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1 Summary 

Optical spectroscopy in the infrared (IR) frequency range has tremendous merit in 

chemical and structural analysis of materials. IR radiation addresses a rich variety of 

light-matter interactions because photons in this low energy range can excite molecular 

vibrations and phonons, as well as plasmons and electrons of non-metallic conductors
1,2

. 

A widely used analytical tool for chemical identification of inorganic, organic and 

biomedical materials
3
, as well as for exploring conduction phenomena

4
, is Fourier 

Transform Infrared Spectroscopy
2
 (FTIR), which will be briefly introduced in chapter 3 

of this thesis. In infrared spectroscopy the unique response of materials to broadband 

infrared illumination is utilized to identify and characterize them. The majority of the 

characteristic interactions are found in the so-called “finger-print” region of the infrared 

spectrum spanning from 5 – 20 µm wavelength (corresponding to 400 – 2000 

wavenumbers [cm
-1

]). However, the diffraction-limited spatial resolution of this 

technique, which is in the range of 10 µm, has been preventing applications in 

nanoscale material and device analysis, industrial failure analysis or quality control.  

Recently, tip-enhanced near-field optical microscopy
5
 and scattering-type scanning 

near-field optical microscopy (s-SNOM)
6,7

 have become valuable methods for 

nanoscale material characterization. They enable optical spectroscopies such as 

fluorescence, Raman, infrared or terahertz spectroscopy to be performed with nanoscale 

spatial resolution
5
. At infrared frequencies, s-SNOM enables for example the nanoscale 

mapping of free carriers in transistors
8
, semiconductor nanowires

9,10
 and vanadium 

oxide
11,12

, of chemical composition of polymers
13-17

 and biological objects
18,19

, of 

phonons
20,21

 and strain
22

 in polar crystals, or of plasmons in graphene
23,24

. Chapter 3 of 

this work will introduce the basic principles of this technique. It is typically based on 

atomic force microscopy (AFM) where the tip is illuminated with a focused laser beam. 

The tip-scattered light is detected simultaneously to topography providing an excellent 

optical resolution in the 10 nm range, independent of the wavelength
6,7

. Using metallic 

tips, the strong optical near-field interaction between tip and sample modifies the 

scattered light, allowing for probing the local dielectric properties with nanoscale 

resolution. 

Local spectral information is obtained, up to now, by time-consuming imaging at 

various but limited wavelengths from tunable laser sources
13,20,25,26

. The set of near-field 
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images yield the wavelength-dependent dielectric sample properties, from which local 

chemical composition or conductivity can be determined
18,27

. For chemical 

identification of unknown nanostructures, however, the acquisition of local near-field 

spectra in a broad spectral range spanning from near- to far-infrared frequencies is 

needed. This issue was addressed in this thesis by developing a novel FTIR system that 

allows for broadband infrared-spectroscopic nano-imaging of dielectric properties, 

which became established under the acronym nano-FTIR. It combines the analytical 

power of infrared spectroscopy with the ultra-high spatial resolution of s-SNOM. 

Utilizing (i) broadband infrared radiation for illuminating the probing tip and (ii) strong 

signal enhancement employing an asymmetric
28

 FTIR spectrometer, the spatial 

resolution of conventional IR spectroscopy could be improved by more than 2 orders of 

magnitude. The basic working principles of nano-FTIR are presented in chapter 5 of this 

work. 

Nano-FTIR has been experimentally realized with different broadband sources during 

this thesis. In a first step, a thermal source, similar to what is used in conventional 

infrared spectroscopy has been implemented for broadband infrared illumination 

(chapter 6). By mapping a semiconductor device, spectroscopic identification of silicon 

oxides and quantification of the free-carrier concentration in doped Si regions with a 

spatial resolution better than 100 nm could be demonstrated
29

. 

Due to the limited power of the thermal source, however, only strong phonon and 

plasmon resonances could be mapped, but not the vibrational contrasts of molecular 

organic substances, which rely on relatively weak resonances
30

. Therefore the nano-

FTIR setup was combined with a novel laser-based infrared continuum source
31

, which 

is able to provide broadband illumination of sufficient power for detecting the weak 

molecular vibrational resonances of organic samples (chapter 7). It could be 

demonstrated, for the first time, that nano-FTIR can acquire molecular vibrational 

spectra throughout the mid-infrared fingerprint region at a spatial resolution of 20 nm, 

by imaging a typical polymer sample (poly(methyl methacrylate), PMMA). 

Furthermore, first experimental evidence has been provided that the near-field 

absorption spectra match well with conventional (far-field) FTIR absorption spectra. 

Theoretical considerations corroborate this observation (chapter 7.4). This relates, in 

particular, to the spectral line positions, line widths and line shapes, and therefore 

allows for direct chemical recognition of nanoscale materials by consulting standard 
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FTIR databases. As an application example, the identification of a nanoscale sample 

contamination was demonstrated. 

In typical IR s-SNOM studies and also in the first experiments with nano-FTIR, 

standard (commercial) metalized AFM tips were used. The infrared antenna 

performance of these tips
32

, however, is widely unexplored and antenna concepts
33-47

 

have not yet been applied to optimize near-field probes for the infrared spectral range. 

In chapter 8 of this work a novel concept is proposed, aiming for superior probing tips 

that utilize geometrical resonances to optimize the optical performance of tips in near-

field optical experiments. By focused ion beam (FIB) machining infrared-resonant 

antenna tips could be successfully fabricated on standard Si cantilevers. 

Characterization of these tips by electron energy loss spectroscopy (EELS), Fourier 

transform infrared (FTIR) spectroscopy and Fourier transform infrared near-field 

spectroscopy (nano-FTIR) clearly revealed geometrical antenna resonances in the tips, 

which are found to be in good agreement with numerical calculations. Employing these 

tips for near-field infrared imaging of individual tobacco mosaic viruses (TMV), state-

of-the-art AFM performance accompanied by an excellent optical performance could be 

verified. Due to their well-defined geometry, these antenna tips will furthermore 

significantly ease the qualitative description of the tip-sample near-field interaction, 

which will be essential for quantitative measurements of the local sample properties 

such as dielectric function and molecular absorption. 

In conclusion, a novel technique for nanoscale infrared spectroscopy (named 

“nano-FTIR”) has been developed. It enables the analysis of a large variety of materials 

with nanoscale spatial resolution and has interesting application potential in widely 

different sciences and technologies, ranging from materials to chemical and biological 

sciences. Envisioned applications include nanoscale chemical mapping of polymer 

blends, organic fibers, and biomedical tissue, as well as quantitative and contact-free 

measurement of the local free-carrier concentration and mobility in doped 

nanostructures. 
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2 Resumen 

La espectroscopia óptica presenta unas cualidades excepcionales para el análisis 

químico y estructural de los materiales; especialmente, en las frecuencias del rango del 

infrarrojo (IR) y de los terahercios (THz). La radiación IR y de THz abarca una gran 

variedad de interacciones entre luz y materia, ya que, en este rango de baja energía, los 

fotones pueden excitar vibraciones moleculares y fonones, así como plasmones y 

electrones de conductores no metálicos
1,48-50

, motivo por el cual actualmente se están 

dirigiendo ingentes esfuerzos al desarrollo de sistemas de captura de imágenes en estas 

regiones
51,52

. Una de las herramientas analíticas que más se utiliza para la identificación 

de materiales inorgánicos, orgánicos y biomédicos
3
, así como en el estudio de los 

fenómenos de conductividad
4
, es la Espectroscopia Infrarroja por Transformada de 

Fourier (FTIR), la cual expondremos brevemente en el Capítulo 3 de esta tesis. En la 

espectroscopia infrarroja, la respuesta única que los materiales generan ante radiación 

infrarroja de banda ancha se emplea para la identificación y caracterización unívoca de 

los mismos. La mayoría de las interacciones características se producen en la 

denominada región de «huella» (fingerprint region) del espectro infrarrojo, que 

comprende el rango de longitud de onda entre 5 y 20 µm (correspondiente a números de 

onda entre 400 y 2000 cm
-1

). Esta técnica, sin embargo, dada su resolución espacial, 

limitada por la difracción, y situada en el rango de las 10 µm, no ha podido ser aplicada 

para el análisis de dispositivos y materiales en escalas micro y nanométricas, o en 

análisis de procesos industriales y control de calidad.  

Recientemente, la microscopía óptica de campo cercano aumentada en la punta
6
 (“tip-

enhanced near-field optical microscopy”) se ha convertido en un importante método 

para la caracterización de materiales a escala nanométrica. Esta técnica permite realizar 

análisis basados en la espectroscopia óptica, tales como la espectroscopia de 

fluorescencia, la espectroscopia Raman y la espectroscopia de infrarrojos o de 

terahercios, con una resolución espacial de nanómetros
5
. El amplio y prometedor 

potencial de esta técnica ha quedado probado en múltiples estudios. En las frecuencias 

de infrarrojos, la microscopía óptica de barrido de campo cercano de tipo dispersivo (s-

SNOM)
6,7

 permite, por ejemplo, mapear a escala nanométrica los portadores libres en 

transistores
8
, nanohilos semiconductores

9,10
 y óxido de vanadio

11,12
, la composición 



 

5 

química de polímeros
13-16

 y objetos biológicos
18,19

, la tensión en cerámicas
22

 y los 

plasmones en grafeno
23,24

. En el Capítulo 4 presentaremos los principios básicos de esta 

técnica, que, por lo general, suele estar basada en un microscopio de fuerzas atómicas 

(AFM), donde la punta se ilumina con un haz concentrado de luz láser; de ese modo, la 

luz dispersada desde la punta se detecta al mismo tiempo que la topografía, 

proporcionando así una excelente resolución óptica en el rango de los 10 nm, cualquiera 

que sea la longitud de onda
6,7

. Al utilizar puntas metálicas, la fuerte interacción óptica 

que se produce entre la punta y la muestra modifica la luz dispersada, gracias a lo cual 

se pueden estudiar las propiedades dieléctricas locales con resolución nanométrica.  

Hasta ahora, la información espectral local de un material se obtenía mediante un lento 

proceso de captura de imágenes a diferentes –y limitadas– longitudes de onda, 

empleando diversas fuentes láser de amplitud modulable
13,20,25,26

. El conjunto de 

imágenes de campo cercano permite revelar las propiedades dieléctricas de la muestra 

que dependen de la longitud de onda, a partir de las cuales se puede determinar la 

composición química o la conductividad de la misma
18,27

; sin embargo, para poder 

identificar nanoestructuras desconocidas, resulta necesario obtener los espectros de 

campo cercano locales en un amplio rango espectral, desde el infrarrojo cercano al 

infrarrojo lejano. Esta problemática ha sido abordada en esta tesis mediante el desarrollo 

de un innovador sistema FTIR que permite obtener imágenes de espectroscopia 

infrarroja de banda ancha a escala nanométrica de las propiedades dieléctricas, y que 

recibe el nombre de nano-FTIR (descripción en la Fig. 2.1). Esta técnica combina el 

poder analítico de la espectroscopia de infrarrojos con la sumamente alta resolución 

espacial de la técnica s-SNOM. A partir de una radiación infrarroja de banda ancha 

superconcentrada
5,53

 con una antena infrarroja
5,20

, de un detector de la luz dispersada, y 

de un fuerte aumento de la señal gracias al uso de un espectrómetro FTIR asimétrico
28

, 

se consiguió mejorar la resolución espacial de la espectroscopia IR convencional en más 

de dos órdenes de magnitud. Los principios básicos de la técnica nano-FTIR serán 

descritos en el Capítulo 5. 

Durante la realización de esta tesis, y con carácter experimental, se han empleado en 

este innovador sistema de espectroscopia y de obtención de imágenes (nano-FTIR) 

diversas fuentes de banda ancha. En un primer paso, se utilizó como fuente de 

iluminación infrarroja de banda ancha una fuente térmica similar a la que se emplea en 

la espectroscopia infrarroja convencional (Capítulo 6). Al mapear el dispositivo 
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semiconductor, se pudo constatar la identificación espectroscópica de los óxidos de 

silicio y la cuantificación de la concentración de portadores libres en regiones altamente 

dopadas de silicio con una resolución espacial superior a los 100 nm. 

 

 

Fig. 2.1 Nano-FTIR con una fuente coherente de luz continua en el infrarrojo medio. (a) Configuración 

experimental que muestra el sistema láser-fibra-Er que emite un tren de pulsos a 1,55 µm (azul), y otro 

que se ensancha y se vuelve rojo (verde). Una unidad DFG superpone ambos haces en un cristal no lineal, 

que posteriormente emite un haz continuo en el infrarrojo medio que se utiliza para iluminar la punta del 

microscopio AFM del sistema nano-FTIR. La luz retrodispersada se analiza con un interferómetro de 

Michelson asimétrico formado por un divisor de haz (BS) y un espejo de referencia (RM). (b) Espectros 

obtenidos en dos configuraciones del haz continuo en el infrarrojo medio, en la región de “huella” de baja 

frecuencia 700-1400 cm
-1

 (rojo) y en la región de “huella” de frecuencias más elevadas 1300-2100 cm
-1

 

(negro). Las mediciones fueron realizadas a una distancia de unos 2 m de la fuente. Las líneas finas 

representan los espectros corregidos para la absorción atmosférica.  

 

Sin embargo, debido a la limitada potencia de la fuente térmica, solo se pudieron 

cartografiar las fuertes resonancias de fonones y plasmones, pero no el contraste 

vibracional de sustancias orgánicas, que obedece a resonancias relativamente débiles
30

. 

Por tal motivo, se procedió a combinar el sistema nano-FTIR con una novedosa fuente 

continua de infrarrojos basada en luz láser
31

, capaz de proporcionar una luz de banda 

ancha con la potencia suficiente para poder detectar las resonancias vibracionales 

débiles de muestras orgánicas (Capítulo 7). Por primera vez, se pudo demostrar que la 
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técnica nano-FTIR permite obtener espectros vibracionales moleculares a lo largo de la 

región de “huella” en el infrarrojo medio con una resolución espacial de 20 nm, gracias 

al mapeado de una muestra de polímero PMMA (metacrilato de metilo). Además, se 

aportaron las primeras pruebas experimentales que demuestran que los espectros de 

absorción en el infrarrojo cercano se corresponden bien con los espectros de absorción 

FTIR (Fig. 2.2).  

 

Fig. 2.2 Comparación de la técnica de FTIR de campo lejano convencional con la técnica nano-FTIR (a) 

Espectro de absorción nano-FTIR de una película de 90 nm de PMMA (b) Espectro FTIR de campo 

lejano de una película de PMMA de ~5 µm de grosor. Los datos nano-FTIR se obtuvieron a partir de dos 

mediciones consecutivas en las que el espectro fue modificado, pasando de los (2000 cm
-1

 – 1400 cm
-1

) a 

los (1400 cm
-1

 – 800 cm
-1

). El tiempo de adquisición fue de 25 y 16 min, respectivamente, y la resolución 

espectral de 6 cm
-1

. El espectro FTIR de campo lejano se obtuvo transcurridos 20 min, con una resolución 

espectral de 4 cm
-1

. Los esquemas a la derecha de los espectros muestran la técnica nano-FTIR y la 

técnica FTIR convencional. 

 

Las consideraciones teóricas no hacen sino corroborar esta observación, especialmente 

en cuanto a las posiciones, al ancho y a la forma de las líneas de los espectros, y que 

permite, por tanto, reconocer la estructura química de los materiales nanométricos 

directamente, consultando las bases de datos FTIR estándares. A título de ejemplo de su 

aplicación, se constató la identificación de la contaminación de una muestra a escala 

nanométrica (Fig. 2.3) 
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Fig. 2.3 Identificación química de la contaminación en una muestra a escala nanométrica con nano-FTIR. 

En la imagen de la muestra (izquierda), se puede observar un pequeño contaminante en la muestra (B) 

junto a una delgada película de PMMA (A) en un sustrato de Si (región oscura). En la imagen 

correspondiente a la fase mecánica (imagen del medio), el contraste ya pone de manifiesto que la 

partícula está formada por un material diferente que la partícula y el sustrato. La comparación de los 

espectros de absorción nano-FTIR en las posiciones A y B (recuadro derecho) con las bases de IR 

estándar revela la estructura química de la película y de la partícula. El espectro se registró en 7 minutos, 

con una resolución espacial de 13 cm
-1

. 

 

En los estudios convencionales de s-SNOM en infrarrojos, así como en los primeros 

experimentos con nano-FTIR, se emplean puntas metalizadas estándares (comerciales) 

para microscopios AFM. Sin embargo, el rendimiento de estas puntas como antena de 

infrarrojos
32

 sigue siendo un gran desconocido, y los conceptos relativos a las antenas
33-

47
 aún no han sido aplicados para la mejora de los estudios de campo cercano en el 

rango de la región infrarroja. En el Capítulo 8 se propone un concepto innovador, 

basado en el uso de puntas mejoradas que emplean resonancias plasmónicas 

geométricas para optimizar el rendimiento óptico de las puntas en los experimentos que 

se realizan en la región del campo cercano. Con un sistema de haz de iones focalizados 

(FIB), las puntas de antena infrarrojas podrían ser fabricadas con éxito en micro-

palancas flexibles (cantilevers) estándares de Si. La caracterización de estas puntas 

mediante la Espectroscopia de Pérdida de Energía de Electrones (EELS), la 

Espectrometría Infrarroja por Transformada de Fourier (FTIR) y la Espectroscopia 

Infrarroja por Transformada de Fourier en Campo Cercano (nano-FTIR) mostró 

claramente las resonancias geométricas de la antena en las puntas, que se corresponden 

en buena medida con los cálculos numéricos. El uso de estas puntas en la obtención de 

imágenes en campo cercano de virus individuales del mosaico del tabaco constató un 

buen AFM, además de un magnífico rendimiento óptico. Gracias a su bien definida 

geometría, estas puntas de antena facilitarán notablemente la descripción cualitativa de 

la interacción entre punta y muestra en la región del campo cercano, lo que resulta 

A

B

Topography
Chemical

Identity
Nano-FTIR Absorption

200 nm

B

A PMMA

PDMS
Si-CH3 Si-O-Si

CH2

C-C-O
C-O-C

1400 1200 [cm-1]1300 1100

Si

AFM mech. phase
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esencial para poder realizar mediciones cuantitativas de las propiedades locales de la 

muestra, tales como la función dieléctrica y la absorción molecular. 
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3 Introduction to Fourier Transform Infrared 

Spectroscopy (FTIR) 

In this chapter, a short introduction to infrared spectroscopy will be presented. In 

particular, Fourier Transform Infrared Spectroscopy (FTIR), which is one of the most 

common used techniques to measure infrared spectra, will be explained in detail. The 

concept of a Michelson interferometer as well as the Fourier Transformation will be 

briefly introduced to understand the experimental formation of infrared spectra. 

 

 

3.1 Introduction 

Infrared spectroscopy uses the infrared region of the electromagnetic spectrum (see Fig. 

3.1), that is light with a longer wavelength and lower energy than visible light, to 

identify and study materials. Photon energies associated with this part of the spectrum 

efficiently induce vibrational excitations of bonds or groups within molecules.  

 

 

Fig. 3.1 Electromagnetic Spectrum. The mid-infrared part is also called the “fingerprint 

region”, because many materials exhibit unique vibrational modes in this frequency range, 

which can be exploited for material identification and characterization. 

 

Molecules experience a wide variety of vibrational motions, characteristic of their 

component atoms. Consequently, many materials will absorb infrared radiation that 

corresponds in energy to these vibrations. In the simplest case, the infrared spectrum of 

a material is recorded by passing a beam of infrared light through it. When the 

frequency of the infrared light is the same as the vibrational resonance frequency of a 
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bond, absorption occurs. Examination of the transmitted light reveals how much energy 

was absorbed at each frequency (or wavelength). As most materials consist of many 

different atoms and hence a lot of different bonds, the infrared spectra usually are very 

complex and thus can serve as a unique so-called “infrared fingerprint” of a material. 

Nowadays huge databases of infrared spectra have been collected, which allow for 

identification of unknown substances by simply comparing their spectrum with the 

database.  

One of the most common instruments for recording infrared spectra is the Fourier 

Transform Infrared (FTIR) Spectrometer. Its basic working principle will be introduced 

in the next paragraphs, conceptually following the description of the book Fourier 

Transform Infrared Spectrometry
2
 

 

3.2 Michelson Interferometer 

FTIR spectrometers use an interferometer to measure infrared spectra from the material 

of interest. Although there exist a lot of different interferometers, the theoretical concept 

they rely on is not much different from the original design that was introduced in 1891 

by Michelson
54,55

, which is known as Michelson interferometer and schematically 

illustrated in Fig. 3.2. 

  

Fig. 3.2 Michelson Interferometer. A collimated beam emitted from a light 

source is split by a beamsplitter (BS) in two equal beams, the one is reflected 

by the BS (beam B), the other one is transmitted (beam A). Both beams are 

reflected back by a mirror perpendicular to their beampaths and recombine 

again at the BS. Part of the recombined beam is focused onto a detector. One 

of the mirrors can be moved precisely along the beam propagation axis to 

change the distance the light travels between the BS and the mirror. 
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The Michelson interferometer uses a beamsplitter (BS) that splits an incident beam of 

light into two beams of equal intensity, one is transmitted through the BS (beam A) 

while the other one is reflected (beam B). Both beams are reflected by a planar mirror 

back to the beamsplitter, from where they are partly reflected towards the detector. By 

changing the distance of one of the mirrors (moving mirror, Fig. 3.2), interference 

between the two beams (A and B) leads to a variation of the intensity at the detector. 

This variation is measured as a function of the mirror position (i.e. the optical path 

difference 𝑑 of the interferometer arms) to form a so-called interferogram, from which 

the spectrum can be calculated (as shown in detail in the next paragraphs). 

To better illustrate the processes that occur in a Michelson interferometer, a simple 

situation is considered, where the light source is monochromatic and produces a 

perfectly collimated beam. The wavelength of this source is 𝜆0[cm], so that its 

wavenumber (or spatial frequency) 𝜔0[cm
−1] is 

 𝜔0 =
1

𝜆0
. (3.1) 

 

The electric field emitted by the source is 𝐸𝑆 = |𝐸𝑆|𝑒
𝑖𝜔0𝑡, corresponding to a source 

intensity 𝐼0 ∝ |𝐸0|
2. The fields of the two beams A and B after the beam splitter are 

given by 

 𝐸𝐴 = |𝐸𝐴|𝑒
𝑖𝜔0𝑡 and 𝐸𝐵 = |𝐸𝐵|𝑒

𝑖(𝜔0𝑡+𝜑) (3.2) 

 

where 𝜑 = 4𝜋𝜔0𝑑 is the phase difference between the two fields because of the path 

difference d. The intensity at the detector is then given by 𝐼𝐷 ∝ |𝐸𝐷𝐸𝐷
∗ | where 𝐸𝐷 =

𝐸𝐴 + 𝐸𝐵. It follows: 

 

 𝐼𝐷(𝑑) = |𝐸𝐴|
2 + |𝐸𝐵|

2 + 2|𝐸𝐴||𝐸𝐵|cos⁡(4𝜋𝜔0𝑑)  3.3) 

 

Assuming 𝐼𝐴 = 𝐼𝐵 = 0.5𝐼0, we obtain: 

 

 𝐼𝐷(𝑑) = 0.5𝐼0(𝜔0)(1 + cos(2π𝜔0𝑑)) (3.4) 
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When the mirror is moved with a constant speed, the intensity 𝐼D(𝑑) at the detector will 

vary sinusoidal. 

In practice, there are several factors that affect the magnitude of the signal that is 

measured at the detector, like the transmission of the beamsplitter, responsivity of the 

detector and detector amplification characteristics. These factors, however, do not 

change from one measurement to the next for a given system configuration and can be 

described by a wavenumber-dependent correction-factor 𝑅(𝜔0): 

 

 𝐼D(𝑑) = 0.5𝑅(𝜔0)𝐼0(𝜔0)(1 + cos(2π𝜔0𝑑)) (3.5) 

 

By defining 𝑆(𝜔0)=0.5𝑅(𝜔0)𝐼0(𝜔0) and omitting the constant term in eq. (3.7), we 

obtain 

 𝐼(𝑑) = 𝑆(𝜔0)𝑐𝑜𝑠2𝜋𝜔0𝑑, 
 

(3.6) 

 

which in FTIR spectroscopy is called the interferogram. The amplitude of the 

interferogram, 𝑆(𝜔0), is the intensity of the source that is only modified by the 

instrument characteristics. 

 

3.3 Fourier Transform Spectroscopy 

The spectrum 𝑆(𝜔) is calculated by computing the Fourier transform of the 

interferogram 𝐼(𝑑). In case the source is monochromatic (as in chapter 3.2), performing 

the Fourier transform of a measured interferogram is a trivial operation, since the 

amplitude and wavelength can both be measured directly from the sinusoidal 

interferogram. If the source emits either several discrete spectral lines or continuous 

radiation, however, the interferogram is more complex. Fig. 3.3a illustrates the 

interferogram of a source that emits at two narrow spectral lines. It is a superposition of 

two cosine waves, each of them originating from one of the spectral emission lines of 

the source. For a source that emits a broad spectrum, as in Fig. 3.3b and c, the 
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interferogram is sinusoidal with an exponentially decaying envelope, as it is now a 

superposition of many different cosine waves. For an optical path difference 𝑑 = 0, 

they are all in phase, yielding a maximum signal 𝐼𝐷.The position 𝑑 = 0 is thus called 

the white light position (WLP). The narrower the width of the spectrum, the wider is the 

envelope of the interferogram (Fig. 3.3b), and vice versa (Fig. 3.3c). 

  

Fig. 3.3 Simple spectra and interferograms: a) Two very narrow lines of 

equal intensity. b) Lorentzian band centered at the mean of the lines in (a) c) 

Lorentzian band at the same wavenumber as (b) but of twice the width; FT 

denotes the Fourier Transform. 

When the source is a continuum, the interferogram can be represented by the integral 

 𝐼(𝑑) = ∫ 𝑆(𝜔)𝑐𝑜𝑠2𝜋𝜔𝑑⁡d𝜔

+∞

−∞

 (3.7) 

which is one-half of a cosine Fourier transform pair, where the other is 

 𝑆(𝜔) = ∫ 𝐼(𝑑)𝑐𝑜𝑠2𝜋𝜔𝑑⁡d𝑑

+∞

−∞

 (3.8) 

Eq. (3.8) shows that in theory one could measure the complete spectrum from 0 to ∞ 

cm
-1

 at infinitely high spectral resolution. To achieve this, however, it would be 

necessary to scan the moving mirror of the interferometer an infinitely long distance. 
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The effect of measuring the signal over a limited distance causes the spectrum to have a 

finite spectral resolution. This will be discussed in detail in section 3.3.1. Also, 

practically the Fourier transform is performed with data acquisition (DAQ) cards with 

limited acquisition speed. Thus the signal is recorded in finite sampling intervals d𝑑, 

which in turn limits the maximum frequency 𝜔𝑚𝑎𝑥 that can be measured. This is called 

the spectral bandwidth and will be explained in more detail in section 3.3.5. 

The most commonly used FTIR spectrometers use a Michelson interferometer to 

measure the infrared transmission spectra of a sample, as illustrated in Fig. 3.4. A 

broadband infrared beam is passed through the interferometer and then illuminates the 

sample. An infrared detector measures the transmitted light. 

 

Fig. 3.4 Conventional Transmission-FTIR spectroscopy. Infrared 

radiation from a broadband infrared source (here: a heated coil) is 

passed through a Michelson-type interferometer, comprising a 

beamsplitter (BS), a fixed and a moving mirror. After the 

interferometer, the light is passed through the sample and then focused 

onto the detector. 

 

Typically, thermal sources are used as continuous broadband infrared sources. A simple 

version of such a thermal source is a small coil (see Fig. 3.4), which is heated by a 

current to > 1000 K. According to Planck´s law, the emission of a blackbody of 

temperature T (in K) can be described by  
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 𝐼(𝜔, 𝑇) =
2ℎ𝜔3

𝑐2
1

𝑒
ℎ𝜔⁡
𝑘𝐵𝑇 − 1

, (3.9) 

 

where 𝐼(𝜔, 𝑇)⁡denotes the spectral radiance, 𝑇 the absolute temperature of the 

blackbody, 𝑘𝐵 the Boltzmann constant, ℎ the Planck constant and 𝑐 the speed of light. 

Note that the above notation is valid for 𝜔 in units of [Hz]. By substituting 𝜔[𝐻𝑧] =

102𝑐𝜔[cm−1], 𝐼(𝜔, 𝑇) becomes 

 𝐼(𝜔, 𝑇) = 2 ∗ 106ℎ𝑐𝜔
1

𝑒
102ℎ𝑐𝜔⁡
𝑘𝐵𝑇 − 1

, (3.10) 

 

valid for 𝜔 in units of [cm−1], as it is used throughout this thesis.  Already at 1000 K, a 

thermal source emits radiation spanning from the visible throughout the infrared up to 

the THz spectral regime
2
. A calculated example emission spectrum will be shown in 

Fig. 3.6. 

 

   

Fig. 3.5 Example interferogram, when a broadband beam is passed through a 

Michelson interferometer. The intensity 𝐼(𝑑) is recorded vs. the delay of the 

moving mirror (i.e. the optical path difference d between the fixed and the 

moving mirror). The measurement was performed with a Bruker Hyperion 

2000 microscope coupled to a Vertex 70 FTIR spectrometer in the absence of 

a sample. The measurement was done by Roman Krutokhvostok. 
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If such a broadband beam is passed through a Michelson interferometer, the resulting 

interferogram shows only one pronounced peak at the white light position 𝑑 = 0, due to 

the rapid decay of the envelope, analog to Fig. 3.3c., An example interferogram is 

shown in Fig. 3.5, measured with a commercial Bruker Hyperion 2000 microscope 

coupled to a Vertex 70 FTIR spectrometer. The measurement was performed without a 

sample loaded, i.e. the beam passes only through air. 

 

As described earlier in this section, the infrared spectrum 𝑆(𝜔) can be obtained by 

computing the Fourier transform (FT) of the interferogram 𝐼(𝑑). Fig. 3.6 shows the 

spectrum that is obtained from the interferogram from Fig. 3.5 (black). The spectrum 

shows a maximum intensity at around 2000 cm
-1

 and several distinct absorption peaks. 

These are well known and originate from atmospheric absorption in the air, that the 

infrared beam had to pass between the source and the detector. The most prominent 

ones are due to water vapor around 1600 cm
-1

   and 3700 cm
-1

  and from CO2 around 

2350 cm
-1

 (ref.
56

). As there was no sample through which the broadband beam had to 

pass, the spectrum (apart from the atmospheric absorption peaks) essentially resembles 

the emission of the infrared source, convoluted with the responsivity of the used 

detector. The red curve in Fig. 3.5 shows the simulated emission spectrum of a 

blackbody emitter at 1000 K according to Planck´s law, as introduced in eq. (3.10). 

Both spectra, the measured (black) and the simulated (red) have been normalized to 

their maximum value and a good agreement is found. The small shift might be due to 

the responsivity of the detector, which typically has a maximum between 1000 cm
-1 

and 

1500 cm
-1

, or the source in the used instrument was operated at a slightly different 

temperature. 
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Fig. 3.6  The black spectrum is obtained by performing the FT of the interferogram shown 

in Fig. 3.5. It was measured in the absence of a sample, and thus resembles the optical 

properties of the instrument, such as the emission of the broadband source, the responsivity 

of the infrared detector and atmospheric absorption between source and detector, mostly 

water vapor (around 1600 cm
-1

 and 3700 cm
-1

) and CO2 (around 2350 cm
-1

). The red curve 

represents the emission of a blackbody source at 1000 K temperature, calculated according 

to Planck´s law. Both curves have been normalized to their maximum. 

 

To obtain the infrared spectrum of a sample, the instrument characteristics and the 

influence of atmospheric absorption have to be known and corrected for.  To measure 

this dependence, a background spectrum 𝑆BG(𝜔) like the one in Fig. 3.6 is recorded in 

absence of a sample and then a spectrum of the sample 𝑆Sample(𝜔) is recorded. To 

extract the pure sample response, independent of the instrument characteristics, the 

measured sample spectrum, 𝑆Sample(𝜔) is normalized to the background spectrum 

𝑆BG(𝜔), as  

 

 𝑇(𝜔) =
𝑆Sample(𝜔)

𝑆BG(𝜔)
, (3.11) 

 

with 𝑇(𝜔) being the transmission spectrum of the sample. If the sample would be 

completely transparent for all measured frequencies, the resulting (normalized) 

transmission spectrum would be 1 throughout the whole spectrum. 
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Fig. 3.7 Example infrared transmission spectrum of a thin film of PMMA. In 

the region from 4000 cm
-1

 to 2000 cm
-1

 the sample is mostly transparent, thus 

the transmission is almost 1. Below 2000 cm
-1 

a lot of peaks can be found, 

corresponding to different molecular bonds and their various vibrational 

modes. The measurement was done by Wiwat Nuansing. 

 

Fig. 3.7 shows the transmission spectrum of a widely used polymer, Poly (methyl 

methacrylate), in short PMMA. At certain frequencies, the transmission is significantly 

reduced due to absorption in the material. The absorption occurs, because molecular 

bonds can be efficiently excited at their resonance frequencies, as those lie in the 

infrared range. Some bonds have several motional degrees of freedom, and therefore 

can have also several resonant frequencies at which they absorb. For example, in the 

spectrum of PMMA, the absorption at 1730 cm
-1

 can be assigned to the stretching mode 

of the C=O bond, which obviously absorbs very strongly. Due to the complexity of 

most materials, each material exhibits a unique infrared spectrum, which can serve as a 

fingerprint, allowing for its identification and characterization. Therefore, infrared 

spectroscopy is also called fingerprint spectroscopy, and the mid-infrared spectral 

region is also called the fingerprint region. State-of-the-art infrared spectrometer can 

measure complete spectra within seconds, making infrared spectroscopy a powerful tool 

for material analysis and identification. 
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3.3.1 Spectral Resolution 

In FTIR spectroscopy, the spectral resolution is determined by the retardation of the 

(moving) reference mirror within the Michelson interferometer. To illustrate this, a 

simplified example is taken, similar to what was used in section 3.3. A source spectrum 

𝑆(𝜔) that consists of only two frequencies, 𝜔1 and 𝜔2, both having the same intensity, 

yields an interferogram 𝐼(𝑑) that is a superposition of two cosine waves. (Fig. 3.8a, left 

side).  

 

Fig. 3.8 Spectral resolution in FTIR. a) An interferogram, resulting from a source spectrum with two 

narrow lines. b) Boxcar truncation functions with different width (solid and dashed line) and their 

corresponding spectra. Both spectra have been normalized to their maximum value for better 

comparability c) Interferogram of (a), multiplied by the wider boxcar function of (b) and the resulting 

spectrum. The two peaks are still resolved, but artifacts due to the truncation appear. d) Interferogram of 

(a), multiplied by the narrower boxcar function of (b) and the resulting spectrum. The two separate lines 

cannot be resolved any more. 

When the interferogram is measured over a sufficiently long total optical path difference 

𝑑𝑡, the two lines of the source spectrum are well resolved, as can be clearly seen on the 

right side of Fig. 3.8a. It should be noted that the spectrum in Fig. 3.8a results from an 

analytical calculation, that performs the FT of the complete (simulated) interferogram, 
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which is much larger than the shown part. Thus the two spectral lines appear exactly as 

in the original function that was used to create the simulated interferogram. 

 

To simulate the effect of measuring an interferogram over a finite total optical path 

difference 𝑑𝑡, the interferogram 𝐼(𝑑) of Fig. 3.8a is multiplied with a truncation 

function  

 𝐵(𝑑) = {
1⁡⁡⁡⁡if⁡⁡ − 𝑑𝑡 ≤ 𝑑 ≤ +𝑑𝑡
0⁡⁡⁡⁡if⁡⁡⁡⁡⁡|𝑑| > 𝑑𝑡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

 (3.12) 

 

which is also called the boxcar truncation function  (see Fig. 3.8b, left side, solid line) . 

The resulting interferogram is shown in Fig. 3.8c, left side. Its spectrum is then given by  

 𝑆(𝜔) = ∫ 𝐵(𝑑)𝐼(𝑑) cos(2π𝜔𝑑) d𝑑
+∞

−∞

, (3.13) 

 

as shown in Fig. 3.8c, right side. The two lines of the source spectrum are well resolved. 

However, their line shape is broadened compared to the original source spectrum, and 

furthermore oscillations can be observed in the spectrum. Both phenomena can be 

understood be analyzing eq. (3.13). The Fourier transformation of a product of two 

functions is known to be the convolution of the Fourier transformation of each of the 

functions
57,58

. Thus the source spectrum (Fig. 3.8a) is convoluted with the spectrum of 

the boxcar truncation function (shown in Fig. 3.8b), which can be clearly seen in the 

resulting spectrum in Fig. 3.8c. 

In Fig. 3.8d, the original interferogram has been multiplied by the boxcar truncation 

function shown as a dashed line in Fig. 3.8b to simulate a measurement with smaller 

total optical path difference 𝑑𝑡 compared to Fig. 3.8c. Again the resulting spectrum 

(Fig. 3.8d, right side) is a convolution of the original spectrum with the spectrum of the 

truncation function (shown in Fig. 3.8b, dashed line). As the width of the (dashed) 

spectrum is larger than the separation of the two lines in the source spectrum, they 

cannot be resolved anymore and only one broad peak is observed. Thus, the spectral 

resolution in this (simulated) measurement is not sufficient to resolve the two lines as 

separate features. 
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In general, an interferogram of total optical path difference 𝑑𝑡 yields a spectral 

resolution Δ𝜔𝑚𝑖𝑛⁡that is given by 

 

 Δ𝜔𝑚𝑖𝑛[cm
−1] =

1

𝑑𝑡[cm]
 (3.14) 

 

The origin of eq. (3.14) can be directly derived from the spectrum of the truncation 

function that used for Fig. 3.8c, which is shown in Fig. 3.9. The distance between the 

first minima on the positive and negative side is 1 𝑑𝑡⁄ , which provides a measure of 

how much a spectral feature will be broadened by the effect of measuring over a finite 

optical path difference 𝑑𝑡. 

 

 

Fig. 3.9 Spectrum of the boxcar function that was used in Fig. 

3.8c. The distance between the first minimum on the positive 

and negative side defines the spectral resolution. 

 

Thus, if two spectral features are separated by at least 1 𝑑𝑡⁄ , they can be resolved in the 

measured spectrum
2
. From eq. (3.14) it can be easily calculated, what the maximum 

spectral resolution for a real spectrometer is. For example, when the moving mirror of 

the interferometer is mounted on a piezostage, which can travel a distance of up to 800 

µm (and thereby create a maximum optical path difference of 1600 µm), the maximum 

spectral resolution is Δ𝜔𝑚𝑖𝑛 = (0.16⁡cm)−1 = 6.25⁡cm−1. 
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3.3.2 Apodization 

As demonstrated in the previous section, measuring an interferogram over a finite 

optical path difference 𝑑𝑡 causes artificial oscillations to appear in the resulting 

spectrum due to the convolution with the spectrum of the truncation function. The 

oscillations can be minimized by apodization of the measured interferogram. 

Apodization is performed by multiplying the interferogram by a function 𝐴(𝑑) that is 

unity in the center of the interferogram and tends to zero at the edges of the 

interferogram. Fig. 3.10a shows the boxcar function (black), an example apodization 

function (red, Gaussian) and their corresponding FT spectra. It can be clearly seen, that 

there are no oscillations in the spectrum of the apodization function (red curve in the 

right panel of Fig. 3.10a). Fig. 3.10b shows the interferogram from Fig. 3.8c that has 

additionally been multiplied with the apodization function 𝐴(𝑑) and the resulting 

spectrum. As already indicated by the spectrum of the apodization function, the 

resulting spectrum does not exhibit the oscillations that have been observed in Fig. 3.8c. 

The drawback of apodization, however, is the slightly decreased spectral resolution, as 

can be seen by comparing the spectra of the boxcar function and the apodization 

function (Fig. 3.10a, right side, black and red spectrum).  

 

 

 

Fig. 3.10 Apodization in FT spectroscopy. a) the boxcar function (black) and a Gaussian 

apodization function (red). b) The interferogram from Fig. 3.8c, multiplied by the boxcar 

and the apodization function (left) and the resulting spectrum (right).  
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3.3.3 Discrete Fourier Transformation 

The considerations in the previous section have been made by calculations of analytical 

functions, i.e. continuous FT has been applied for the calculations . Thus, the resulting 

spectra from such a computation in principle have an infinite sampling rate (i.e. data 

points). In a real measurement, however, an interferogram is measured by a data 

acquisition card (DAQ), which has a limited acquisition speed. The interferogram is 

measured at finite sampling intervals, returning a data set with a discrete number of data 

points. To calculate the spectrum from such discrete interferograms , a discrete Fourier 

Transformation is required. 

 

Fig. 3.11 Example interferogram and resulting spectrum, 

obtained by performing the discrete FT. 

 

Fig. 3.11 shows a part of the same interferogram that was used in Fig. 3.8c, but now is it 

discretized to a finite number of data points (here: 80 data points). Performing a discrete 

Fourier Transform, its spectrum is obtained. Fig. 3.11 shows that this spectrum has a 

limited number of data points, which are spaced exactly by 1 𝑑𝑡⁄ , the spectral 

resolution. It turns out that due to the discrete sampling of the interferogram the spectral 

resolution seems to be decreased. This issue can be addressed by zero-filling, or 

padding, which will be demonstrated in the next section. 

 

3.3.4 Zero Filling / Padding 

As illustrated in Fig. 3.11, when an interferogram is measured with a finite sampling 

interval over a total optical path difference 𝑑𝑡, the resulting spectrum has data points 

that are spaced by 1 𝑑𝑡⁄ ⁡ and this seemingly decreases the spectral resolution. 

Obviously, two spectral features in a distance of 1 𝑑𝑡⁄  cannot be properly resolved, if 

the spacing between the data points is only 1 𝑑𝑡⁄ . They would simply be neighboring 
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data points in the spectrum and could not be identified as individual peaks. This issue 

can be addressed by artificially increasing the total optical path difference 𝑑𝑡 by adding 

zeros to both ends of the interferogram. This procedure is called zero-filling or padding, 

and is demonstrated in Fig. 3.12 

 

 

Fig. 3.12 Zero-Filling. a) The interferogram from Fig. 3.11, and the resulting spectrum. b) The 

apodization function from Fig. 3.10a, adjusted to the length of (a) and discretized to the same number of 

points (80). On the right side is the discrete FT of the apodization function. c) The interferogram of (a) 

multiplied with the apodization function from (b), and the resulting FT spectrum  d) The interferogram of 

(c) which has been extended by a factor of 8, by adding zeros at both ends. On the right side, the resulting 

FT spectrum is shown. The black dots in the spectrum mark the data points of the (c) spectrum, to 

illustrate that zero-filling does not change the original data points, but adds new intermediate points. 

 

The interferogram in Fig. 3.12a is the same as shown in Fig. 3.11 and the resulting 

spectrum is shown to the right. Only one broad peak can be observed.  In Fig. 3.12b, the 

apodization function of Fig. 3.10a is shown, now also discretized to 80 points to fit the 
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interferogram in Fig. 3.12a. Its discrete FT spectrum, shown in Fig. 3.12b on the right, 

also has the same number of data points, which are spaced equally to those in the 

spectrum of Fig. 3.12a. In Fig. 3.12c, the interferogram of Fig. 3.12a has been 

multiplied with the apodization function from Fig. 3.12b and the resulting FT spectrum 

is shown on the right. There is still only one broad peak observed, which is additionally 

broadened due to the apodization. In Fig. 3.12d, the interferogram of Fig. 3.12c has 

been extended by a factor of 8 by adding zeros on both sides and the resulting FT 

spectrum is shown to the right. It can be clearly seen that the resulting spectrum has 

more data points (i.e. they are more closely spaced) and two peaks can be observed. It 

should be noted that no new information was added by performing the zero-filling, and 

also the spectral resolution cannot be increased by this technique. However, the 

spectrum gets smoother, and peaks that are spaced closely to the resolution limit can be 

visualized better, due to higher sampling of the spectrum (i.e. more data points per cm
-

1
). The black circles in both spectra in Fig. 3.12c and d mark the data points of the 

original (un-padded) spectrum and show that zero-filling does not change the original 

data points, it rather adds new points between them. 

 

3.3.5 Spectral Bandwidth 

The spectral bandwidth in FTIR determines the maximum (optical) frequency that can 

be measured. When an interferogram is recorded by a fast digital instrument, the signal 

has to be digitized. Thus the (originally continuous) signal is discretized in a limited 

number of pixels, resulting in a limited bandwidth. When the optical path difference of 

the interferometer is 𝑑𝑡 and the resulting interferogram is divided in 𝑛 equidistant steps 

(or pixels), then the resulting spectral bandwidth is determined by 

 

𝜔max⁡[cm
−1] =

𝑛

2⁡𝑑t⁡[cm]
 (3.15) 

 

The factor 2 on the right side of eq. (3.15) is due to the symmetry of the discrete Fourier 

Transformation. The FT returns a spectrum ranging from 0 to 2𝜔max⁡, but only 

information about the first half is obtained, since the second half is simply its 

conjugate
57

. Note that the maximum frequency 𝜔𝑚𝑎𝑥 is a spatial frequency (with units 
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cm−1), which is very convenient, as the most infrared spectra are also given in these 

units, rather than in wavelength 𝜆. However, the units can be easily converted according 

to 

 

 𝜆[µm] =
104

𝜔[cm−1]
 (3.16) 

 

The frequency 𝜔 = 1000⁡cm−1 for example thus converts to a wavelength 𝜆 = 10⁡µm. 

Sometimes radiation is also described by its temporal frequency, that is, how often the 

electric field oscillates per second. The conversion from spatial to temporal frequencies 

can be done according to 

 𝑓[Hz] = 𝑐⁡𝜔[cm−1] (3.17) 

 

with 𝑐 being the speed of light. The frequency of 𝜈 = 1000⁡cm−1 thus converts to 

approximately 𝑓 ≈ 30⁡THz.  
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3.4 Micro-Spectroscopy 

In conventional FTIR spectroscopy, as illustrated in Fig. 3.4, IR spectra are acquired 

from typically macroscopic samples. The collimated infrared beam passes a bulk 

sample, and the resulting spectrum is an average over the total illuminated area. No 

spatial variations can be distinguished. For spectroscopy of local material properties, the 

sample needs to be imaged through small apertures (see Fig. 3.13), as the spatial 

extension of thermal sources prevents diffraction limited focusing. 

 

Fig. 3.13 Micro-FTIR spectroscopy. After passing the interferometer, the broadband 

infrared light is focused on the sample. With a small aperture the measured sample area can 

be spatially restricted to gain access to spatial variations on the sample. 

 

Equipped with apertures (as illustrated in Fig. 3.13), state-of-the-art micro-

spectrometers achieve a spatial resolution of about 10 m (ref.
2
). However, an 

improvement of several orders of magnitude is needed for IR spectroscopic mapping of 

nanoscale structures and complexes such as bio-membranes, semiconductor devices or 

polymer composites. Thus, novel microscopy concepts are required and one of them is 

developed and presented in this thesis in chapter 5.  
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4 Introduction to s-SNOM 

This chapter provides an introduction to scattering-type Scanning Near-field Optical 

Microscopy (s-SNOM), a technique that overcomes the diffraction limit in optical 

imaging by orders of magnitudes. The basic working principle of s-SNOM will be 

described as well as analytical models for the interpretation of near-field optical image 

contrasts. (This introduction follows the basic concepts from
59-62

) 

 

4.1 Diffraction Limit in Classical Optical Microscopy 

Classical optical microscopy uses propagating electromagnetic waves, usually in the 

visible spectral regime, to form an image of an object under investigation. The image is 

formed with the help of lenses and objectives. Depending on the properties of these 

optical elements, the image can be much larger than the original object, revealing small 

details that cannot be seen by eye. However, if the size of the details gets smaller than 

the wavelength that is used for imaging the object, the image gets blurred. Due to the 

diffraction of propagating waves, the image of an ideal point source produced by an 

optical microscope is not a point anymore. The image of a point source exhibits a ring-

shaped structure, which is known as Airy pattern
63,64

 (see Fig. 4.1), which leads to a 

limit in the spatial resolution that can be achieved by conventional light microscopy. 

Already at the end of the 19th century, E. Abbe and Lord Rayleigh derived a criterion 

for the diffraction-limited spatial resolution of an optical microscope. The minimal 

distance ∆𝑥𝑚𝑖𝑛 between two imaged point sources at which they can still be 

unambiguously resolved is given by 

 

∆𝑥𝑚𝑖𝑛 =
0.61𝜆

𝑁𝐴
 (4.1) 

 

Here, 𝜆 is the wavelength of the light used for imaging, and 𝑁𝐴 = 𝑛⁡sin⁡(2𝜃𝑚𝑎𝑥) is the 

numerical aperture. n is the refractive index of the medium surrounding the imaging 

optics and 2𝜃𝑚𝑎𝑥 the maximum collection angle of the optical system. The largest 

values for the 𝑁𝐴 that can be achieved with recent objectives are in the range between 
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0.95 − 1.4, leading to a maximum spatial resolution of conventional optical imaging 

systems in the order of ∆𝑥𝑚𝑖𝑛 ≈ 𝜆 2⁄ , which for visible light amounts to ∆𝑥𝑚𝑖𝑛 ≈

200 − 400⁡nm. If light of the mid-infrared spectral regime is used, the spatial 

resolution is in the order of several micrometers. 

 

 

Fig. 4.1 Airy pattern of two closely spaced point sources. (a) Intensity distribution showing the resolution 

limit based on the Rayleigh criterion. (b) Two point sources separated by ∆𝑥 > 𝜆 2⁄ . (c) The two sources 

are not resolvable when ∆𝑥 < 𝜆 2⁄ .(Image taken from
59

) 

 

Fig. 4.1 shows the calculated intensity distribution of two Airy patterns when two 

closely spaced ideal point sources are imaged by a conventional optical microscope
64

. 

According to the Rayleigh criterion, the minimal resolvable distance ∆𝑥𝑚𝑖𝑛 between 

two point sources is defined as their separation, when the maximum of the first Airy 

pattern is located at the first minimum of the second Fig. 4.1a). If the distance between 

the point sources is larger than ∆𝑥𝑚𝑖𝑛, they can be clearly resolved (Fig. 4.1b). If 

∆𝑥 < ∆𝑥𝑚𝑖𝑛, the sources cannot be separated anymore in the resulting image (Fig. 4.1c) 

 

 

Fig. 4.2 Diffraction-limited Imaging. (a) Schematic of a test Pattern with structures from 1.6 µm size 

down to 100 nm  (b ) Image of the test pattern that was fabricated by patterning a SiC crystal with 

Focused Ion beam (FIB), using visible light (𝜆 = 0.5⁡µm) (c) (calculated) image of the test pattern, using 

infrared light (𝜆 = 10⁡µm), no features can be resolved.  (Images taken from
60

) 

 

As an example, a test pattern (Fig. 4.2a), exhibiting structures from 1.6 µm in size down 

to 100 nm was patterned in a SiC crystal by Focused Ion Beam (FIB) and imaged with a 
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conventional light-microscope (wavelength around 0.5 µm, Fig. 4.2b). The 0.8 µm sized 

structures can still be resolved when using visible light for imaging but the smaller 

structures already are blurred. The mid-infrared image shown in Fig. 4.2c is not 

measured, but simulated (details can be found in
60

). Obviously, no structures are 

resolved, because their separation is smaller than the diffraction limit (∆𝑥𝑚𝑖𝑛 ≈ 𝜆 2⁄ ⁡≈

5⁡µm for mid-infrared radiation). 

 

4.2 Nanoscale Imaging 

To study samples that are smaller than the classical resolution limit of optical 

microscopy, a variety of methods have been developed. One approach is to use smaller 

wavelength for imaging. With electrons and ions, wavelengths much smaller than the 

size of an atom (1 Å = 0.1 nm) can be achieved, enabling atomic resolution imaging. 

Note that these techniques are still diffraction limited. The drawback is the generally 

very high energy that is necessary to achieve these small wavelengths, which can be 

destructive to the sample. Also the technical efforts get quite high, as most of these 

systems usually require a high vacuum environment. 

For biological samples, advances in fluorescence microscopy
65,66

 have led to large 

variety of new techniques that overcome the diffraction limit. Generally in fluorescence 

microscopy, chemical labelling with fluorescent markers (such as dye molecules) allows 

for selective mapping of different components of biological samples. Fluorescent 

markers can be excited by a certain wavelength (typically in the visible regime) and 

usually emit light at a lower energy wavelength (i.e. longer wavelength) due to 

relaxation of the excited state. With suitable filters and detectors, even the emission of 

single molecule fluorescence can be detected. By combining confocal fluorescence 

microscopy with sophisticated illumination and detection schemes, fluorescence 

imaging with a spatial resolution well below the diffraction limit can be achieved . 

Among them is 4Pi microscopy
67

, where a second objective below the sample 

(additional to the one above the sample) increases the total angle of collection, thereby 

increasing the total NA (numerical aperture) of the system, which leads to a higher 

resolution. In Stimulated Emission Depletion microscopy (STED)
68

, two light pulses are 

used. The first one is used to excite the fluorophores and a second one quenches the 

fluorescence actively. Employing a donut-like shape of the second pulse the quenching 
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only occurs in the outer parts of the pulse, leaving a small area in the center in the 

excited state to be measured with a time-gated detection, triggered after the second 

pulse. Thereby the spatial resolution can be improved significantly, reaching about 20 

nm (ref.
68

). Other approaches include Photo-Activated Localization Microscopy 

(PALM)
69

, Stochastic Optical Reconstruction Microscopy (STORM)
70

, Fluorescence 

Recovery after Photobleaching (FRAP)
71,72

, and Förster Resonance Energy Transfer 

(FRET)
73

. 

Another class of microscopy techniques that enables imaging with nanoscale spatial 

resolution is Scanning Probe Microscopy (SPM)
74,75

. The name SPM originates from 

the procedure of scanning a sample to create an image by measuring certain quantities 

for each sample-position. The first SPM technique was introduced in 1982, and is called 

Scanning Tunneling Microscopy (STM)
76,77

. In STM, a sharp metallic tip is raster-

scanned across a sample surface, with typical distances of less than 1 nm
74,75

. For STM, 

conductive sample are required. By applying a potential between the tip and the sample, 

a tunneling current can be detected when the tip is in close proximity to the sample. As 

the tunneling current depends exponentially on the tip sample distance, it is used for 

precise distance control to create a height profile of the sample surface (topography). 

STM achieves atomic-scale spatial resolution, due to the current flowing from the very 

last atom of the tip apex to single atoms at the sample surface. 

To overcome the limitation of conductive samples, Atomic Force Microscopy
78

 (AFM) 

was developed. AFM also uses a sharp tip to scan the topography of a sample surface, 

but in contrast to STM, this technique exploits mechanical interaction forces between 

tip and sample for distance control. AFM will be introduced in more detail in section 

4.3.1. 

Since the development of AFM, a large variety of additional techniques have been 

developed to extend AFM beyond only measuring the height profile (topography) of a 

sample surface. With additional electrical contacts to the tip and the sample, for 

example, the local capacity or conductivity of the sample can be measured 

simultaneously to topography. One approach to achieve optical nano-imaging with 

AFM is the use of tapered optical fibers as probing tips. Simultaneously to mapping the 

height, the sample can be illuminated through a small aperture at the end of the fiber-tip, 

enabling a localized illumination, and thus increasing the achievable optical resolution. 
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This technique is known as aperture-SNOM (scanning near-field microscopy)
79

. 

Aperture tips, that is metal coated fibers with a hole at the apex, are cutoff metal 

waveguides. For an aperture of 50 nm, the achievable transmission for visible light is on 

the order of 10
-2

 to 10
-4

 (ref.
5
) and will decrease further for smaller diameters or longer 

wavelengths. At mid-IR frequencies, for example, a 50 nm aperture tip would have a 

transmission of only 10
-30

, which is much too small to be of practical use
80

. To 

overcome the wavelength restriction of aperture-SNOM, scattering-type SNOM (s-

SNOM)
5,6,81-85

 was developed. s-SNOM will be described in detail in section 4.3. It uses 

(side-) illumination of the scanning tip by a focused laser beam and measures the 

backscattered light from the tip-sample system simultaneously to the topography, 

enabling nanoscale resolved optical imaging. s-SNOM is particularly interesting, 

because it offers a wavelength-independent resolution
5,7

, which makes it also suitable 

for infrared- and terahertz-nanoimaging
6,8,86

. 

 

4.3 Working Principle of s-SNOM 

In s-SNOM, a metallic AFM tip is illuminated with a focused laser beam, and the 

backscattered light is measured to form an optical image with nanometer spatial 

resolution. In this section, the AFM, the tip illumination and the procedure of extracting 

the desired optical information from the detected signal will be described in detail. In 

the end, theoretical models to describe the signal origin are summarized. 

 

4.3.1 Atomic Force Microscopy (AFM) 

s-SNOM typically is based on atomic force microscopy (AFM)
78

, where a sharp tip is 

scanned across a sample surface while being held at a constant but very small distance 

to the sample. Fig. 4.3 provides a schematic illustration of a typical AFM setup. To keep 

the distance constant, AFM employs a feedback system that exploits mechanical 

interaction forces between the tip and the sample surface. Therefore, the tip is mounted 

on a long flexible cantilever. There are several different interaction forces that play a 

role when the tip gets close to the sample surface. Some of them are attractive, others 

are repulsive. The main contributing attractive forces are van der Waals forces. If the tip 

and the sample have a potential difference, attractive electrostatic Coulomb forces can 
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be generated. In ambient conditions, samples can adsorb water molecules, which create 

a thin water layer on the sample surface. When the probing tip is close enough a liquid 

bridge called meniscus is formed
74,75

, exhibiting attractive capillary forces. Repulsive 

forces mainly arise from Pauli repulsion or ionic repulsion at very small distances. 

 

 

Fig. 4.3 Schematic representation of a typical AFM setup. A laser beam is 

reflected from the backside of the cantilever, onto a position-sensitve 

Photodiode. The sample is mounted on a piezo to precisely move the sample 

up and down. (Image taken from
87

) 

 

When the tip approaches the sample surface, first the attractive forces are dominant, 

causing the cantilever to bend towards the sample. When the tip gets closer to the 

sample, the repulsive forces start dominating, bending the cantilever in the opposite 

direction. To detect the bending of the cantilever, a laser beam is reflected from the 

backside of the cantilever and monitored with a position-sensitive photodiode (e.g. a 

four-segment photodiode, see Fig. 4.3). In the simplest approach, also called contact 

mode operation in AFM, the position of the reflected laser beam is kept constant while 

scanning the tip across the sample. A feedback system increases or decreases the 

distance between the tip and the sample, depending on the position of the reflecting 

beam deviating in one or the other direction. The output of the feedback system then 

resembles the topography of the sample. 
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Another mode of operation that is widely used, and is also used in s-SNOM, is called 

tapping mode. Here the tip is again mounted on a cantilever, but now the tip is 

oscillating at a mechanical resonance Ω of the tip-cantilever system (typically in the 

range of 10-300 kHz). By demodulating the signal of the position-sensitive photodiode 

at the oscillation frequency Ω, the oscillation amplitude can be monitored with high 

precision. As these resonances typically have quite high Q-factors, the oscillating 

system is very sensitive to external influences, such as the interaction forces mentioned 

in the previous paragraph. When the tip gets closer to the sample, the oscillation 

amplitude is damped. Using a feedback-system to keep the oscillation amplitude 

constant, the topography of a scanned sample can be measured analogous to contact 

mode. 

As will be described in the next paragraphs, tapping mode operation is very suitable for 

the s-SNOM technique. The oscillation of the tip gives rise to a modulation in the 

measured optical signal, which will prove very useful. 

 

4.3.2 Tip Illumination and Nano-Focusing 

In s-SNOM, usually metal-coated AFM-tips are used. The tip is illuminated with a 

focused laser beam, as illustrated in Fig. 4.4a. Focusing is usually done with a parabolic 

mirror. Due to their metallization and sharp apex, these tips act like an antenna
5,20,35,37

 

and concentrate the illuminating electric field 𝐸in to a nanoscale spot at their apex (Fig. 

4.4b). The “lightning rod” effect known from electrostatics
5
 combined with the 

excitation of Surface Plasmons Polaritons
5,88,89

 in the metal cause a charge accumulation 

in the tip apex, which gives rise to very high local fields
90

. Fig. 4.4b shows a numerical 

simulation (boundary element method, BEM) of a metal cone with a sharp tip, which is 

illuminated with far-infrared light (𝜆 = 118⁡µm). The illumination is considered to be a 

plane wave with linear polarization parallel to the tip axis (p-polarization), as depicted 

by the yellow arrows. The color scale denotes the field enhancement, that is the ratio 

between the local field and the incident field. Clearly the electric field is strongly 

confined around the tip apex, to a dimension much smaller than the illuminating 

wavelength, and decays exponentially with distance. 
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Fig. 4.4 Tip illumination and field enhancement in s-SNOM. a) A sharp AFM tip is mounted on a 

cantilever and illuminated by a focused laser beam. (Image taken from
60

) b) Numerical simulation of a 

metal cone, illuminated by far-infrared light with 𝜆 = 118⁡µm. (Taken from
8
). 

 

When the illuminated tip comes in close proximity to a sample (closer than the spatial 

decay of the evanescent hot spot at the tip apex), the near-field interaction between tip 

and sample modifies the light scattered by the tip. The backscattered light is collected 

by the same parabolic mirror used for illumination and then is recorded with a detector, 

yielding nanoscale resolved optical images of the sample surface. 

The near-field interaction can be described by the complex valued scattering coefficient 

𝜎 = 𝑠𝑒𝑖𝜑 (with amplitude 𝑠⁡ and phase 𝜑), which relates the scattered field 𝐸sca with 

the incident field 𝐸in according to 

𝐸sca = 𝜎𝐸in (4.2) 

Through 𝜎 and because the near-field interaction is localized to the scale of the tip 

radius, the recorded backscattered light and thus the recorded near-field images carry 

information about the local sample properties. The scattering coefficient 𝜎 will be 

discussed in more details in section 4.4. 
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4.3.3 Background Suppression 

4.3.3.1  Harmonic Signal Demodulation 

The scattered field associated with the near-field interaction between the tip and the 

sample surface, 𝐸nf, is not the only contribution to the total backscattered field 𝐸sca that 

is collected by the parabolic mirror. Considering a monochromatic laser source for tip 

illumination, such as a CO2 laser, even for the best (diffraction limited) case, the 

resulting focal spot size is on the order of the used wavelength. For the mid-infrared 

spectral regime (with wavelengths 𝜆 = 2 − 20⁡µm), this leads to spot-sizes of several 

micrometer. Thus the backscattered light contains unavoidable background 

contributions from scattering off the tip shaft or distant sample positions, 𝐸bg, yielding 

the total scattered field 𝐸sca = 𝐸nf + 𝐸bg. The detector thus measures the intensity 

 

𝐼det ∝ 𝐼sca ∝ |𝐸sca|
2 = |𝐸nf + 𝐸bg|

2
= (𝐸nf + 𝐸bg)(𝐸nf + 𝐸bg)

∗
 (4.3) 

 

As mentioned in section 4.3.1, s-SNOM is based on an AFM operating in tapping mode, 

where the tip is oscillating vertically with a frequency Ω. The amplitude of the 

oscillation is set to be much smaller than the wavelength of tip illumination. Typical 

tapping amplitudes are around 50 nm. Due to the oscillation of the tip, both 

contributions (𝐸nf + 𝐸bg) are modulated and therefore  𝐸sca can be written as 

 

𝐸sca = 𝐸nf + 𝐸bg =∑ 𝐸nf,n cos(nΩt)
∞

𝑛=0
+∑ 𝐸bg,n cos(nΩt)

∞

𝑛=0
 (4.4) 

 

where 𝐸nf,n = 𝜎nf,n𝐸in = 𝑠nf,n𝑒
𝑖𝜑nf,n𝐸in and 𝐸bg,n = 𝜎bg,n𝐸in = 𝑠bg,n𝑒

𝑖𝜑bg,n𝐸in denote 

the n
th

 order complex-valued Fourier coefficients of 𝐸nf and 𝐸bg, respectively.  

As the near-field scattering 𝐸nf arises from the interaction of an evanescent local field at 

the tip apex with the sample, it is strongly non-linear with the tip-sample distance. This 

nonlinearity efficiently creates signal contributions in the higher harmonics nΩ of the 

tip oscillation frequency Ω. In contrast, the background scattering 𝐸bg only changes due 
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to the spatial variation of the incident electric field, which occurs in the length-scale of 

its wavelength
6,7

.  As the tip oscillation amplitude is set to values much smaller than the 

used wavelength, the background scattering can in good approximation be considered to 

change linear with the tip position. Therefore the contribution of the background 

scattering to the signal is mostly restricted to the oscillation frequency Ω. By 

demodulating the detected signal at sufficiently high harmonics nΩ (in the infrared 

usually for 𝑛 ≥ 2) the Fourier coefficients 𝜎bg,n are negligible compared to the Fourier 

coefficients 𝜎nf,n(refs.
6,7

),  i.e. 𝜎nf,n ≫ 𝜎bg,n. 

Thus, if the electric field 𝐸sca were measured directly, signal demodulation at a 

sufficiently high harmonic nΩ would extract the desired near-field signal. However, 

with the infrared detectors that are commonly used in s-SNOM, the intensity is 

measured, rather than the field 𝐸sca. As the intensity is the square of the field, 𝐼det ∝

𝐼sca ∝ |𝐸sca|
2, the near-field and background terms are mixed (ref.

60
). By calculating the 

square of  (4.4) and assuming that 𝐸bg,n is negligible for n > 1, the signal at 

demodulation orders n ≥ 2 becomes  

 

𝑈n ∝ 𝐸bg,0𝐸nf,n
∗ + 𝐸nf,n𝐸bg,0

∗  (4.5) 

 

Eq. (4.5) shows that all harmonic components of the detected signal are affected by 

𝐸bg,0. This is known as the multiplicative background
91

. Thus, direct measurement of 

the back-scattered light intensity and subsequent demodulation is not sufficient to obtain 

completely background-free near-field signals. 

 

4.3.3.2 Pseudo-heterodyne Interferometric Detection 

A solution to also suppress the multiplicative background contribution was presented by 

Ocelic et al.
91

. By recording the tip-scattered light with a Michelson interferometer, 

modulation of the reference phase and appropriate analysis of the modulated detector 

signal, completely background-free near-field signals can be obtained. This detection 

scheme is called pseudo-heterodyne detection and will be briefly summarized in this 

section. Apart from superior background suppression, the interferometric detection 
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offers another valuable advantage, which is to access both the amplitude and the phase 

of the backscattered light. As will be shown in chapter 5 and 7, the phase carries useful 

information about the sample, eventually enabling chemical identification with 

nanoscale spatial resolution.  

 

 

 

Fig. 4.5 Interferometric detection in s-SNOM. The metallic AFM-tip is 

illuminated with a focused laser beam. The backscattered light is analyzed 

with a Michelson interferometer, comprising a beamsplitter (BS), a reference 

mirror (RM) and a detector. 

 

The experimental setup for pseudo-heterodyne detection is shown in Fig. 4.5. The tip-

illuminating laser beam is split by a beamsplitter (BS) in two equal parts. The 

transmitted part is focused on the tip by a parabolic mirror. The same parabolic mirror 

collects the backscattered light from where it propagates back to the beamsplitter. At the 

beamsplitter, it is combined with the reference beam that is back reflected from the 

planar reference mirror (RM). The interference of the tip-scattered field and the 

reference field is measured at the detector, according to  

 

𝐼det = 𝐼s ∝ |𝐸sca + 𝐸ref|
2 = (𝐸nf + 𝐸bg + 𝐸ref)(𝐸nf + 𝐸bg + 𝐸ref)

∗
 (4.6) 
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where 𝐸ref is the electric field of the reference beam. As described in section 4.3.3, the 

probing tip oscillates vertically with a frequency Ω, causing the backscattered light from 

the tip (𝐸nf + 𝐸bg) to be modulated at the frequency Ω (typically around Ω ≈ 250 kHz) 

and its higher harmonics nΩ (with n being an integer >1). For the pseudo-heterodyne 

detection, the position of the reference mirror is modulated sinusoidally in direction of 

the beam propagation, yielding a phase modulation of the reference beam. The 

modulation frequency M is chosen to be much lower than the tip vibration frequency 

(typically around M ≈ 300 Hz). Due to the interference of the scattered light 𝐸sca with 

the phase modulated reference beam 𝐸ref, the signal at the detector has a frequency 

spectrum as illustrated in Fig. 4.6 

 

  

Fig. 4.6 Signal splitting in pseudo-heterodyne detection in s-SNOM. The 

metallic AFM-tip is oscillating with a frequency Ω, and the reference mirror 

with a frequency M⁡(M ≪ Ω), causing the interferometric signal to split up in 

sidebands nΩ ±mM. (Image taken from
60

)  

 

As the tip oscillation frequency Ω is much higher than the phase modulation frequency 

M, the sum- and difference frequencies appear as sidebands around the tip oscillation 

frequency Ω and its higher harmonics nΩ at the spectral positions nΩ ±mM. These 

sidebands are shown in red in Fig. 4.6. 

According to (refs.
60,91

), background-free near-field amplitude 𝑠nf,n and phase φnf,n can 

then be reconstructed from the detector-signal 𝑈n,1 measured at the first sideband (at the 

frequency nΩ + 1M) and the signal 𝑈n,2, measured at the second sideband (at the 

frequency nΩ + 2M) for sufficiently high demodulating order n > 1, according to 
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𝑠nf,n = 2.16𝑘√𝑈n,1
2 + 𝑈n,2

2  (4.7) 

and 

𝜑nf,n = arctan (2.16𝑘
𝑈n,2
𝑈n,1

), (4.8) 

with 𝑘 being a proportionality constant. Note that this mathematical relationships 

require the modulation amplitude of the reference mirror to be set to 0.21𝜆 (ref.
91

), with 

𝜆 being the wavelength of illumination. Therefore this detection scheme is only 

applicable for monochromatic illumination of the tip.  

Another interesting consequence arises when looking at eq. (4.6). If the reference field 

𝐸ref is much stronger than the back-scattered field from the tip, 𝐸sca, the interference 

leads to a significant signal enhancement. This interferometric gain will be described in 

more detail in chapter 6. 

 

4.3.4 Local Spectroscopy with Tunable Single-Line Lasers 

In the previous sections, methods to measure the background-free near-field response 

for single-frequency illumination of the probing tip have been introduced. To obtain 

spectral information about the sample, that is the amplitude and phase of the near-field 

signal for many different wavelengths 𝜆, the sample has to be imaged sequentially at 

various wavelengths from tunable laser sources
13,20,25,26

. The set of near-field images 

yields the wavelength-dependent dielectric sample properties, from which local 

chemical composition or conductivity can be determined
18,27

. Using s-SNOM, nanoscale 

infrared imaging and spectroscopy of molecular vibrations in the 6 µm wavelength 

region has been successfully demonstrated with polymer and protein 

nanostructures
13,14,92,93

, including single viruses
18

 and fibrils
19

. In these experiments, the 

illumination of the tip was provided by tunable CO gas lasers. 

 

4.3.5 Local Spectroscopy with Broadband Sources 

For chemical identification of unknown nanostructures, however, the acquisition of 

local near-field spectra in a broad spectral range spanning from near- to far-infrared 
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frequencies is needed. Continuous near-field spectroscopy has been recently 

demonstrated using mid-infrared frequency combs
94,95

, but only relatively narrowband 

infrared radiation was available with this technique. In another approach, the tip was 

used to scatter the infrared near fields at the surface of a heated sample, yielding a 

thermal image of the sample surface
96

. Alternatively, a heated tip could be used for local 

infrared sample illumination
97

. In this thesis, continuous broadband near-field 

spectroscopy has been realized with a thermal source and a novel broadband laser 

system, which will be presented in chapter 6 and 7, respectively. 

 

4.4 Theory of s-SNOM 

Several theoretical models have been introduced to describe the near-field interaction 

between the tip and sample. In order to obtain an experimentally measurable quantity, 

they define the near-field scattering coefficient 𝜎nf that relates the light backscattered 

from the tip 𝐸sca with the incoming light 𝐸in, according to 

 

𝐸sca = 𝜎nf𝐸in. (4.9) 

 

The models relate the complex valued near-field scattering coefficient 𝜎nf = 𝑠nf𝑒
𝑖𝜑nf 

(with the near-field amplitude 𝑠nf and the near-field phase 𝜑nf) to the dielectric 

properties of the sample in order to explain the experimentally acquired data. The 

theoretical models are discussed in great detail in ref.
60

. In this section a summary of the 

most important concepts and results will be given.  

 

4.4.1 Dipole Model 

The dipole model is illustrated in Fig. 4.7. The metallic AFM-tip is approximated by a 

metal sphere with radius 𝑅, which is placed at the distance 𝐻 to a sample surface. The 

sample surface is modeled by a semi-infinite half-space, characterized by its dielectric 

function 𝜖s.  
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Fig. 4.7 Dipole model for s-SNOM. The incident electric field 

𝐸𝑖𝑛creates a dipole 𝑝 in the metallic AFM-tip, which is 

described by a sphere. The near-field interaction with the 

sample is described with a mirror dipole 𝑝′. Image taken from 

(ref.
60

). 

 

Due to the incident electric field 𝐸𝑖𝑛 (the tip illumination), the sphere gets polarized. 

This can be described by a simple point dipole, sitting in the center of the sphere, having 

an initial dipole moment 

𝑝0 = 𝛼𝐸in (4.10) 

 

where a describes the polarizability of the sphere as 

 

𝛼 = 4𝜋𝑅3 𝜖t−1

𝜖t+2
  (in air). (4.11) 

 

𝜖t denotes the dielectric function of the tip, which, in case of a metallic tip, is a constant 

close to 1 for the near- to far-infrared spectral region. Due to the elongated shape of the 

tip and considering p-polarized incident illumination, the dipole is assumed to be 

oriented along the tip-axis, defined as z-direction. This dipole, situated close to a sample 

surface, now polarizes the sample, thereby creating a mirror dipole 
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𝑝´ = 𝛽𝑝0 (4.12) 

where 𝛽 = (𝜖s − 1) (𝜖s + 1)⁄  is the so-called surface response function, which depends 

on 𝜖s, the local dielectric function of the sample. The mirror dipole acts back on the 

probe, thereby polarizing it even stronger. This additional probing dipole moment 

increases the strength of the mirror dipole, which in turn induces further polarization of 

the tip, and so on, representing the near-field interaction between tip and sample. 

Through this interaction, the total mirror dipole strength gets 

 

𝑝´ = 𝛽(𝑝0 + 𝑝i) (4.13) 

 

with 𝑝i being the interaction-induced part, which is induced by 𝑝′ according to 

 

𝑝𝑖 = 𝑓𝑝′ (4.14) 

 

where f  is a function of the distance between the tip and the sample. Inserting eq. (4.13) 

into eq. (4.14), we obtain 𝑝i = 𝛽𝑓(𝑝0 + 𝑝i). With the substitutions 𝑝i = 𝑝 − 𝑝0 and 

𝛽𝑓 = 𝑔 we get 𝑝 = 𝑝0 + 𝑔𝑝 or 

 

𝑝 =
𝑝0

1 − 𝑔
 (4.15) 

 

If the separation of the point dipole and its mirror image is 𝐷 = 2(𝑅 + 𝐻), the field 

produced by the mirror dipole 𝑝′ at the position of the tip dipole 𝑝 is equal to 

 

𝐸 =
𝑝′

2πD3
 (4.16) 
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The field 𝐸 induces a dipole moment 𝑝i = 𝛼𝐸 in the tip. Inserting 𝑝𝑖 and eq. (4.16) in 

equation (4.14) we get 

𝑓 =
𝑝i
𝑝′
=

𝛼

2𝜋𝐷3
 (4.17) 

 

With 𝐷 = 2(𝑅 + 𝐻) and 𝑔 = 𝛽𝑓 = 𝛽𝛼 16𝜋(𝑅 + 𝐻)3⁄  we obtain the final solution for 

the tip dipole moment 

𝑝 = 𝐸in
𝛼

1 −
𝛼𝛽

16𝜋(𝑅 + 𝐻)3

 (4.18) 

Instead of the dipole moment, it is customary to use the effective polarizability 𝛼eff =

𝑝/𝐸in, which can be easily derived now from eq. (4.18): 

 

𝛼eff =
𝛼

1 −
𝛼𝛽

16𝜋(𝑅 + 𝐻)3

 (4.19) 

As introduced in the beginning of this chapter, the near-field scattering coefficient 𝜎nf is 

defined as the ratio between the light backscattered from the tip 𝐸sca and the incoming 

light 𝐸in as 𝜎nf = 𝐸sca 𝐸in⁄ . Because the near-field scattering coefficient 𝜎nf is 

proportional to the dipole moment p of the coupled tip-sample system and thus to the 

effective polarizability of the tip, we obtain the following relation 𝛼eff ∝ 𝜎nf = 𝑠nf𝑒
𝑖𝜑nf. 

To take into account the tip-oscillation and the higher-harmonic signal demodulation, 

we calculate the time course of 𝛼eff = 𝛼eff[ℎ(𝑡)] with ℎ(𝑡) = 𝐴(1 + cos⁡(𝛺𝑡). By 

Fourier analysis of 𝛼eff[ℎ(𝑡)] we obtain the Fourier coefficients 𝛼eff,n, where 𝛼eff,n is 

the n-th Fourier coefficient, corresponding to the n-th demodulation order with respect 

to 𝛺. From 𝛼eff,n we obtain the amplitude 𝑠nf,n and phase 𝜑nf,n of the n-th demodulation 

order as 

𝑠nf,n ∝ |𝛼eff,n| (4.20) 

and 

𝜑nf,n = arg⁡(𝛼eff,n). (4.21) 
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4.4.2 Finite Dipole Model 

When comparing the predictions of the dipole model with experimental data, the 

agreement turns out to be good only for samples exhibiting weak resonances. For strong 

resonances, such as phonon- or plasmon-polaritons, some discrepancy can be 

observed
20

. To overcome these constraints, the so-called finite-dipole model has been 

developed
60

. Instead of describing the tip by a sphere, it is described by a spheroid with 

length 2𝐿 in order to take into account that the tip in the experiment is elongated. The 

field in the proximity of such a spheroid is described by an extended or finite dipole, 

rather than a point-dipole. In Fig. 4.8, both the dipole and the finite dipole model are 

illustrated. 

 

 

Fig. 4.8 Comparison of the point dipole model (a) and the finite dipole model 

(b). The point dipole model uses a point dipole to describe the s-SNOM 

probe, which is assumed to be a sphere. The finite dipole model describes the 

tip as an elongated spheroid, and its polarization due to the external 

illumination is described by a finite dipole, i.e. two discrete charges 𝑄0 and 

−𝑄0 with finite separation. Only the charge 𝑄0 which is closer to the sample 

surface is assumed to contribute to the near-field interaction. (image taken 

from
60

) 

 

The incident field 𝐸𝑖𝑛 induces two charges 𝑄0 and −𝑄0 in the (spheroidal) tip, as 

illustrated in Fig. 4.8b. From these two charges only 𝑄0 (which is closer to the sample 

surface) participates in the near-field interaction. The initial dipole moment of the 
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spheroid then can be written as 𝑝0 = 2𝐿𝑄0. When the tip comes close to a sample 

surface, an image charge 𝑄0
, = −𝛽𝑄0 is induced in the sample. The image charge 𝑄0

,
 

acts back on the spheroid, where it induces an additional point charge 𝑄i close to the tip 

apex, whereas the opposite charge −𝑄𝑖 is distributed along the spheroid. The charge 𝑄i 

in turn induces an image point charge 𝑄i
,
 in the sample, which again can be described 

using the surface response function 𝛽 as 𝑄i
, = 𝛽𝑄i. Note that in the finite dipole model 

𝑄0 is determined by the incident field and the geometry of the spheroid only, whereas 

𝑄i and 𝑄i
,
 are determined by the dielectric properties of the sample. 

 

Similar to the dipole model, the finite-dipole model defines an effective dipole moment 

for the spheroid as 𝑝eff = 𝑝0 + 𝑝i, where 𝑝0 is the initial dipole moment caused by the 

external field, while 𝑝i reflects the dipole moment induced by the tip-sample near-field 

interaction. The latter is given by 𝑝i = 𝑄i𝐿, where 𝐿 is the effective length of the 

spheroid. According to [ref.
60

], the effective polarizability for the coupled tip-sample-

system can be expressed as 

 

 

𝛼eff = 𝑅2𝐿
2𝐿

𝑅
+ln(

𝑅

4𝑒𝐿
)

ln(
𝑅

4𝑒𝐿
)
(2 +

𝛽(𝑔−
𝑅+ℎ

𝐿
) ln(

4𝐿

4ℎ+3𝑅
)

ln(
4𝐿

𝑅
)−𝛽(𝑔−

3𝑅+4ℎ

4𝐿
) ln(

2𝐿

2ℎ+𝑅
)
). (4.22) 

 

 

This solution for 𝛼eff requires five parameters: 

- h, the tip-sample distance. This value is taken from the experiment (tapping 

amplitude). 

-  𝛽, the surface response function of the sample, which is derived from the dielectric 

  function 𝜖(𝜔) of the sample. 

-  R, the tip radius. This value is usually between 10 nm and 50 nm, as specified by the 

  manufacturer of the tip. 

-  L, the effective length of the spheroid. 

-  g, a complex factor describing the total charge induced in the spheroid. 

 

The last two parameters, L and g, are determined by searching for the best agreement 

between experimental and calculated data. Values that give a reasonable agreement are 
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L = 600 nm, and g = 0.7e
0.06i

 (ref.
60

). Analogous to the dipole model we can calculate 

the amplitude 𝑠nf,n and phase 𝜑nf,n of the n-th demodulation order from 𝛼eff,n as 

 

𝑠nf,n ∝ |𝛼eff,n| (4.23) 

and 

𝜑nf,n = arg⁡(𝛼eff,n). (4.24) 
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5 Nanoscale Infrared Near-Field Spectroscopy 

(nano-FTIR) 

This chapter describes a novel microscopy and spectroscopy system, which was 

developed and experimentally realized in the course of this thesis. It combines the 

analytical power of Fourier transform infrared spectroscopy (FTIR, chapter 3) with the 

nanoscale spatial resolution of s-SNOM (chapter 4). Hence it was given the name nano-

FTIR. 

 

5.1 Working Principle 

To obtain broadband spectral information, nano-FTIR extends the s-SNOM principle by 

using a broadband infrared source for tip illumination. FTIR spectroscopy of the 

backscattered light is performed, while the tip is in contact with the sample at a specific 

sample position. By a linear movement of the reference mirror (analogous to FTIR, see 

section 3.3) in combination with higher harmonic demodulation (as used in s-SNOM for 

background suppression, see section 4.3.3), a near-field interferogram can be recorded. 

Because the tip-sample system is located in one of the interferometer arms, the Fourier 

transformation of this interferogram yields the near-field amplitude 𝑠nf,n(𝜔) and near-

field phase spectrum 𝜑nf,n(𝜔) of the measured sample spot.  

 

5.2 Experimental Implementation 

The nano-FTIR setup is illustrated in Fig. 5.1. It is based on a commercial s-SNOM 

(www.neaspec.com), which comprises an AFM, the tip illumination optics and all 

electronics necessary for data recording and processing. A broadband light source 

illuminates the metallic AFM-tip of the near-field microscope. For illumination as well 

as for collection a parabolic mirror is used, in order to avoid chromatic aberrations. The 

tip-scattered light is analyzed with a Michelson-type interferometer. To implement the 

interferometer, a ZnSe beamsplitter (BS, Fig. 5.1) was positioned very close to the 

probing tip and a reference mirror (RM, Fig. 5.1) is placed on a Piezo-driven Linear 

Stage, which can travel up to 1500 µm in closed-loop operation. It has a high linearity 

http://www.neaspec.com/
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(0.03) and a position resolution of < 3⁡nm, which is important for high performance 

Fourier analysis. The Piezo Stage is mounted on a manual high-stability micrometer-

stage with cross-roll bearings, which has a travel range of 25 mm. This is required to 

adjust the white light position (WLP, details in section 3.3). 

 

Fig. 5.1 Schematic nano-FTIR Setup. The metallic tip of a near-field 

microscope (s-SNOM) is illuminated with a broadband source. The 

backscattered light is analyzed with a Michelson-type interferometer, 

comprising a beamsplitter, reference mirror and detector. 

 

The light exiting the interferometer is focused to the detector with a second parabolic 

mirror. The signal detection is done with a liquid nitrogen (LN2) cooled mercury 

cadmium telluride (MCT) detector. It has a very high sensitivity and low noise (𝐷∗ >

1010) with a bandwidth > 1⁡MHz, as typical tip oscillation frequencies are in the range 

of 10 – 300 kHz. The detector signal is demodulated at higher harmonics nΩ of the tip 

oscillation amplitude Ω and recorded as a function of the mirror position d, generating 

an interferogram⁡𝐼n(𝑑). Subsequent Fourier Transformation of 𝐼n(𝑑) yields the 

spectrum of the backscattered light 𝑆n(𝜔). 

 

Asymmetric FTIR Spectrometer 

In contrast to conventional FTIR, the sample (together with the tip) is located in one of 
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the interferometer arms while the reference beam is reflected at a planar mirror (see Fig. 

5.1). Such a detection scheme is called asymmetric FTIR spectroscopy and offers two 

important advantages. First, a strong signal enhancement can be achieved due to 

interferometric gain, as the scattered power of nanoscale objects (here: the probing tip) 

is very weak compared to the illumination power.  Because of the interference between 

the tip-scattered radiation and the much stronger reference beam, the detected power is 

𝑃det ∝ √𝑃ref𝑃sca rather than the scattered power 𝑃sca, resulting in a signal enhancement 

by several orders of magnitude
29

 (for details see chapter 3.2 and 6). Second, the optical 

phase can be measured with an asymmetric FTIR spectrometer. As will be described in 

detail in chapter 0, the possibility of measuring the amplitude and the phase of the tip-

scattered light allows to measure local absorption and in principle a full reconstruction 

of the local complex dielectric function 𝜖(𝜔) of the sample can be done
98

. 

 

5.3 Background Suppression in nano-FTIR 

As in s-SNOM, the (polychromatic) illumination spot is diffraction limited, resulting in 

unavoidable background scattering off the tip shaft and neighboring sample regions. To 

suppress the background contribution, higher harmonic demodulation is used, as 

described in chapter 5.2.According to ref.
60

 and eq. (4.5), the (complex valued) signal at 

the n-th harmonic is given in good approximation by  

 

𝑈n ∝ 𝑠nf,n[𝑠bg,0⁡𝑐𝑜𝑠(𝜑nf,n − 𝜑bg,0) + 𝑠ref⁡𝑐𝑜𝑠(𝜑nf,n − 𝜑ref)], (5.1) 

 

with 𝑠 and 𝜑 being the amplitude and phase of the near-field (index nf), background 

(index bg) and reference (index ref), respectively. Translating the reference mirror from 

an initial start-position (𝑑 = 0) to an end-position (𝑑 = 𝑑max) in small steps d𝑑 yields 

the interferogram 𝑈n(𝑑). Considering that 𝜑ref = 2𝜋𝜔𝑑, Fourier Transformation of 

𝑈n(𝑑) gives the spectrum 𝑆n(𝜔) according to 

𝑆n(𝜔) = ∫ 𝑠nf,n[𝑠bg,0⁡𝑐𝑜𝑠(𝜑nf,n − 𝜑bg,0)

∞

0

+ 𝑠ref⁡𝑐𝑜𝑠(𝜑nf,n − 2πω𝑑)] 𝑒𝑖2𝜋𝜔𝑑d𝑑. 

(5.2) 
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The first term contains background contributions but does not depend on d, and thus 

does not yield spectral components for 𝜔 > 0. The second term depends on d, but does 

not contain background contributions. It thus yields the background-free complex-

valued near-field spectrum 𝑆n(𝜔) ∝ 𝑠nf,n(𝜔)⁡𝑒
𝑖𝜑nf,n(𝜔) for signal demodulation at a 

sufficiently high harmonic nΩ of the tip oscillation amplitude Ω. 
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5.4 Normalization in nano-FTIR 

As in conventional FTIR, the nano-FTIR spectrum needs to be normalized to a 

background spectrum to eliminate the influence of the instrumental characteristics on a 

measured sample spectrum. However, the procedure to obtain a background spectrum is 

slightly different in nano-FTIR.  

 

 

Fig. 5.2 nano-FTIR measurements of a PMMA sample and a Si substrate. Interferogram 

and resulting amplitude (sn) and phase (𝜑𝑛) spectra are shown. Each interferogram is an 

average of 10 single scans, each taken with 1024 pixels in 80 s. 

 

As the near-field signal arises from the tip-sample interaction, a measurement without 

sample is not reasonable, as it would not produce a near-field signal. Instead, in nano-

FTIR the near-field spectrum of a known substrate, which ideally is spectrally flat (i.e. 
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has no spectral absorption peaks or other resonances, e.g. phonon-polaritons), is 

measured. For the mid-infrared spectral region, Si is a suitable substrate. A second 

interferogram (Fig. 5.2b) has been measured on a bare Si substrate with identical 

experimental settings (e.g. same tip, same tapping amplitude, same illumination, etc.). 

FT yields the reference amplitude 𝑠2,Si(𝜔) and phase 𝜑2,Si(𝜔) spectrum. By 

normalizing the sample spectra (Fig. 5.2a) to the reference spectra (Fig. 5.2b), the 

normalized amplitude spectrum 𝑠2(𝜔)/𝑠2,Si(𝜔) and the normalized phase spectrum 

𝜑2(𝜔) − 𝜑2,Si(𝜔) of the sample are obtained (see Fig. 5.3) 

 

Fig. 5.3 Normalized amplitude 𝑠2(𝜔)/𝑠2,Si(𝜔) (a) and phase 𝜑2(𝜔) −

𝜑2,Si(𝜔) (b) spectra of a PMMA sample. 

 

It should be noted that the interferogram, which is obtained by recording the 

demodulated detector signal as a function of the mirror position (eq. (5.1)), is complex-

valued, as it records the output of a (software-based) lock-in amplifier used for the 

demodulation. What is shown in Fig. 5.2a and b is the real part of this complex-valued 

interferogram. For the Fourier Transformation, however, the complex valued 

interferogram is considered, returning a complex-valued spectrum, which can then be 

split in amplitude and phase spectra (as shown in see Fig. 5.3) 

 

5.5 Apodization and Zero-Filling 

As in conventional FTIR, the interferograms measured in nano-FTIR are processed by 

discrete Fourier Transformation. Apodization and Zero-filling is applied as described in 

chapter 3.3.4. To illustrate this, the spectra from Fig. 5.3 have been apodized by a 
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Gaussian apodization function and extended by a factor 8 by zero-filling. The resulting 

normalized amplitude and phase spectra are shown in Fig. 5.4. 

 

Fig. 5.4 Normalized Spectra from Fig. 5.3 after apodization and zero-filling. 

 

 

5.6 Definition of nano-FTIR Absorption 

In the course of this thesis, it could be demonstrated that the (complex) measurement of 

broadband infrared near-field spectra gives access to the local infrared absorption. 

Therefore, the nano-FTIR absorption was defined as 

𝑎n(𝜔) = 𝐼𝑚[𝜂n(𝜔)] = 𝐼𝑚 [
𝜎n(𝜔)

𝜎n,ref(𝜔)
], (5.3) 

the imaginary part of the normalized near-field spectrum 𝜂n(𝜔). The imaginary part can 

be easily calculated from the amplitude and phase spectra, according to 

𝐼𝑚[𝜂n(𝜔)] =
𝑠n(𝜔)

𝑠n,ref(𝜔)
sin⁡(𝜑n(𝜔) − 𝜑n,ref(𝜔)), (5.4) 

 

A comprehensive derivation of this relation is presented in chapter 7.4 of this thesis. 
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6 Nano-FTIR Spectroscopy with a Thermal Source 

In its first experimental realization, the nano-FTIR system was implemented with a 

thermal light source, similar to what is used in conventional FTIR spectroscopy. With 

this setup we succeeded in nanoscale infrared near-field imaging of a semiconductor 

device within a few minutes, as well as in mapping of local infrared spectra with a 

spatial resolution better than 100 nm. 

 

6.1 Experimental Setup 

Our setup is depicted in Fig. 6.1a. As already introduced in chapter 4.3.2, a parabolic 

metal mirror is used for illuminating an AFM tip, as well as for the collection of the 

backscattered light.  

 

Fig. 6.1 Near-field spectroscopy with a thermal source. a) Experimental 

Setup. b) Numerical calculation showing the field distribution at the apex of 

a metal tip (10 µm long, 100 nm apex diameter), which is illuminated with 

infrared radiation of 10.7 µm wavelength. 

 

Standard AFM tips with gold coating are used as antennas
5,32,99

 for nano-focusing of 

thermal radiation. The antenna function of the metal tip is illustrated with a numerical 

calculation of the near-field distribution of a metal cone with 100 nm apex diameter 
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(Fig. 6.1b). It shows the concentrated near-field spot at the tip apex, where the intensity 

is enhanced by a factor of 400 compared to the incident radiation. 

To perform broadband infrared near-field spectroscopy, we implemented a Fourier 

transform (FT) spectrometer that uses a heated coil (SA10510-88, 

www.lasercomponents.com) as infrared light source. A simulated emission spectrum of 

such a source is shown in Fig. 3.6. A major challenge in this case are the extremely 

weak near-field signals. According to the Stefan-Boltzmann law and the second law of 

thermodynamics, a thermal light source with a temperature of 1000 K provides a 

maximum power density of about 6 W/cm
2 

(in case of blackbody emission) at a distant 

sample surface
2
. In a narrow spectral window of Δ𝜔⁡ = ⁡1⁡cm−1, the power density is 

less than⁡𝐼𝑆 = 10−2W cm2⁄ . It is thus several orders of magnitude lower than in former 

s-SNOM experiments using infrared lasers where the power density was 𝐼S >

102W cm2⁄  (refs.
14,15,100,101

, achieved by focusing 1mW laser radiation to a spot of 10 

µm diameter). 

In contrast to conventional FTIR, the sample (together with the tip) is located in one of 

the interferometer arms while the reference beam is reflected at a planar mirror. Such a 

detection scheme is called asymmetric FTIR spectroscopy
28

. Because of the interference 

between the tip-scattered radiation and the reference beam, we detect the power 

𝑃det ∝ √𝑃ref𝑃sca  rather than the scattered power 𝑃sca. This important detail offers the 

advantage of a strong signal enhancement, which we illustrate with a simple calculation. 

In our experiment the reference beam has a power of about 𝑃ref ⁡= ⁡15⁡µW. In case of 

optimal interferometer adjustment, a scattered power of 𝑃sca = 200⁡fW (for example the 

infrared scattering of a 100 nm diameter metal sphere, which is illuminated with 1000 K 

blackbody thermal radiation) yields a signal 𝑃det ⁡= ⁡1.7⁡nW. The detector signal 𝑃det is 

thus enhanced by a factor of about 10
4
 compared to 𝑃sca. This signal enhancement is 

even stronger than the intensity enhancement provided by the tip, and thus an essential 

feature to push the sensitivity in FTIR near-field spectroscopy.  

Similar to conventional FTIR, as described in detail in chapter 3.3, nano-FTIR needs to 

measure the system-characteristics to be able to extract the pure sample response. In 

Fig. 6.2a we show the interferogram 𝐼2,Si(𝑑) obtained on a Si surface at demodulation 

order n = 2, yielding a near-field spectrum 𝑠2,Si(𝜔)  (Fig. 6.2b). Because of the nearly 

constant dielectric function of Si in the mid-infrared spectral range, 𝑠2,Si(𝜔) yields the 
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spectral characteristics of our setup including emission properties of the thermal source, 

transmission of the beamsplitter and responsivity of the infrared detector. We can thus 

use 𝑠2,Si(𝜔) as a reference spectrum for the following experiments. 

 

Fig. 6.2 Nano-FTIR with a thermal source. a) Interferogram 𝐼2,Si(𝑑) recorded 

on a Si surface. b) Near-field spectrum 𝑠2,Si(𝜔) of Si obtained by Fourier-

transformation of 𝐼2,Si(𝑑) shown in (a). It should be noted that the 

interferogram appears broader compared to other data presented in this thesis, 

because the interferometer in this setup was not dispersion-corrected. 

 

6.2 Nano-Imaging and Spectroscopy with Thermal Radiation 

Nanoscale focusing of thermal radiation is validated by high-resolution near-field 

imaging of a state-of-the-art semiconductor device (provided by Infineon Technologies, 

Munich). The reference mirror is kept fixed at a position 𝑑 ≈ 0 (white light position), 

where the simultaneous interference of all spectral components maximizes the near-field 

signal 𝐼2(𝑑 ≈ 0). The detector signal thus yields the spectrally integrated signal⁡𝐼n =

∫ |𝑅𝑒(𝜎n(𝜔))|
∞

0
, where 𝜎n(𝜔) is the complex s-SNOM signal at frequency ω, and is 

proportional to the intensity of the incident light 𝐼inc(𝜔) and the spectral responsivity 

b)

a)
In

te
rf

e
ro

g
ra

m
 I

2
(d

)
S

2
,S

i(
ω

) 
[a

.u
.]



 

59 

𝑅(𝜔) of the setup including beamsplitter and detector. Fig. 6.3a shows the topography 

and Fig. 6.3b the simultaneously acquired infrared near-field image of a mechanically 

polished cross section, consisting of a highly p-doped poly-Si layer (center) between 

two SiO2 layers, which are embedded in a Si substrate. We note that the 100 x 100 pixel 

images were taken within less than 10 minutes and with 40 ms integration time per 

pixel. The topography image shows only slight height variations of about 20 nm, caused 

by differently strong material removal during the polishing process.  

 

 

Fig. 6.3 Nano-imaging and spectroscopy of a polished cross-section of a semiconductor device with a 

thermal source. a) Topography image and line profile (averaged over 14 horizontal lines) extracted along 

the dashed white line. b) Infrared image 𝑠1 simultaneously acquired with topography. The reference 

mirror was kept fixed at a position 𝑑 ≈ 0. The line profile displays 𝑠1 along the white dashed line 

(averaged over 14 horizontal lines). c) Near-field spectrum 𝑠2,SiO2(𝜔) of SiO2 (position A in (b)) 

normalized to Si spectrum. d) Near-field spectrum 𝑠2,p−Si(𝜔) of highly p-doped poly-Si (position B in 

(b)) normalized to Si. The solid lines show calculations done with the finite dipole model of s-SNOM, 

using a tip-radius of 50 nm and a vibration amplitude of 60 nm. The dielectric data for the calculations for 

SiO2 has been taken from (ref.
102

) and for p-Si from (ref.
103

). The best agreement between calculation and 

experiment on the p-Si was found for a free-carrier concentration n = 9*10
19

. The data points marked with 

green symbols represent near-field amplitude contrast extracted from a measurement with a CO2-Laser 

operated at a frequency of 935 cm
-1

 (not shown). 
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The near-field image, on the other side, exhibits a strong material contrast between the 

different device components. The bright region in the center reveals the highly p-doped 

poly-Si structure between the two dark SiO2-layers. We explain the weak infrared signal 

on the SiO2 by its low refractive index (considering the spectral average) compared to 

Si. We note that there is no one-to-one correspondence between the height and the 

infrared signal, which excludes a topography-induced infrared image contrast
6
. While 

both the p-Si and the SiO2 areas are higher than the Si substrate, they exhibit an 

opposite infrared contrast relative to the Si substrate (the p-Si is brighter and the SiO2 is 

darker than Si). Furthermore, the infrared profile (Fig. 6.3b) exhibits a sharp signal 

change at the Si/SiO2 interface (marked by the two red lines). The topography line 

profile (Fig. 6.3a) shows, in contrast, that the height continuously increases from 

position x = -1.4 μm to x = -0.8 μm. The sharp infrared signal change at the Si/SiO2 

interface thus verifies an infrared spatial resolution better than 100 nm, providing 

unambiguous experimental evidence that a metal tip can nano-focus blackbody radiation 

to a near-field spot at the tip apex of about λ/100 in diameter. 

In Fig. 6.3c and d we demonstrate that continuous near-field spectra can be recorded 

with subwavelength-scale spatial resolution, which allows for measuring the local 

infrared “fingerprint” of a sample. We show near-field spectra 𝑠2(𝜔) of SiO2 and highly 

p-doped Si, which were recorded at positions A and B marked in Fig. 6.3b. The 

normalized SiO2 near-field spectrum 𝑠2,SiO2(𝜔) 𝑠2,Si(𝜔)⁄  reveals a sharp peak at about 

1120 cm
-1

. The peak shows the fully resolved near-field phonon-polariton response
20

 of 

SiO2 (refs.
95,104

), which is confirmed by a calculation using the finite-dipole model of s-

SNOM
105

 and dielectric data for SiO2 from literature
102

. We obtain a near-field spectrum 

(solid line) in good agreement with the experimental data. Remarkably, the calculation 

uses as parameters just the tapping amplitude A = 60 nm and tip radius r = 50 nm, both 

values taken from the experiment. No fit parameter has been applied. The experimental 

near-field spectrum of highly p-doped poly-Si,⁡𝑠2,p−Si(𝜔) 𝑠2,Si(𝜔)⁄  (red dots in Fig. 

6.3d, recorded at position B) shows a totally different signature. At frequencies below 

1100 cm
-1

, the amplitude is about 2 times larger compared to the undoped Si, revealing 

metallic behavior
6
. At frequencies higher than 1100 cm

-1
, the amplitude decreases 

strongly. This observation can be assigned to the near-field induced plasmon response of 

the free carriers in the highly doped p-Si
27

. This is proven by a calculation with the 
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finite dipole model (red solid line), analogous to Fig. 6.3c. We use dielectric data for p-

doped Si from literature
103

 and the free-carrier concentration n as fit parameter. Good 

agreement with the experiment is obtained for n=9*10
19

 cm
-3

, which agrees well with 

the nominal doping concentration. We emphasize that spectra A and B - though 

separated by only 500 nm (20) - exhibit the pure material response of either SiO2 

(phononic) or p-Si (plasmonic), thus proving local infrared near-field spectroscopy with 

a subwavelength-scale resolution. 

 

Signal-to-Noise Considerations 

In our experiment the signal was detected by a MCT detector (Judson Teledyne 

J15D12-M204-S050U) with an average noise-equivalent power of about 0.2 pW/Hz
1/2

. 

With this detector we achieve a signal-to-noise ratio (SNR) of 16:1 RMS, measured in 

the poly-Si spectrum between 850 and 1000 cm
-1

 (Fig. 6.3d). Taking into account the 

spectral bandwidth of 6400 cm
-1

 (0.8 µm mirror increment), the spectral resolution of 

Δ𝜔 = ⁡6.3⁡cm−1 (800 µm total mirror movement) and a data acquisition time of 5s at 

each interferometer position, we obtain Hz/04.0SNR t , where t is the total 

interferogram acquisition time. In Fig. 6.4 we show that such SNR even allows for 

nanoscale infrared-spectroscopic mapping, as spectra with 25 cm
-1

 spectral resolution 

and a SNR of 10:1 can be recorded within 2 minutes. 
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6.3 Infrared-Spectroscopic Mapping with Thermal Radiation 

To demonstrate infrared spectroscopic mapping, we display ~90 near-field spectra 

(vertical axis in Fig. 6.4) recorded along the dashed white line (horizontal axis) in Fig. 

6.3b. The distance Δx between the recorded near-field spectra is about 30 nm. 

 

 

Fig. 6.4 Spectroscopic nano-imaging with a thermal source. The diagram 

shows infrared near-field spectra recorded along the dashed white line in Fig. 

6.3b.  Each of the 90 spectra was recorded in about 2 minutes and with a 

spectral resolution of 25 cm
-1

. 

 

We find that the spectral behavior dramatically changes when scanning across the 

interface between the different device components (positions x = -1.1 µm, -0.4 µm, 0.4 

µm and 1.1 µm). The flat spectral response of Si clearly changes to that of SiO2, 

exhibiting the significant phonon-polariton peak at 1120 cm
-1

 (x = -1.1 µm). The 

complete change from the SiO2 to the p-doped Si spectrum occurs within 100 nm at 

position x = -0.4 µm (indicated by the dashed lines). From this spectral line scan we can 

provide first and unambiguous experimental evidence that local material properties can 

be accessed with nanoscale spatial resolution using broadband thermal radiation, which 

spectral energy density is several orders of magnitude smaller than in single-wavelength 

s-SNOM experiments using laser sources. 
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6.4 Characterization and Identification of different oxides 

In the following we show that the combination of ultra-high spatial resolution and 

spectroscopic mapping can be applied to distinguish different oxides with dimensions 

on the nanometer length scale. Fig. 6.5 (left side) shows an infrared near-field image of 

a device cross-section containing two different silicon oxides, high-density plasma 

(HDP) oxide (left) and Borophosphosilicate glass (BPSG, right). The image contrast 

allows for distinguishing the two oxides and indicates their different dielectric 

properties. Taking FTIR spectra at the positions A and B marked in Fig. 6.5 (left side), 

we find the typical phonon peak around 1120 cm
-1

. However, the peak positions as well 

as the spectral line widths differ clearly, revealing the individual IR signature of the 

oxides. In future applications, the infrared spectroscopic near-field signature of different 

oxides could be applied for process- and quality-control in semiconductor industry or to 

identify oxide modifications in meteorites or (bio-) minerals. 

 

 

Fig. 6.5 Application of nano-FTIR for detection of chemically different Silicon Oxides. 

Left: Infrared near-field image of two adjacent and differently processed silicon oxides of a 

semiconductor device, taken with a CO2-laser at 11.3 µm wavelength. Right: FTIR near-

field spectra taken at positions A and B. 

 

6.5 Local free-carrier mapping 

Another application of technological relevance is presented in Fig. 6.6. We demonstrate 

local conductivity measurements within a radial doping gradient, which is visualized by 

an infrared near-field image taken with a CO2-laser (Fig. 6.6, left). The bright area to 

the left reveals highly doped Si. With decreasing free-carrier concentration n, the 

infrared near-field signal decreases and reaches a minimum (dark ring) at a medium 
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free-carrier concentration. Further decrease of n finally yields a constant near-field 

signal (right). Such contrast behavior is typical for doping gradients
9
. By fitting the 

spectra recorded at positions A and B (marked in the infrared image), analogous to Fig. 

6.3d, we can quantify the local free-carrier concentration. We find values of n = 9*10
19

 

cm
-3 

at position A and n =7*10
19

 cm
-3

 at position B. The pronounced spectral shift 

between spectra A and B shows the high sensitivity, allowing for measuring changes of 

the free-carrier concentration with a relative precision well below 20%. 

 

 

Fig. 6.6 Application of nano-FTIR for determination of the local free-carrier 

concentration in doping gradients.  Left: Infrared near-field image of a 

doping gradient in the Si substrate of a semiconductor device, taken with a 

CO2-laser at 10.6 µm wavelength. Right: FTIR near-field spectra taken at 

positions A and B (data points). The solid lines display calculations 

according to Fig. 6.3d for two different carrier concentrations n. 

 

 

6.6 Conclusions 

It could be demonstrated, for the first time, that the incoherent broadband radiation of a 

thermal source can be utilized for imaging and spectroscopy with nanoscale spatial 

resolution by focusing it to the apex of an s-SNOM tip and analyzing the backscattered 

light with a combination of higher harmonic demodulation and an asymmetric FT-

spectrometer. Plasmonic and phononic material properties could be analyzed with a 

spatial resolution < 100⁡𝑛𝑚, which is two orders of magnitude below the diffraction 

limit. Intriguingly, a thermal source is one of the weakest broadband sources available. 

Its radiation cannot be well focused due to its spatial extension and it has a quite weak 

spectral power density leading to rather long measurement times. While practical 
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applications might be limited with such a weak source our results motivated further 

projects to conduct this new spectroscopy-technique (introduced as nano-FTIR 

spectroscopy) with more powerful sources such as synchrotrons
106

. Another approach 

will be demonstrated in the next chapter, where a novel broadband laser-system has 

been utilized to perform nano-FTIR spectroscopy
16

. 
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7 Nano-FTIR Absorption Spectroscopy of Molecular 

Fingerprints 

In a second experimental realization, the nano-FTIR system was implemented with a fs- 

pulsed super-continuum laser as broadband infrared light source. The setup was used 

to demonstrate that the method can straightforwardly determine the infrared absorption 

spectrum of organic samples with a spatial resolution of 20 nm, corresponding to a 

probed volume as small as 10 zeptoliter (10
-20

 l). Corroborated by theory, the nano-

FTIR absorption spectra correlate well with conventional FTIR absorption spectra, as 

experimentally demonstrated with PMMA samples. Nano-FTIR can thus make use of 

standard infrared databases of molecular vibrations to identify organic materials in 

ultra-small quantity and at ultrahigh spatial resolution. As an application example the 

technique was used to identify a nanoscale PDMS (silicone) contamination on a PMMA 

sample. 

 

7.1 Experimental Setup 

The setup that was used for the following experiments in shown in Fig. 7.1a. A standard 

Au-coated AFM-tip is illuminated by a coherent broadband mid-infrared beam. The 

beam is generated by a difference frequency generator (DFG, lasnix.com), where two 

near-infrared, 100-fs pulse trains from a fiber-laser system (FemtoFiber pro IR and 

SCIR, toptica.com) are superimposed in a GaSe crystal. Compared to an earlier 

implementation
95

, the mid-infrared output power is substantially increased to 0.25 mW. 

This mid-infrared source emits a continuous spectrum with a usable width up to 700 cm
-

1
, which can be tuned within the limits 700 – 2500 cm

-1 
dependent on DFG settings (e.g. 

the crystal orientation). Fig. 7.1b shows two mid-infrared output spectra (red and black) 

for two selected settings that were used in the presented experiments. Clearly, already 

these two settings suffice for a nearly complete coverage of the central 700 - 2100 cm
-1

 

(5-14 µm) molecular infrared fingerprint region. For comparison we show the output 

spectrum of ref.
95

 (blue line), clearly illustrating the significant enhancement of both 

spectral coverage and spectral intensity achieved with our new DFG setup.  
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Fig. 7.1 Nano-FTIR operated by a coherent mid-infrared continuum source. 

(a) Experimental setup, showing the Er-fiber-laser system that emits a pulse 

train at 1.55 µm (blue) and another one which is broadened and red-shifted 

(green). A DFG unit superimposes both beams in a nonlinear crystal, which 

sub sequentially emits a MIR continuum beam that is used for illuminating 

the AFM tip of the nano-FTIR. The backscattered light is analyzed with an 

asymmetric Michelson interferometer comprising a beamsplitter (BS) and a 

reference mirror (RM). (b) Output spectra for two settings of the MIR 

continuum covering either the lower-frequency fingerprint region 700-1400 

cm
-1

 (red) or the higher-frequency fingerprint region 1300-2100 cm
-1

 (black). 

Measurements were taken approx. 2 m away from the source. The fine curves 

represent the source spectra corrected for atmospheric absorption. For 

comparison, the blue line shows the output spectrum of a previous DFG 

implementation [16]. 

 

 

7.2 Nano-Imaging with a Broadband Laser 

First we demonstrate the capabilities of this setup for nanoscale resolved infrared 

imaging by mapping the boundary region of a 90 nm thin film of PMMA on a Si 

substrate. Simultaneously, a topographical (Fig. 7.2 upper image) and a near-field 

infrared image (Fig. 7.2 lower image) is recorded. For the latter we fix the reference arm 
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of the Michelson interferometer at approximately the "white light position" (WLP). In 

this case both interferometer arms have equal optical path lengths, thus all frequencies 

are in phase creating a maximum detector signal. In the optical image we observe a 

strong material contrast between the PMMA and the Si regions. The stronger infrared 

signal on Si can be explained by its higher refractive index compared to PMMA
107

. The 

abrupt signal change at the material boundary verifies the nanoscale spatial resolution. 

We note that the infrared signal on the PMMA does not depend on the different heights 

of the PMMA surface in the edge region of the film. This indicates that the probing 

depth of the near-field interaction
108,109

 is smaller than the thickness of the PMMA film. 

 

 

Fig. 7.2 Infrared nano-imaging of a polymer thin film (PMMA) on a Si substrate. (a) 

Topography (upper) and infrared amplitude image (lower, spectrally averaged over approx. 

5-9 µm by setting the interferometer at the WLP) (b) Line profiles of height and infrared 

signal extracted at the position indicated by the white dashed line (averaged over 8 lines). 

 

7.3 Local Fingerprint Spectroscopy 

To demonstrate local fingerprint spectroscopy, we recorded nano-FTIR spectra of 

PMMA and Si at the positions marked with P1 and P2 in Fig. 7.2. Owing to the flat 

spectral response of Si, the spectrum at P2 serves as reference spectrum (as described in 

detail in chapter 3.3), yielding the local absorption spectrum of PMMA, 𝑎2(ω) ∝ P1/P2. 

The broadband mid-infrared source was first set to cover the frequency range 1300 - 

2100 cm
-1

. For a second set of spectra the source was set to the frequency range 700 - 

1400 cm
-1

. The resulting nano-FTIR absorption spectra 𝑎2(ω)⁡ (as defined in chapter 

5.6 and derived in detail in the next paragraphs) are displayed in Fig. 7.3a. For 

comparison, a FTIR absorption spectrum (Fig. 7.2b) of a PMMA film (thickness of ~5 
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µm, produced by solvent casting method) was recorded with a conventional FTIR 

spectrometer (Equinox 55, bruker.com) in transmission mode. The FTIR spectrum 

shows the well-known molecular absorption lines of PMMA
56,110

 around 1730 cm
-1

 

(corresponding to C=O stretching), 1265 cm
-1

 and 1240 cm
-1

 (C-C-O stretching), 1190 

cm
-1

 (C-O-C bending), and 1145 cm
-1

 (CH2 bending). Convincingly, all these lines are 

also clearly seen in the nano-FTIR absorption spectrum. As documented by the dashed 

grey lines in Fig. 7.3, the near-field absorption peaks appear at the same positions as the 

far-field absorption peaks. The overall agreement of peak positions, peak shapes and 

relative peak heights provides clear experimental evidence that the imaginary part of the 

complex-valued near-field spectrum, Im[𝜎n(𝜔)], indeed reveals the local infrared 

absorption of the sample. It should be noted that, in contrast to the results shown in the 

previous chapters, here we compare the imaginary part of the normalized near-field 

spectrum, and not the amplitude and phase spectra. The explanation and theoretical 

derivation of this relationship is presented in the next section. 

 

 

Fig. 7.3 Comparison of conventional far-field FTIR with nano-FTIR (a) Nano-FTIR 

absorption spectra from a 90 nm thin film of PMMA (b) Far-field FTIR spectra from a ~5 

µm thick PMMA film. The nano-FTIR data is obtained from two consecutive 

measurements where the infrared source spectrum was changed from (2000 cm
-1

 – 1400 

cm
-1

) to (1400 cm
-1

 – 800 cm
-1

). The acquisition time was 25 min, respectively 16 min, and 

the spectral resolution is 6 cm
-1

. The far-field FTIR spectrum was taken in 20 min with a 

spectral resolution of 4 cm
-1

. The schematics to the right of the spectra illustrate nano-FTIR 

and standard transmission FTIR.  
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7.4 Theory of nano-FTIR of molecular vibrations 

The light backscattered from the oscillating metallic tip is analyzed with an asymmetric 

Fourier transform spectrometer
95,111,112

, which is based on a Michelson interferometer. 

In contrast to conventional FTIR, the sample (together with the tip) is located in one of 

the interferometer arms (Fig. 7.1).  This detection scheme allows for recording both the 

amplitude 𝑠(𝜔) and phase 𝜑(𝜔) spectra of the backscattered light. The pertaining 

complex-valued scattering coefficient 𝜎(𝜔) = ⁡𝑠(𝜔) ∙ 𝑒𝑖𝜑(𝜔) relates the scattered field 

𝐸sca(𝜔) with the incident field 𝐸inc(𝜔) according to 𝐸sca(𝜔) = 𝜎(𝜔) ∙ 𝐸inc(𝜔). To 

extract the near-field signals, that is, to suppress background contributions, the detector 

signal is demodulated at a higher harmonic nΩ of the tip vibration frequency Ω 

(refs.
113,114

). Translation of the reference mirror with a piezo stage yields an 

interferogram of the demodulated signal. By subsequent Fourier transformation of the 

interferogram we obtain the complex-valued near-field spectra 𝐸n(𝜔) = 𝜎n(𝜔) ∙ 𝑅(𝜔) ∙

𝐸inc(𝜔) where 𝑅(𝜔) is the spectral response of the instrument including the 

transmission of the beamsplitter, atmospheric absorption and responsivity of the 

infrared detector. Analogue to conventional FTIR, the near-field spectra 𝐸n(𝜔) are 

normalized with the help of a reference spectrum 𝐸n,Ref(𝜔). The latter can be readily 

obtained by recording a near-field spectrum of a spectrally flat sample such as Si 

(𝜎n,Si(𝜔) = ⁡const), yielding 𝐸n,Ref(𝜔) = ⁡const ∙ 𝑅(𝜔) ∙ 𝐸inc(𝜔). The normalized 

spectra thus directly yield the scattering coefficient of the tip-sample system, 𝜎n(𝜔) ∝

𝐸n(𝜔)/𝐸n,Ref(𝜔) (as introduced with example data in chapter 5.4). 

The scattering coefficient 𝜎n(𝜔) describes the near-field interaction between tip and 

sample and carries information about the local dielectric function, respectively the 

refractive index, of the sample. Earlier experiments with organic samples indicate that 

the imaginary part Im[𝜎(𝜔)] = ⁡𝑠(𝜔) ∙ sin⁡[𝜑(𝜔)]  is connected with the local 

absorption of the sample
13,19,115

. Owing to the lack of broadband near-field spectra, 

however, a clear experimental demonstration with molecular fingerprint spectra has not 

been provided yet, nor has a rigorous physical derivation been put forward. In chapter 

5.6, the nano-FTIR absorption was defined as 𝑎n ≡ Im[𝜎n(𝜔)]. Here we verify 

experimentally and theoretically that nano-FTIR absorption spectra of molecular 

vibrations correlate well with conventional far-field absorption spectra. 
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The direct correlation between conventional and nano-FTIR absorption spectra might be 

surprising when considering that nano-FTIR records the scattered light arising from a 

complex near-field interaction between tip and sample. We explain this intriguing 

phenomenon by theoretical considerations of the scattering process. It has been shown 

formerly that the scattering coefficient 𝜎 can be successfully described by the point-

dipole model
6
 and more accurately by the finite-dipole model

105
. In both models, the 

scattering coefficient 𝜎 has the same structure: 

 

𝜎(𝜔,𝐻) = 𝛼eff(𝑓 ∙ 𝛽)(1 + 𝑟s)
2 (7.1) 

 

where 𝛼eff(𝑓 ∙ 𝛽) is the effective polarizability of the tip and 𝑟s the far-field reflection 

coefficient of the sample surface. 𝛽 = 𝛽(𝜔) = (𝜀(𝜔) − 1)/(𝜀(𝜔) + 1) is the surface 

response function, which is dependent on the complex-valued dielectric function 𝜀(𝜔) 

of the sample. 𝑓 = 𝑓(𝐻) is a (model-specific) frequency-independent function of the 

tip-sample distance H. For studies of thin films with a thickness⁡𝛥 ≪ 𝜆 (for infrared 

light: 𝜆⁡~⁡10⁡µ𝑚), 𝑟s can be well approximated by the Fresnel reflection coefficient 

from the substrate. In case the substrate is spectrally flat, like the Si in our experiment, 

the reflection 𝑟𝑠 can be considered as spectrally constant. In the absence of infrared 

plasmon or geometrical antenna resonances
90,116,117

 in the tip, and for a thin film 

composed of weak molecular oscillators, such as PMMA or other organic materials, the 

condition |𝑓 ∙ 𝛽| < 1 is always satisfied. Therefore we can expand 𝜎(𝜔,𝐻) into a 

Taylor series, which to the first order in (𝑓 ∙ 𝛽) yields: 

 

𝜎(𝜔,𝐻) ≈ [𝛼0 + 𝛼1 ∙ 𝑓(𝐻) ∙ 𝛽(𝜔)](1 + 𝑟𝑠)
2 (7.2) 

 

where 𝛼0 and 𝛼1 are frequency- and height-independent constants that are determined 

by the material and the size of the tip. Taking into account the demodulation of the 

detector signal, which is applied for background suppression in our experiments, and the 

normalization of the sample spectra to those of Si, all height-independent terms vanish, 

yielding 

 

𝜎n(𝜔) ∝ 𝛽(𝜔) (7.3) 
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Thus, the spectral characteristics of 𝜎n(𝜔) are determined exclusively by the local 

dielectric function 𝜀(𝜔) of the sample. This, in principle, allows the determination of 

both real and imaginary parts of 𝜀(𝜔) from the measurements of the scattering 

coefficient, and therefore, the derivation of the imaginary part 𝜅 of the complex-valued 

refractive index 𝑁(𝜔) = √𝜀(𝜔). For molecular vibrations, such as the ones of PMMA, 

we find that 𝜅(𝜔) and Im[𝛽(𝜔)] have nearly the same spectral behavior (see Fig. 7.4) 

and we can write in good first approximation 𝜅(𝜔)~Im[𝛽(𝜔)]. 

 

 

Fig. 7.4 The spectra of 𝜅 (black) and Im[𝛽] (red) for a PMMA sample 

calculated from the real and imaginary parts of 𝜀(𝜔) obtained by 

ellipsometry.  Both spectra are normalized to the peak values at 𝜔 ≈
1730cm−1. 

 

Considering that the far-field absorption 𝐴 in conventional FTIR spectroscopy follows 

the relation 𝐴 ∝ 𝜅(𝜔), we  immediately obtain 𝑎n(𝜔) ∝ Im[𝛽(𝜔)] ∝ 𝜅(𝜔) ∝ 𝐴. The 

connection between near-field and far-field absorption is thus described in good 

approximation by the simple and model-independent relation 

 

𝑎n(𝜔) ∝ 𝐴  (7.4) 

which theoretically explains the experimental observation documented in Fig. 7.3, and 

provides a firm ground for chemical recognition and possibly even chemometrics at 

nanoscale spatial resolution. 
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7.5 Spatial Resolution of Nano-FTIR 

In Fig. 7.5 we demonstrate nanoscale spectroscopic mapping of the local infrared 

absorption. While scanning the tip across the PMMA edge (Fig. 7.5a), an infrared 

spectrum is recorded at each position. Each panel of Fig. 7.5b shows 50 spectra, every 

single one recorded in 80 s and with 13 cm
-1

 spectral resolution. The distance between 

the points at which the spectra are acquired is 20 nm. As before all spectra are 

normalized to the reference spectrum taken on the Si surface. On the PMMA we clearly 

see the characteristic absorption lines. The peak maxima are nearly constant until the 

edge is reached at x = 0.5 m.  

 

 

Fig. 7.5 Nanoscale infrared-spectroscopic mapping of PMMA 

on Si. (a) Schematics of the sample cross section. (b) Infrared-

spectroscopic line scans recorded while the tip was scanned in 

20 nm steps (horizontal axis) across the sample. Each panel is 

composed of 50 spectra (vertical axis) acquired with the 

coherent source set to cover the 1000 - 1500 cm
-1

 (bottom) and 

1500 - 1900 cm
-1

 (top) spectral ranges. 

Within a single scan step, the strong C=O and CH2 absorption peaks vanish completely. 

This observation confirms that infrared fingerprint spectroscopy can be performed at 20 
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nm spatial resolution. Because the probing depth of the near-field interaction 

approximately equals the lateral spatial resolution
108,109,118

, we further conclude that the 

probed volume is as small as⁡(20⁡nm)3 = 10−20⁡l = 10⁡zl (10 zeptoliter). We note that 

the spatial resolution in s-SNOM is determined essentially by the radius of the tip apex
6
, 

which is about 20 nm in our experiments. Decreasing the scan step below 20 nm thus 

would not improve the spatial resolution. 

 

7.6 Identification of Nanoscale Sample Contaminants 

As an application example we demonstrate the chemical identification of nanoscale 

sample contaminants. Fig. 7.6a shows the topography image of a scratched PMMA film 

(Position P3) on a Si substrate, revealing a particle-like feature at the PMMA edge 

(Position P4),  

 

Fig. 7.6 Chemical identification of nanoscale sample contaminations with nano-FTIR. (a) 

AFM topography image of a scratched PMMA film on a Si substrate. (b) Mechanical AFM 

phase image, where the strong contrast designates a particle that consists neither of PMMA 

nor of Si. (c) nano-FTIR absorption spectra of the PMMA film (taken at position P3) and of 

the particle (taken at position P4). The acquisition time was 7 min and the spectral 

resolution is 13 cm
-1

. 
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which in the mechanical AFM phase image (Fig. 7.6b) exhibits a strong phase contrast 

of about 70 degree. Such phase contrasts indicate different materials
119

. Without prior 

knowledge, however, we cannot identify the particle-like feature of about 100 nm 

diameter. By taking a nano-FTIR absorption spectrum (lower panel in Fig. 7.6c) in the 

center of the particle (marked with P4), we find a significantly different spectral 

signature compared to the spectrum taken on the PMMA film at the position marked 

with P3. While the latter exhibits the known PMMA vibrational fingerprint (as seen 

before in Fig. 7.3 and Fig. 7.5), we find at P4 a strong and broad peak centered around 

1100 cm
-1

, a sharper peak around 1260 cm
-1

, and a small peak around 1040 cm
-1

. With 

the help of conventional FTIR spectra from literature, we can assign the peak around 

1260 cm
-1

 to the Si-CH3 symmetric deformation and the broad peak around 1100 cm
-1

 

as well as the peak around 1040 cm
-1

 to Si-O-Si asymmetric stretching modes
120

. The 

appearance of these spectral lines is typical for Polydimethylsiloxane (PDMS)
120

. We 

can thus identify the particle-like feature as a PDMS contamination. We note that the 

PMMA sample preparation and pre-characterization involved PDMS material, 

obviously leaving PDMS remainders on the sample surface. 

 

7.7 Conclusions 

In conclusion, nano-FTIR with a coherent mid-infrared continuum source enables a full 

spectroscopic analysis of molecular vibrations on the nanometer scale in the important 

mid-IR frequency range 800-2000 cm
−1

. We have shown experimentally and 

theoretically that nano-FTIR absorption spectra correlate well with conventional (far-

field) FTIR absorption spectra. Nano-FTIR thus opens the door to nanoscale chemical 

identification of virtually any substance exhibiting IR vibrational resonances, in 

ultrasmall quantities and at ultrahigh spatial resolution, by simply searching for the 

corresponding spectra in standard FTIR databases. We envision, for example, nanoscale 

chemical mapping of polymer blends, organic fibers, and biomedical tissue. We 

furthermore established a simple relation between nano-FTIR spectra and the dielectric 

response of the sample, which in the future will allow for straightforward reconstruction 

of both the real and imaginary part of the local refractive index, respectively the local 

dielectric function 𝜖(𝜔) of organic, molecular, and biological materials, 

nanocomposites, or nanodevices.  
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8 Resonant Antenna Probes for Near-Field 

Microscopy 

In typical IR s-SNOM studies, standard metalized AFM tips are used. The infrared 

antenna performance of these tips
32

, however, is widely unexplored and antenna 

concepts
33-47

 have not yet been applied to optimize near-field probes for the infrared 

spectral range. In this chapter we demonstrate the successful fabrication of infrared-

resonant antenna tips on standard Si cantilevers with focused ion beam (FIB) 

machining. Characterization of these tips by electron energy loss spectroscopy (EELS), 

Fourier transform infrared (FTIR) spectroscopy and Fourier transform infrared near-

field spectroscopy (nano-FTIR) clearly reveals geometrical antenna resonances in the 

tips, which are found to be in good agreement with numerical calculations. We verify 

the excellent probe performance of these tips by infrared near-field imaging of tobacco 

mosaic viruses of only 18 nm diameter. 

 

8.1 Concept 

The design of the anticipated near-field probes is illustrated in Fig. 8.1a. A high aspect 

ratio gold cone with a sharp tip apex replaces the tip of a standard Si AFM cantilever. 

We first study numerically the antenna function of such tips (using a commercial FDTD 

software package, Lumerical). To that end we consider a tip geometry as illustrated in 

Fig. 8.1b, where we assume a plane wave illumination (𝐸inc) with p-polarization at an 

angle α with respect to the tip axis. Fig. 8.1c shows the calculated near-field magnitudes 

near the tip apex (marked with the cross in Fig. 8.1b) for α = 0°, normalized to the 

incident field for antenna tips of three different lengths 𝐿. For the 0.5 µm long antenna 

(shown in red) we find a pronounced resonance peak at a frequency 𝜔res,1 =  5120 cm
-

1
 (𝜆⁡ ≈ ⁡1.95⁡µm), corresponding the fundamental dipolar mode (𝑙⁡ = ⁡1) and a second, 

weaker peak at 𝜔res,3 =  13420⁡cm−1 
(𝜆 ≈ 0.75⁡µm), corresponding the second order 

dipolar mode (𝑙⁡ = ⁡3)
121

. With increasing rod length 𝐿, the resonance positions shift to 

lower frequencies 𝜔, from the near-IR to the mid-infrared to the THz spectral range. 

Compared to classical radio wave antennas
122

, where the resonance length is about half 
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the excitation wavelength 𝜆, 𝐿res ⁡= ⁡𝜆/2, the tip resonances occur at much shorter 

lengths. We find 𝐿res ⁡= ⁡𝜆/3.9, 𝜆/2.7 and 𝜆/2.4 for the near-IR, mid-IR and THz 

spectral range, respectively, which we assign to the tip geometry, the finite frequency-

dependent conductivity of the metal and the Si base. The latter acts as a capacitive load, 

which typically redshifts the antenna resonance
123,124

.  

 

 

Fig. 8.1 Resonant antenna probes for near-field microscopy. a) Sketch of a Au-rod placed 

on a Si-based cantilever. b) Model to simulate the near-field enhancement at the tip apex 

for rods of different lengths L placed on a Si base of 1 µm length. c) Calculated near-field 

(ENF) at 10 nm below the tip apex (marked with „x“ in panel b), normalized to the incident 

field (Einc), which is linear polarized at an angle α = 0° with respect to the tip axis. For 

better visibility, the spectra of the 3.3 µm (blue) and 0.5 µm (red) long antenna-tip have 

been scaled by a factor of 2 and 5, respectively. d) Same as c) but for a polarization tilted 

by α = 30° with respect to the tip axis. 
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An interesting aspect is the significant increase of the field enhancement at the tip apex, 

amounting to more than 100, when the tip length increases, i.e. when the resonance 

shifts to the THz spectral range. We assign this finding to the increased sharpness of the 

tip relative to the wavelength and the rod-length, respectively. In Fig. 8.1d we show 

calculated near-field spectra where the tips are illuminated with p-polarized light under 

an angle of α = 30° relative to the tip axis, as typically done in s-SNOM. Additional to 

the dipolar modes (𝑙⁡ = ⁡1,3), the plane wave efficiently couples to the odd modes 

(𝑙⁡ = ⁡2,4)
125

, due to retardation along the tip axis. 

Under normal incident the odd modes are “dark”, owing to the vanishing total dipole 

moments because of a centrosymmetric charge distribution. The proposed antenna-tips 

promise precise tuning and optimization of the local field enhancement at the tip-apex 

throughout a broad spectral region from visible to THz frequencies. Tilted illumination 

thereby excites both even and odd modes, which increases the usable spectral 

bandwidth of the tips, although the maximum field enhancement decreases slightly. 
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8.2 Fabrication with Focused Ion Beam (FIB)  

Fig. 8.2 shows the fabrication procedure of the proposed antenna tips by focused ion 

beam (FIB) machining. The fabrication was done with a Helios600 DualBeam (FEI, 

Netherlands) electron microscope by Andrey Chuvilin. We use standard Si atomic force 

microscopy (AFM) cantilevers (Nanosensors, Switzerland), where we first cut the tip 

apex.  

 

Fig. 8.2 Fabrication of antenna-tips by focused-ion-beam (FIB). a) Several rods cut from a 

25 µm thick Au wire. b) Single Au rod attached to the cantilever. c) Intermediate step of 

sharpening the tip with FIB. The ion beam (red arrow) is moved along the red dashed line. 

d) Tip sharpening by circular ion milling (as indicated by the red dashed circle). e) Final 

antenna-tip. 

 

Then a several micrometer long rod is milled out of a 25 µm thick Au wire (Fig. 8.2a) 

and attached to the cut tip by focused ion beam induced deposition (FIBID) of SiOx Fig. 

8.2b). As illustrated in Fig. 8.2c and d, the Au rod is shaped by the ion beam until a 

sharp high aspect ratio cone is formed (Fig. 8.2e). By adjusting the milling parameters, 

such as the ion beam current and the ion beam focusing, the conical angle of the tip can 

be varied. Simultaneous monitoring of the ion milling process with the electron beam 

allows for controlling the desired length of the Au cone with a precision of ±10 nm. The 

length can be varied between 200 nm and several tens of micrometers, yielding resonant 
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antennas for the visible, IR and THz spectral range. Remarkably, the radius of curvature 

of the tip apex can be as small as 10 nm (see Fig. 8.3).  

 

8.3 Electron Energy Loss Spectroscopy (EELS)  

We first study the antenna tips by electron energy loss spectroscopy (EELS). This 

method allows for both local plasmon spectroscopy and spatial plasmon mapping, the 

latter directly revealing the plasmonic eigenmodes of the antennas
126-129

. 

 

Fig. 8.3 Electron Energy Loss Spectroscopy (EELS) of FIB-fabricated 

antenna-tips. a) STEM image of a 0.5 µm long antenna-tip. b) EELS 

spectrum recorded at tip apex. c) EELS maps at the peak positions in the 

energy loss spectrum. 

 

We use a Titan 60-300 (FEI, Netherlands) electron microscope equipped with a gun 

monochromator and an EELS spectrometer (GIF Quantum, Gatan, USA). For an 

accelerating voltage of 80 kV, the energy filter can reach an energy resolution of 

approximately 100 meV. This gives access to electron energy losses starting from 400 
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meV (corresponding to 𝜔 = ⁡3200⁡cm−1), which allows for the study of plasmon 

resonances in the visible and near-IR spectral range. We use EELS spectrum imaging 

(SI) in scanning transmission electron microscope (STEM) mode to acquire spatially 

resolved EELS spectra. This method acquires a full resolution EELS spectrum at each 

pixel of the image. The recorded data cube is further processed to obtain either 

cumulative EELS spectra over a defined area or a spatial intensity distribution of 

particular energy losses (e.g. plasmon maps). In Fig. 8.3 we show the results obtained 

for a 0.5 micrometer long antenna tip. The STEM image (Fig. 8.3a) shows the tip with 

an apex radius of about 10 nm. Recording an EELS spectrum (Fig. 8.3b) at the tip apex 

reveals maxima at 0.75 eV, 1.33 eV and 1.8 eV. By mapping the energy loss at these 

energies (Fig. 8.3c), we can unambiguously assign the antenna modes
121,126-129

. The two 

bright spots in the 0.75 eV map clearly reveal the 𝑙 = ⁡1 (fundamental dipolar) plasmon 

mode. At 1.33 eV we observe three maxima, visualizing the 𝑙⁡ = ⁡2 (“dark”) mode of 

the tips. The 𝑙⁡ = ⁡3 (second order dipolar) mode can be identified by the four maxima 

seen in the map at 1.8 eV. The EELS spectrum is in good agreement with the 

numerically calculated optical spectrum of the 0.5 µm long antenna tip shown in Fig. 

8.1, experimentally verifying the function of the tips as resonant optical antennas. 

 

8.4 AFM and SNOM Performance 

The tip fabrication process offers great tunability of the antenna resonance, by simply 

adjusting the tip length. With lengths in the micrometer range we obtain resonances in 

the mid-infrared spectral range (4 - 20 µm wavelength), which is difficult to access by 

EELS. We thus test the mid-infrared performance of these tips by directly employing 

them as near-field probes in our near-field microscopy and spectroscopy setup shown in 

Fig. 8.4a. It is based on a commercial s-SNOM (Neaspec, Germany), where 

cantilevered AFM tips are used as near-field probes. Operating the AFM in tapping 

mode, the tip is vertically vibrating with an amplitude of about 50 nm at the mechanical 

resonance frequency Ω of the cantilever, in this work at about Ω ~ 120 kHz. We 

perform mid-IR near-field imaging by illuminating the FIB-fabricated antenna-tips with 

a quantum cascade laser (QCL, Daylight Solutions, USA), tunable between 1550 cm
-1

 

and 1750 cm
-1 

(Fig. 8.4a). A Michelson interferometer is used to analyze the tip-

scattered light. Unavoidable background signals can be efficiently suppressed by 
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demodulating the detector signal at a higher harmonic of the tapping frequency, n𝛺 

(refs.
6,7

). Employing a pseudo-heterodyne detection scheme
91

 (where the reference 

mirror RM oscillates at a frequency M, see chapter 4.3.3.2) enables the simultaneous 

detection of both near-field amplitude 𝑠nf,n and phase 𝜑nf,n-signals.  

 

Fig. 8.4 Near-field imaging and spectroscopy setup. a) Schematics showing 

an s-SNOM employing a tunable single line laser (quantum cascade laser, 

QCL) or a broadband plasma source (high temperature argon arc source, 

HTAAS) for tip illumination. The illumination source can be changed with a 

flip mirror (FM). The light backscattered from the tip is analyzed with a 

Fourier-Transform spectrometer, comprising a beamsplitter (BS, uncoated 

ZnSe), a reference mirror (RM) and a detector. b) Output spectrum of the 

plasma source. The available frequencies are limited by the cut-off of the 

detector at the lower frequency side, and a low-pass filter (Anti-Reflection 

coated Ge window, not shown) at the high-frequency side. The dips in the 

spectrum are due to atmospheric absorption of air (e.g. water vapor, CO2), 

which the IR beam has to pass. 

 

We first validate the mid-infrared antenna function of the tips, i.e. the conversion of the 

incident light into a highly concentrated infrared spot at the tip apex. To that end we 

recorded the near-field amplitude signals 𝑠n (for the harmonics n = 1, 2, 3 and 4) as a 
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function of the distance 𝑧 between the tip and a gold surface (so called approach curve). 

Fig. 8.5b shows the approach curves we obtained with a 4.8 µm long tip (shown in Fig. 

8.5a) that was illuminated with light of 6 µm wavelength (𝜔⁡ = ⁡1660⁡cm−1). We find 

that already for n > 1 the amplitude signals rapidly decay to the noise level when z 

increases, revealing strong near-field confinement at the tip apex and that the amplitude 

signals are essentially background free. We note that the illumination wavelength has 

been chosen in order to match an expected resonance of the 4.8 µm long antenna-tip, 

which is verified below in Fig. 8.6a.   

 

Fig. 8.5 AFM and s-SNOM performance of antenna tips. a) SEM image of a 

4.8 µm long antenna tip. b) Approach curves on a flat Au-surface showing 

the IR amplitude signal sn as a function of tip-sample distance. The amplitude 

of the tip vibration was set to 20 nm. c) AFM-topography image of a single 

tobacco mosaic virus. d) Simultaneously acquired near-field amplitude image 

s3 (tip-illumination set to 1660 cm
-1

). e) Near-field phase images φ3 for tip-

illumination set to 1660 cm
-1

 (right) and 1725 cm
-1

 (left). 

 



 

84 

The performance of the antenna tips for topography and near-field imaging is 

demonstrated in Fig. 8.5c-e. As a test object we have chosen a tobacco mosaic virus 

(TMV) because of its well-defined geometry and infrared response. TMVs have a 

diameter of 18 nm and consist of pure protein, exhibiting a well-known molecular 

vibrational resonance at 1660 cm
-1

 (amide I band). In the topography image (Fig. 8.5c), 

the virus can be easily identified as a 450 nm long rod with a height of about 18 nm. In 

the amplitude image 𝑠3 (Fig. 8.5d) a decrease of the signal can be seen on the virus, 

which can be assigned to the lower refractive index of the organic virus compared to the 

Si substrate. The phase image 𝜑3 recorded at 1660 cm
-1

 (Fig. 8.5e, right) shows a 

distinct contrast between the virus and the Si substrate, amounting to approximately 

17°. This phase contrast can be explained by the molecular absorption of the sample at 

this illumination frequency
16,18

. As expected, the phase contrast vanishes when the 

illumination is tuned to 1725 cm
-1

,
 
where the protein does not absorb Fig. 8.5e, left)

18
. 

The images exhibit an improved signal-to-noise ratio, compared to results we previously 

obtained with standard metallized AFM tips (ref.
18

), demonstrating the excellent 

performance of our antenna tips. 

 

8.5 Nano-FTIR of RA Probes 

To study the spectral near-field characteristics of the tips, we employ the Michelson 

interferometer shown in Fig. 8.4a as Fourier transform infrared (FTIR) spectrometer, 

thus operating the s-SNOM in nano-FTIR mode. For tip illumination we use the 

radiation from a current-induced high-temperature argon arc source (HTAAS, in the 

following referred to as plasma source)
130

. Its output spectrum corresponds to that of a 

blackbody emitter of 10000 K temperature, providing a spectral energy density 

comparable to synchrotron radiation
131

. Fig. 8.4b shows the output spectrum, which 

spans the whole mid-infrared region from 700 cm
-1

 up to 2700 cm
-1

. In order to obtain 

the infrared response of the antenna tips, we perform spectroscopy of the scattered light 

when the tip is in near-field interaction with a gold surface, which exhibits a flat spectral 

response in the mid-infrared spectral range. 
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Fig. 8.6 shows representative infrared near-field (nano-FTIR) spectra of antenna tips 

with different lengths, varying between 𝐿⁡ = ⁡3.3⁡µm and 5.2 µm. In the spectrum of the 

3.7 µm antenna tip we find two peaks, one around 𝜔res,1 ⁡= ⁡950⁡cm−1 (corresponding 

to a wavelength of 𝜆⁡ ≈ ⁡10.5⁡µm) and one around 𝜔res,2  = 2100 cm−1 (𝜆⁡ ≈ 4.8 µm).  

 

Fig. 8.6 Infrared near-field response of antenna tips. a) nano-FTIR spectra of antenna tips 

with different lengths L in contact with a flat Au surface. The spectra are normalized to the 

input spectrum of the plasma source and the maximum value of each spectrum is set to 1. 

The small dips or peaks around 2350 cm
-1

 we assign to changing atmospheric CO2 

absorption between the measurement of the tip spectrum and the input spectrum. 

b) Calculated field distribution (logarithmic color scale) around a 3.7 µm antenna tip placed 

20 nm above a metal surface, assuming p-polarized plane wave illumination under an angle 

of 60° relative to the tip axis. Illumination as indicated by the white arrow (at the given 

frequencies). 
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Comparing the peak positions with the calculations in Fig. 8.1d (blue curve), we can 

assign the peak around 950 cm
-1

 to the fundamental dipolar mode (𝑙⁡ = ⁡1) and the 

second peak to the second order resonance (𝑙⁡ = ⁡2). With increasing antenna length (to 

𝐿 =  4.8 µm and 5.2 µm), the resonance peaks of the first and second order modes 

(𝑙⁡ = ⁡1 and 𝑙⁡ = ⁡2) shift to lower frequencies. This clearly demonstrates the possibility 

to tune the resonances by simple adjustment of the tip length. Interestingly, we observe 

the 𝑙 = 2 mode, as predicted in Fig. 8.1d. To corroborate this mode assignment we 

calculate the field distribution around a 𝐿⁡ = ⁡3.7 µm long antenna tip situated above a 

metal surface. It is illuminated with p-polarized light at an angel of 30° relative to the 

surface. Fig. 8.6b shows the field distributions for illumination at 𝜔res,1 = 950 cm
-1

 and 

𝜔res,2  = 2100 cm
-1

, the two frequencies where we observe the experimental resonance 

peaks in Fig. 8.6a (𝐿⁡ = ⁡3.7⁡µm). The two spatial field maxima observed at 950 cm
-1

 

show the fundamental dipole mode (𝑙⁡ = ⁡1), while the 3 maxima at 2100 cm
-1 

clearly 

reveal the⁡𝑙⁡ = ⁡2 mode. For both modes we find the strongest field concentration at the 

tip apex, which is the key to nanoscale resolved infrared mapping, as demonstrated in 

Fig. 8.5. 

 

8.6 FTIR of RA Probes 

We finally verify the infrared resonances of the tips by recording relative transmission 

spectra with a standard FTIR micro-spectrometer (Bruker, Hyperion 2000 microscope 

coupled to a Vertex 70 FTIR spectrometer). The tips are illuminated with light polarized 

either parallel or perpendicular to the tip axis. A small aperture (15 µm x 15 µm) is 

employed to isolate the infrared response of the tip. 

Fig. 8.7 shows two representative spectra, obtained with antenna tips of 𝐿⁡ = 4.5 µm 

and 4.8 µm length and for polarization parallel to the tip axis. Both show a clear dip in 

the relative transmission, appearing at around 𝜔res,1 ⁡= ⁡850⁡cm−1 and 920⁡cm−1, 

respectively. Comparing with the calculations of Fig. 8.1d, we assign these dips to the 

fundamental dipolar antenna mode (𝑙⁡ = ⁡1). In a control experiment we recorded 

spectra of the transmitted light when illuminating the tip with light polarized 

perpendicular to the tip axis (not shown). The dips in the transmission vanish, 
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corroborating that the dips in Fig. 8.7 can be assigned to resonant infrared excitations 

along the tip axis. 

 

 

Fig. 8.7 Relative IR transmittance spectra of antenna tips with a 

length L = 4.5 µm and L = 4.8 µm. Measurement was done by 

Roman Krutokhvostok. 

 

To summarize our results, we plot in Fig. 8.8 the resonance wavelengths 𝜆res,l ∝

1/𝜔res,l obtained by EELS (red symbols), nano-FTIR (blue symbols) and FTIR (green 

symbols) as a function of the tip length L. 

 

  

Fig. 8.8 Resonance wavelength λres as a function of the tip length L, measured 

by EELS (red symbols, data extracted from Fig. 8.3b), nano-FTIR (blue 

symbols, data extracted from Fig. 8.6a) and FTIR (green symbols, data 

extracted from Fig. 8.7). The lines represent linear fits to the corresponding 

data points. 
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We find a linear behavior for the nano-FTIR and FTIR results, as expected from 

antenna theory
122

. However, the simple relation 𝜆res,l = 2𝐿 𝑙⁄   of antenna theory does 

not fit our data. This is because antenna theory assumes ideal metals and very large 

aspect ratios (the antenna length compared to antenna width is typically >10
3
)
122

, while 

at optical and infrared frequencies we have to consider the finite conductivity of metals, 

plasmons, as well as aspect ratios that are much smaller than 10
3
. On the other hand, 

Novotny
132

 showed that antenna designs can be transferred to the optical frequency 

regime by replacing 𝜆 by a linearly scaled effective wavelength 𝜆eff = 𝑛1 + 𝑛2 𝜆 𝜆p⁄ , 

with 𝜆p being the plasma wavelength and 𝑛1, 𝑛2 being coefficients that depend on 

geometry and material properties. In this case, the resonance wavelength of the mode l 

can be found according to 

 

 𝜆res,l =
2𝐿 𝑙−𝑛1⁄

𝑛2
𝜆p. (8.1) 

At infrared frequencies and for micrometer long gold antennas with high aspect ratio 

(> 10), 𝑛1 becomes very small and eq. (8.1) becomes 𝜆res,l =
2𝜆p

𝑛2𝑙
𝐿 = 𝑏l𝐿⁡, which for 

𝑏l =
2𝜆𝑝

𝑛2𝑙
=

2

𝑙
 yields the relation for an ideal antenna. Fitting the data of Fig. 8.8 with eq. 

(8.1), we find 𝑏1= 2.9 for the nano-FTIR (blue) and 𝑏1= 2.4 for the FTIR experiments 

(green). Obviously, the nano-FTIR resonances are redshifted compared to FTIR. We 

assign this to the near-field interaction between the antenna-tip and the gold sample, 

which is absent in the case of the FTIR measurements. For the second order resonance 

(𝑙⁡ = ⁡2) we obtain 𝑏2 = 1.3 ≈
𝑏1

2
, which confirms our mode assignment. Altogether 

Fig. 8.8 clearly corroborates that the optical response of the tips is governed by 

geometrical antenna resonances, which can be understood and described within the 

framework of optical antenna theory. 

 

8.7 Comparison with Standard Tips 

 We finally compare a resonant tip of 1.92 μm length (Fig. 8.9a) with a standard 

commercial Au tip (Fig. 8.9b). To that end we imaged one and the same TMV virus and 

recorded approach curves on a Si substrate with both tips employing the same imaging 
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parameters. The length of the FIB fabricated tip was chosen in order to exhibit the 

fundamental resonance at 1660 cm−1 (see Fig. 8.8). We applied an illumination power of 

only 0.3 and 0.15 mW for imaging and approach curves, respectively, in order to better 

see the signal-to-noise ratio in the images and approach curves and to demonstrate the 

performance of the tips using the typically weak power of broadband infrared 

sources
16,29,95,133,134

. After maximizing the near-field signals for each tip, we obtain 

about two times more amplitude signal with the 1.92 μm long tip, in reasonable 

agreement with the calculations shown in Fig. 8.1e. We note that the absolute near-field 

signals depend on the alignment of the laser focus and the interferometer, which lets us 

consider this comparison as an estimate rather than an exact quantitative evaluation. We 

find that the phase contrast 𝜑3 of the virus obtained with the resonant tip (Fig. 8.9a, 

upper row) is about two-fold enhanced compared to the image obtained with the 

standard tip (Fig. 8.9b, upper row), while the noise is reduced. 

 

 

Fig. 8.9  Comparison of the performance of resonant and standard tips under the same 

conditions. (a) Results obtained with a 1.92 μm long tip, resonant at 1660 cm−1. (Top) 

Topography (left) and phase image φ3 (right) of a TMV virus. (Bottom) Approach curves 

on a flat Si substrate. (b) Results obtained with a standard tip (Nanosensors, PPP-NCST-

Au). (Top) Topography (left) and phase image φ3 (right) of the same TMV virus as in (a). 

(Bottom) Approach curves on a flat Si substrate. The approach curves of the 1.92 μm long 

tip have been normalized to the signal at z = 0 nm. The approach curves of the standard tip 

have been normalized to the signal at z = 0 nm obtained with the resonant tip at the 

corresponding harmonic n. For imaging, both tips were illuminated with 0.3 mW optical 

power at 1660 cm−1 and both tips were oscillating with 20 nm tapping amplitude. For 

approach curves, both tips were illuminated with 0.15 mW optical power at 1660 cm−1 and 

both tips were oscillating with 50 nm tapping amplitude. 
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Recording approach curves (amplitude sn vs. tip−sample distance z), we also find that 

the near-field confinement at the tip apex is better for the antenna tip. The amplitude 

signal s3 decays to half its value at a tip−sample distance of zd = 4.6 nm (Fig. 8.9a), 

while for the standard tip we measure zd = 8.6 nm. The improved confinement at the 

apex of the antenna tip we assign to the apex geometry and an eventually smaller tip 

radius. This might also explain the enhanced phase contrast of the virus, however, 

further studies are needed to separate the different contributions of apex geometry and 

tip resonance on the image contrasts. 

 

8.8 Conclusions 

We have demonstrated FIB-assisted fabrication of micrometer-long antenna tips on 

conventional AFM cantilevers. As verified by EELS, FTIR and nano-FTIR, the optical 

resonances of these tips can be precisely tuned from visible to infrared to terahertz 

frequencies, by simply adjusting the tip length. Employing these tips for near-field 

infrared imaging of individual viruses, we verified state-of-the-art AFM performance, 

accompanied by an excellent optical performance. Due to their well-defined geometry, 

these antenna tips will significantly ease the qualitative description of the tip-sample 

near-field interaction, which will be essential for quantitative measurements of the local 

sample properties such as dielectric function and molecular absorption. We furthermore 

envision a wide application potential of these tips in infrared nano-imaging and nano-

spectroscopy.  Optimization of the tips could further enhance the resolution and 

sensitivity, eventually enabling single molecule infrared spectroscopy in the future. 

Shorter tips with resonances at visible and near-infrared frequencies could be applied to 

push the field enhancement and sensitivity in tip-enhanced Raman spectroscopy 

(TERS). 
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