispersion of the bare h-BN layer
in Figure 6.5 b and in the inset to Figure 6.7 (dashed red line) in Chapter 6 were
calculated by quasi-normal mode analysis using the COMSOL mode solver, where
infinitely extended h-BN layers of a given thickness on top of a ZnSe substrate were
considered. We extracted the mode index q% + ik/q0, which is the complex-valued
wavevector normalized to the photon momentum ¢q. The polariton wavelength follows
from \p = 27”. The dielectric permittivity of h-BN, CBP, ZnSe and liquids used for the

calculations are described below.

B.1. h-BN dielectric function

The dielectric permittivity of 1B monoisotopic h-BN was calculated with a Lorentz
model according to

2

2 o
- Wioj — W' — 1wl

hBN,j (W) =€cj | 375 — ok
o iwl’;

where j =1, || indicate the direction of the tensor with respect to the anisotropy axis.
w%o j and w%o jare the LO and TO phonon frequencies, I' is the damping constant and
€s0,j is the high frequency permittivity. The h-BN parameters used for the calculations
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were taken from Reference [213]: wro, 1 = 1650cm™, wio = 845em™!, wro 1 =
1394.5cm™ !, wro | = 785cm ™!, 'L = 1.8cm™!, Ty = lem ™!, and ey 1 = 4.5 (instead
of 5.1 as in Reference [213]) to better match our experimental results.

B.2. Substrate and liquid dielectric constants

For the dispersion calculations shown in Figure 6.5b and 6.7, as well as for the calcu-
lation of the polariton wavelengths in Figure 6.6 in Chapter 6, the following dielectric
constants (/e = n) for an incident wavelength of A ~ 6 um were used: eznge = 5.76
(Reference [152]), ep,0 = 1.82 (Reference [122]), exg,0 = 1.716 (Reference [122])),
€Ethanol = 1.796 (Reference [214]).

B.3. CBP dielectric function

To extract the dielectric function of CBP (4,4" — bis (N — carbauolyl) — 1,1’ — biphenyl)
we followed the approach described in Reference [207], where the so-called Tinkham
formula [215] for thin films on a substrate was used to relate the transmission of the
CBP film to its complex-valued conductivity and permittivity. To fit the transmission
data, we modeled the dielectric function of the CBP molecules with the Drude-Lorentz
model assuming 4 oscillators to describe all the dips in the transmission spectra of the
CBP layer in the frequency range from 1400 to 1550 cm~! according to

2
“p.k

€CBP (W) = € +Z -
(W) = € p wg, —w? —ilcppiw’

k = 1 — 4, where e, is the high-frequency dielectric constant. wy, 1, wo 1, and I'cgpi
represent the plasma frequency, resonance frequency and linewidth of the kth Lorentz
oscillator, respectively. For the central frequency and width of the absorption associated
with the C — H deformation bond, which is the CBP vibration used for studying vibra-
tional strong coupling in this work, we obtained wg; = 1450 cm ™}, wp, . = 128 cm ™},
and T'cpp i = 6.4cm ™!, assuming e, = 2.8 (Reference [208]).
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