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ABSTRACT 

The Nobel Prize in Physics was awarded to Gerd Binnig and Heinrich Rohrer in 1986 for 

the invention of scanning tunneling microscope. Soon after, inventions of a host of 

scanning probe techniques followed the success of scanning tunneling microscope. For the 

first time, achieving atomic-level imaging and manipulating single atoms become 

unparalleled feasible, as evidenced by a series of famous images of single atoms from the 

IBM lab. The core of scanning probe methods is to scan a sharp tip over a sample surface. 

The idea is straightforward: to measure the small sample, one needs a spatial ruler with 

an even smaller scale. Spatial resolution in most scanning probe methods is directly 

correlated with the tip radius, which now can be routinely fabricated down to one nm. For 

tips with metallic coating, an end radius of 20-30 nm is what one often gets. 

Remarkably, when shining light onto a metallic tip, the light-field is “squeezed” close to 

the sharp apex with a large enhancement factor. The spatial confinement of the tip-

enhanced light field is often sub-wavelength and depends on the tip radius as well. In this 

case, the tip is not only a spatial detector but also a lightning rod, bringing up new 

capabilities of measuring light-matter interactions. With the tip-enhanced sub-

wavelength focus spot, the spatial scale of traditional light spectroscopy can be reduced to 

the nanoscale. This scale reduction is especially beneficial for longer wavelength 

applications such as infrared to overcome Abbe’s diffraction limit.  

One of the major goals of this dissertation is to review combinations of infrared 

spectroscopy and the scanning probe methods, and understand how the tip-enhanced 

light field is utilized in such combinations to detect nanoscale light-matter interactions. In 

light of recent technical breakthroughs, our work on developing novel in situ spectro-

microscopy techniques, which spanned five years at Lehigh University, is also introduced, 
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demonstrated, and discussed. Along the way, nanoscale responses to the tip-enhanced 

light field are illustrated by an abundance of colormap images and pinpoint spectra that 

reveal light-matter interactions in unprecedented details.   

This doctoral dissertation is composed of 5 chapters and two appendices, which are 

arranged as follows: 

Chapter 1 contains introductory materials that are useful for understanding the generation 

of the tip-enhanced light field. Basic formula and properties of surface plasmons are 

reviewed. One of the most-used simulation tools in the field of nanoplasmonics is 

introduced. The end of Chapter 1 deals with the photothermal effect, which is vital for the 

mechanical detection of light absorption. 

In Chapter 2, the working mechanism of atomic force microscopy is reviewed. In addition, 

technical combinations of the tip-enhanced light field with different working modes of the 

atomic force microscopy and their pros and cons are introduced and discussed. In the end, 

limitations of current techniques are discussed. 

In Chapter 3, our invention of peak force scattering near-field optical microscopy is 

introduced in detail. The major advantage of this novel technique over current scattering 

near-field microscopies is the ability to measure optical nearfields in 3D directly. This 

unique capability is demonstrated in characterizing polaritonic materials, which is 

covered throughout the chapter. The work introduced in Chapter 3 has been published as 

Wang, Haomin, et al. Nature Communications, 2018, 9.1: 1-11. and Wang, Haomin, et al. 

Nanoscale, 2020, 12, 1817-1825. 

In Chapter 4, our invention of liquid-phase peak force infrared microscopy is introduced. 

Two technical obstacles for achieving nanoscale infrared spectroscopy in the liquid phase 

are discussed at the beginning. Later, our ways to overcome these obstacles are presented. 
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Demonstration of the liquid-phase peak force infrared microscopy is performed on 

polymer blends, proteins, yeast cell wall particles, and polaritonic materials. Part of the 

work introduced in Chapter 4 has been published as Li, Wenqian, Wang, Haomin, et al. 

Langmuir, 2020. and Wang, Haomin et al. Nano Letters, 2020, 20 (5), 3986-3991.  

At last, Chapter 5 presents several technical improvements of current optical scanning 

probe methods, including the utilization of a low-repetition-rate laser and a stabilized 

device for interferometric detection in scattering-type scanning near-field optical 

microscopy, and implementation of peak force visible microscopy. Part of the work 

introduced in Chapter 5 has been published as Wang, Haomin, et al. Nature 

Communications, 2016, 7.1: 1-8. 

Technical details of building and running peak force scattering-type near-field optical 

microscopy and liquid-phase peak force infrared microscopy are included in Appendix I 

and Appendix II.   
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Chapter 1 Tip-Enhanced Light Field: Formation and 

Application 

In this chapter, phenomena and basic principles of plasmonic enhancement will be 

introduced. Plasmonic enhancement originates from surface plasmons, which are 

coherent and collective oscillations of electrons usually formed at the interface between 

dielectrics and metals. Surface plasmons can squeeze the light field into a tiny volume that 

spans in the nanoscale and significantly enhance the local field intensity. The short-

wavelength and high-intensity nature of localized surface plasmons serve as the keystone 

in techniques that utilize the plasmonic-enhanced light field. Importantly, the tip-

enhanced light field can probe nanoscale light-matter interactions with much higher 

resolution than the optical diffraction limit. In the last section, the photothermal effect, 

which is vital for signal generation in techniques based on detecting thermal expansions 

induced by the tip-enhanced field, is reviewed. 

1.1 A review of surface plasmons 

The world people live in is filled with all kinds of light-matter interactions. Some light-

matter interactions are intuitive for our cognition, including reflection, refraction, and 

absorption – all of which can be described superficially by straight light rays or simple 

equations. Other light-matter interactions, such as new color generation in nonlinear 

optics, are not so intuitive. Surface plasmons are among these not-so-intuitive processes, 

not only because the idea of “squeezing” light field is impossible with the ray interpretation 

of light, but also due to the lack of visible evidence by human eyes.  

The presence of surface plasmons can be revealed by examining Maxwell equations at a 

planar interface between two media with dielectric functions of 𝜀𝜀1(𝜔𝜔) and 𝜀𝜀2(𝜔𝜔), as shown 
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in Figure 1.1. In order to obtain interface waves that propagate along the interface, 𝜀𝜀1(𝜔𝜔) 

and 𝜀𝜀2(𝜔𝜔) have to satisfy the following relationship:1 

𝜀𝜀1(𝜔𝜔)𝜀𝜀2(𝜔𝜔) < 0, and 𝜀𝜀1(𝜔𝜔) + 𝜀𝜀2(𝜔𝜔) < 0 (1.1) 

If we consider the light propagating from the air onto a metal, with 𝜀𝜀1(𝜔𝜔) = 1, Equation 

1.1 means that 𝜀𝜀2(𝜔𝜔) must be negative. It turns out that many metals that can be described 

by free-electron gas models have negative real parts of dielectric functions in the visible 

spectrum, which explains why surface plasmons were first experimentally demonstrated 

on aluminum and magnesium in 1959.2,3 Nonetheless, surface plasmons are not only 

limited to metals. As Equation 1.1 suggests, surface plasmons can be formed when 𝜀𝜀2(𝜔𝜔) <

0, the condition is also true for semiconductors and 2D materials, in the spectrum that 

ranges from visible to THz.4 At a relatively large interface shown in Figure 1.1, surface 

plasmons have a non-zero wavevector along the interface. These traveling surface 

plasmons are often denoted as surface plasmon polaritons (SPPs).   

 

Figure 1. 1 Schematics of the interface between two media with dielectric functions ε1(ω) 

and ε2(ω). Electromagnetic wave propagations are represented by wavevectors k. Surface 

plasmons propagation can be separated into two directions: in-plane (kx) and out-of-plane 

(kz). For surface plasmons to present, kx must be real and kz must be imaginary.  
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Surface plasmons can also be generated in a localized manner without propagation. These 

plasmons are localized surface plasmons (LSPs). In LSP generation, the size of the 

interface is at the nanoscale and is smaller than the incident wavelength. As a result, 

surface plasmons manifest as collective vibrations of free-electron gas of individual 

nanostructures. Figure 1.2 illustrates and compares the formation of SPP and LSP. SPP 

and LSP are similar in many aspects, as LSP is the solution from Maxwell equations for 

bounded nanostructures. One significant difference between SPP and LSP is the ability of 

spatially confining the light field. In the case of SPP, polaritons can travel up to tens of 

microns in the planar direction and decays in the perpendicular direction with 1/e decay 

length about 200 nm.5,6 In comparison, LSP generation can further confine the light field 

into a region with the size comparable to that of the nanostructure. Although there is a 

lack of analytical or empirical formulae for the decay length of LSPs, experimentally 

observed decay lengths of LSPs are 40-50 times shorter than that of SPPs.7 For example, 

the light field can be focused on a small volume of 10 nm by impinging on a silver 

nanoparticle with a 20-nm diameter.8 Therefore, LSP is more effective for “squeezing” the 

light field into a small volume than SPP. 

 

Figure 1. 2 Comparison between SPP and LSP. SPP at a planar interface is illustrated in 

(a), and LSP between two adjacent nanoparticles is shown in (b). Arrowheads indicate the 

direction of the electric field. Charge distributions are indicated by “+” and “-.” The figure 

is reproduced from literature7.  
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1.2 Plasmonic enhancement – calculation and simulation 

Compared with incident light field or photons, two traits of surface plasmons – the short-

wavelength property and the ability to confine light field – are apparent. It is worthwhile 

to understand these properties from a theoretical point of view, as it gives out clear 

pictures of both SPP and LSP.  

Again, we can write down the Maxwell equation for the interface:1 

∇2𝐸𝐸(𝑟𝑟,𝜔𝜔) −
𝜔𝜔2

𝑐𝑐2
𝜀𝜀(𝑟𝑟,𝜔𝜔)𝐸𝐸(𝑟𝑟,𝜔𝜔) = 0 (1.2) 

in which 𝑟𝑟 is the cartesian coordinate (𝑟𝑟 = (𝑥𝑥,𝑦𝑦, 𝑧𝑧)), 𝜔𝜔 is the frequency of incident light, 𝑐𝑐 

is the speed of light, 𝐸𝐸 is the electric field, and 𝜀𝜀 is the dielectric function. As shown in 

Figure 1.1, we consider a 2D Y-normal plane that is perpendicular to the interface between 

media 1 and 2. As a result, 𝜀𝜀(𝑟𝑟,𝜔𝜔) = 𝜀𝜀1(𝜔𝜔) if 𝑧𝑧 > 0 and 𝜀𝜀(𝑟𝑟,𝜔𝜔) = 𝜀𝜀2(𝜔𝜔) if 𝑧𝑧 < 0. For P-

polarized (that is, polarized in the image plane of Figure 1.1) light field, 𝐸𝐸1 and 𝐸𝐸2 in two 

media can each be decomposed into two subfields that lie along the direction of X and Z, 

and are written as: 

𝐸𝐸𝑗𝑗 = 𝐸𝐸𝑗𝑗,𝑥𝑥𝑒𝑒𝑖𝑖𝑘𝑘𝑥𝑥𝑥𝑥−𝑖𝑖𝑖𝑖𝑖𝑖 + 𝐸𝐸𝑗𝑗,𝑧𝑧𝑒𝑒𝑖𝑖𝑘𝑘𝑗𝑗,𝑧𝑧𝑧𝑧     with     𝑗𝑗 = 1,2 (1.3) 

Here, SPPs share the wavevector 𝑘𝑘𝑥𝑥 along the interface, 𝑘𝑘𝑗𝑗,𝑧𝑧 represents for wavevectors of 

surface plasmons traveling along the Z-direction. By applying proper boundary conditions 

in solving Equation 1.2, we obtain the formula for 𝑘𝑘𝑥𝑥: 

𝑘𝑘𝑥𝑥 = �
𝜀𝜀1(𝜔𝜔)𝜀𝜀2(𝜔𝜔)
𝜀𝜀1(𝜔𝜔) + 𝜀𝜀2(𝜔𝜔)

𝜔𝜔
𝑐𝑐

  (1.4) 

Equation 1.4 describes the dispersion relation of SPPs. If we set 𝜀𝜀1(𝜔𝜔) = 1  for the 

air/vacuum, and use Drude-modeled dielectric function of gold for 𝜀𝜀2(𝜔𝜔),1,9 the dispersion 

relation of SPP in gold can be drawn in Figure 1.3. 
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Figure 1. 3 Dispersion relation of SPP in gold. The dispersion relation of the light in the 

air/vacuum is illustrated with the dashed line. 

As Figure 1.3 shows, 𝑘𝑘𝑥𝑥 of SPPs is larger than the 𝑘𝑘 in air/vacuum; in other words, the long 

wavelength of light in air/vacuum is shortened in SPPs. This trend is preserved and 

exaggerated in the case of LSPs, although discretized dispersion relations (e.g. dipolar 

mode and quadrupolar mode for nanoparticles) are usually found for LSPs within 

nanostructures.10-12 Multiple modes corresponding to the specific geometry of 

nanostructures in the dispersion relation of LSP are present.  

SPPs are collective vibrations of electrons that travel along a relatively large interface and 

do not confine the light field as much as LSPs do. For a small plasmonic particle with 

radius 𝑎𝑎 far less than the wavelength of light, its behavior under the illumination can be 

modeled as an electric dipole, and the light field outside the particle along the dipolar axis 

is dominated by the polarizability 𝛼𝛼:4,13 

𝛼𝛼 = 4𝜋𝜋𝑎𝑎3
𝜀𝜀 − 𝜀𝜀𝑚𝑚
𝜀𝜀 + 2𝜀𝜀𝑚𝑚

 (1.5) 

In Equation 1.5, 𝜀𝜀 is the dielectric function of the material, and 𝜀𝜀𝑚𝑚 is the dielectric constant 

of the surrounding medium. The polarizability 𝛼𝛼 is maximized when 𝜀𝜀 reaches to −2𝜀𝜀𝑚𝑚, 
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which is fulfilled in different spectral regions for different materials. The situation is called 

localized surface plasmon resonance (LSPR). In this case, A large polarizability 𝛼𝛼 

corresponds to a greatly enhanced field intensity around the nanoparticle. For examples, 

enhancement factors of 104 for the field intensity are routinely achieved around isolated 

nanoparticles.14 For metals, this condition is met in the visible spectrum, which makes 

metal nanostructures suitable for visible-range plasmonic applications.  

LSPs are utilized in a number of plasmonic devices, many of which are composed of 

individual nanoparticles such as nanospheres, nanopolyhedrons, nanocore-shells, 

nanoframes, and periodical nanostructures such as nanopillars, nanoneedles, and 

nanorods.4,15 To characterize field enhanced hotspots caused by LSPR from complicated 

geometries, numerical simulation methods are widely applied in the field. One of the 

popularly used methods is finite-difference time-domain (FDTD), which was developed 

by Kane S. Yee in 1966.16 FDTD separates the simulation region into many small lattices 

(Yee lattices) and solves Maxwell differential equations in a leap-frog algorithm for each 

discretized lattice until convergence has been achieved.17 Although details of the FDTD 

algorithm are complicated, the workflow of FDTD solver is straightforward: First, 

constructing a nanostructure of interest. For periodic plasmonic arrays, this structure 

could be a single repeat unit. Second, meshing the FDTD simulation region into small 

grids. At last, finalizing simulation parameters before starting the FDTD simulation. 

Several commercial-available programs specialize in FDTD simulation of plasmonics, 

Lumerical FDTD provided by Lumerical incorporation is one of them. Using Lumerical 

FDTD software, one can adjust and customize the geometry and the material of the 

nanostructure, light source properties, as well as boundary conditions in a graphical 

interface. In this way, the FDTD simulation is simplified as an input-output process 

through a black box. Figure 1.4 displays a simulation window of a gold nanoparticle with 
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a diameter of 100 nm in Lumerical FDTD, and the simulation result showing the field 

enhancement induced by LSPR. An enhanced dipolar field along the light polarization is 

present. The use of simulation tools can help calculate and illustrate the effect of 

plasmonic enhancement and provide confirmatory information to experimental results.  

 

Figure 1. 4 An example of an FDTD simulation using Lumerical FDTD software.The 

simulation geometry from different view angles is shown in (a). The object is a gold 

nanosphere with a diameter of 100 nm. Yellow grids indicate the mesh. The light direction 

is shown by the red arrow, with blue arrows indicating the polarization. The 502 nm light 

is propagating toward +Z, with the polarization in the XY plane. FDTD-simulated 

colormap (in the XY plane at Z = 0) of the light field around the nanosphere is shown in 

(b).   

1.3 Plasmonic enhancement in bypassing the diffraction limit 

In 1873, German physicist Ernst Abbe discovered the optical diffraction limit: No matter 

how delicate the optical instruments are, an optical system such as an optical microscope 

cannot resolve features with dimensions less than half of the light wavelength.18 The 

optical diffraction limit can be understood by thinking of a length measurement process: 

to measure something short, one needs a ruler with a shorter scale. However, the focus 

spot is always diffracted limited due to the diffraction nature of the light, objects with sizes 

less than the focus spot cannot be resolved using traditional optical microscopic methods. 
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Otherwise, if one could “squeeze” the light field into a smaller volume than the focus spot, 

a better spatial resolution would be achieved.  

Such a small light field volume is naturally fulfilled by the plasmonic enhancement of LSP. 

This effect is sketched in Figure 1.5. LSPs in an array of nanostructures have been utilized 

to not only bypass the optical diffraction limit, but also provide excellent sensing 

capabilities from the strong confined light field. For example, in surface enhanced Raman 

scattering (SERS), originally small Raman signal can be enhanced by factors of 106-107 

by using rough metal substrates that support LSPs.19 By using resonance enhancement, 

the enhancement factor for SERS signal can be further boosted up to 1015.20   

 

Figure 1. 5 Reduction of the volume of light field. The light field is focused on a plasmonic 

particle. The field distribution caused by LSP has a spot size 𝑑𝑑LSP that is comparable to 

that of the nanoparticle and is smaller than the diffracted limited spot size of 𝑑𝑑𝜆𝜆.   

The spatial confinement due to LSPs is more eminent for infrared (IR) than visible light, 

given the longer wavelength in the IR region. On the other hand, light-matter interactions 

in the IR region contain rich information about molecular vibrations. They thus have been 

widely used in identifying chemical compositions and states of biological groups.21 

Besides, phonon polaritons, dielectrics’ counterpart to SPPs in metals, are often observed 

and investigated in mid-infrared.22 To reach a high spatial resolution in IR imaging and 

spectroscopy, a convenient way is to use the intense light field around nanoparticles as a 
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local emitter in exciting and even detecting light-matter interactions. The only problem 

remains, from the viewpoint of instrument design, is how to maintain the LSP field 

enhancement in a stable and reproducible way in measuring other nanoscale objects. In 

other words, in measuring complex samples that have different nanoscale features, one 

would expect that the small volume of the enhanced light field can be freely moved to 

approach to and detach from nanoscale features of interest. 

The problem is solved by using a tiny metallic tip as the plasmonic nanostructure in atomic 

force microscopy (AFM).23 The advantages of using AFM are in three aspects. First, AFM 

has one of the highest spatial resolutions among many state-of-the-art techniques. Its 

resolution is mostly determined by the tip geometry, which can be engineered either 

mechanically or chemically to achieve the atomic resolution. Therefore, AFM can easily 

map out the nanoscale morphology of the sample, which is a good reference point for 

further investigations on light-matter interactions. Second, the AFM tip coated with 

metals is an excellent plasmonic nanostructure for confining and enhancing the light field, 

especially at its sharp apex. This effect is shown by an FDTD simulation of the light field 

around a conical gold tip in Figure 1.6. When the light polarization matches the axis of the 

AFM tip, an intense and confined light field is formed right underneath the tip. The 

confined light field around tapered plasmonic nanostructures is often dubbed as 

“nearfield” in optics, due to its evanescent nature with a short decay range (less than the 

wavelength of light). At last, AFM has a variety of working schemes, and many of them 

allow precise control of the tip position in all 3 directions in space.  

Currently, major types of methods that utilize a scanning tip-enhanced optical nearfield 

include tip-enhanced Raman spectroscopy (TERS),24 scattering-type scanning near-field 

optical microscopy (s-SNOM),25 photothermal induced resonance (PTIR) microscopy,26 

photoinduced force microscopy (PiFM) 27 and peak force infrared (PFIR) microscopy.28 In 
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these techniques, the optical diffraction limit is overcome and often surpassed by factors 

of hundreds. Except for TERS, all techniques above were proposed to study linear IR-

induced light-matter interactions. Thus, they are often referred to as AFM-IR. These IR 

nanoimaging/spectroscopy methods and our representative works in the PFIR-related 

instrument development will be introduced in detail in the following Chapters.  

 

Figure 1. 6 Tip-enhanced light field. The left panel shows the strong tip-enhanced light 

field (nearfield) at the apex of a conical gold tip with an end radius 𝑟𝑟 = 30 nm in the air.  

This field confinement is induced by a P-polarized 7-µm IR light (simulated as a plane 

wave) propagating from the left. The propagation and the polarization direction are 

indicated by red arrows. The right panel shows the same FDTD simulation result when the 

IR light is S-polarized.  

1.4 Photothermal effect 

Three general phenomena are associated with energy transfer in light-matter interactions: 

scattering, emission, and absorption. In light absorption, the absorbed light energy is 

converted to thermal energy through various nonradiative relaxation routes. Such 

processes give rise to a variety of photothermal effects including refractive index change, 

absorbance change, photoacoustic wave generation, temperature increase, and 

photothermal expansion.29 The magnitude of many photothermal effects is proportional 

to the incident light intensity. For example, the proportionality between the photothermal 

expansion and the intensity of incident field has been revealed and studied for both bulk 
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and nanoscale materials in various theoretical and experimental studies.30-32 This 

proportionality ensures that the magnitude of photothermal expansion can be 

approximated by assessing the local intensity of the light field. Later, we will see how 

signals in general AFM-IR methods are also linked to this estimation.   

The short time scale of photothermal expansion is important for its applications. In the 

case of plasmonic nanoparticles, the relaxation time of heat dissipation is on the scale from 

ps to ns.33,34 For nanoscale objects, the simulated relaxation time of thermal expansion is 

on the order of ns.35 This time scale is fairly short compared with that of the detection 

event in AFM-IR. In various AFM-IR methods, the speed of detection is mainly limited by 

the resonance frequency of the cantilever, which is usually in hundreds of kHz. The time 

scale of the detection event is thus on the scale of µs. The short time scale of photothermal 

expansion enables to detect the photothermal expansion as a “steady” state in AFM-IR. 

Except for s-SNOM, signal generations in commonly used methods of AFM-IR (PTIR, 

PiFM, PFIR) have been demonstrated to originate from the photothermal expansion. 

Upon absorption, the light energy is transferred into the sample. Inside the sample, an 

enhanced light field is generated, which later turns into thermal energy, and a portion of 

heat manifests as photothermal expansion. However, the photothermal expansion has 

never been experimentally revealed in AFM-IR, due to the small expansion of only tens of 

pm.31 Instead, we can monitor the enhanced field that is generated inside the sample, and 

use the intensity of that field as a measure of photothermal expansion since they are 

proportional to each other.  
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Figure 1. 7 Mechanism of signal generation in photothermal expansion based AFM-IR 

methods is illustrated by FDTD simulation. Simulation results of the field amplitude are 

shown in (a) and (c) at 1740 cm-1 (absorbing) and 1000 cm-1 (non-absorbing), zoomed-in 

images of the field intensity inside the 20-nm PMMA layer are shown in (b) and (d), 

respectively. IR spectrum is simulated by collecting transmission data at a monitor plane 

inside PMMA (which is 1-nm under the PMMA top surface) and compared with the 

experimental FTIR spectrum in (e). FTIR spectrum of PMMA is reproduced from 

literature36. The real and imaginary parts of the refractive index of PMMA used in the 
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simulation are plotted in (f). Dashed lines indicate two wavenumbers used in FDTD 

simulations used in (a-b). 

In Figure 1.7, an FDTD simulation is executed to extract the field intensity inside a 20-nm 

film of poly(methyl methacrylate) (PMMA), when it is put close to a gold conical tip. At a 

non-absorbing frequency, a small intensity is present inside PMMA; at an absorbing 

frequency, an intense field is formed within the sample. The plot of light transmission 

inside PMMA vs. incident frequency overlaps well with the IR absorption of PMMA, since 

the imaginary part (the lossy term) of the dielectric function of PMMA 37 is accounted for 

in the FDTD calculation. Figure 1.7 is important, as it mimics the energy distribution that 

leads to the photothermal expansion, and demonstrates the chemical sensitivity of AFM-

IR methods that are based on detecting the photothermal expansion. An empirical formula 

is then proposed for the signal 𝑆𝑆 in PTIR, PiFM, and PFIR: 

𝑆𝑆 ∝ 𝛼𝛼𝑠𝑠(𝜔𝜔)𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖  (1.6) 

in which 𝛼𝛼𝑠𝑠(𝜔𝜔) is the absorption coefficient of the sample, and 𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖  is the incident field 

intensity. Equation 1.6 is the basis of studying the sample’s IR property using general 

AFM-IR methods.  
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Chapter 2 Realization of Tip-Enhanced Light Field 

through Atomic Force Microscope 

In this chapter, working mechanisms of AFM and general AFM-IR techniques, including 

s-SNOM, PTIR, and PiFM will be explained and discussed. Although the tip-enhanced 

light field is employed in all methods, different AFM-IR techniques utilize various AFM 

working schemes and detection methods, leading to different mechanisms of signal 

generation. Because of these variances, s-SNOM is often used to detect optical near-field 

properties, such as surface plasmons and phonon polaritons. In contrast, PTIR and PiFM 

are usually used to identify IR absorption properties. At the end, limitations of these 

techniques will be discussed.  

2.1 Working modes in atomic force microscopy 

Atomic force microscopy (AFM) is one of the two prominent scanning probe microscopies 

developed by Binnig, Rohrer, Gerber, and Weibel at IBM in the 1980s. Compared with its 

sister technique of scanning tunneling microscopy (STM), which only applies to 

conductive samples, AFM can measure a broader range of samples that are either 

conductive or insulative.23,38-40 The spatial resolution of STM and AFM is directly related 

to the geometry of scanning tip, and both microscopic methods share the same 

instrumental scheme: a fixed setpoint of a measurable quantity, raster scanning, and a 

negative feedback loop to maintain the setpoint. What distinguishes AFM from STM is the 

measurable quantity: In STM, tunneling electric current is measured; In AFM, mechanical 

force is measured. In order to measure both stationary and dynamic force, the tip used in 

AFM is fixed onto a vibrational cantilever, which offsets and oscillates to compensate the 

force exerted on the tip and is, in turn, used as a detector to extract the force property of 

samples.  
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Figure 2. 1 Cantilever and force curve in AFM measurement. An SEM image of the tip 

fixed on a long cantilever is shown in (a). Copyright: ©American Physical Society 2003.40 

(b) An experimentally collected force curve from Bruker Multimode 8 AFM. In the 

experiment, an AFM tip (RTESP-150, Bruker Nano) was engaged into and then retracted 

from the surface of the silicon wafer.  

An SEM image of an AFM tip with cantilever and a general force curve (force vs. Z-piezo 

displacement) are shown in Figure 2.1. The force curve resembles a collective shape of 

multiple intermolecular forces, both long-range and short-range, including Lennard-

Jones potential, Morse potential, and van der Waals force.40 In addition, the force curve is 

non-monotonic. It exhibits an attractive regime with negative forces at the long-range and 

a repulsive regime with positive forces at the short-range. The force curve is also 

nonsymmetric for approaching and retracting. Useful information can be extracted from 

the force curve, including Young’s modulus, surface adhesion, deformation, and energy 

dissipation, by using different theoretical models in different cases.42  

There are two major working modes of AFM: contact mode and tapping mode. In contact 

mode, the force between the tip and sample is held constant at the setpoint, which usually 

falls into the repulsive regime, while the tip is scanned over the sample surface. The tip-

sample force is actively controlled by a Z-piezo in a negative feedback loop, which lifts the 

cantilever when the force gets higher than the setpoint and lowers the cantilever down if 

the force becomes smaller. Consequently, the surface morphology is traced by the offset 

applied on Z-piezo at each (X, Y) position. In tapping mode, the cantilever is mechanically 
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driven at its eigenmode and can be described as a driven harmonic oscillator in the free 

air. When brought close to the sample, the tip-sample force gradient causes the resonance 

frequency to shift and leads to a reduction of oscillation amplitude, which is characterized 

by a damped driven harmonic oscillator model.40 The oscillation amplitude is held as the 

setpoint in the negative feedback loop. It was demonstrated that tapping mode works best 

in the attractive regime of the force curve.43 Figure 2.2 illustrates and compares contact 

mode vs. tapping mode. 

 

Figure 2. 2 Comparison between contact mode and tapping mode AFM. The force 

between the tip and sample is measured by monitoring the cantilever bending through 

detecting the directional change of a diode laser in a quadrant light detector. The tip is 

scanning from the left, and a DC setpoint 𝐷𝐷set is used. Once the tip encounters a bump, 

the cantilever bends upward, and an increase of tip-sample force is detected. The Z-piezo 

quickly lifts the cantilever to release the force back to 𝐷𝐷set. In tapping mode, the setpoint 

𝐴𝐴set is set in the tapping amplitude. The Z-piezo moves the tip up and down to maintain a 

constant 𝐴𝐴set. The figure is partially reproduced from literature44. 
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Several drawbacks are associated with both contact and tapping mode AFM. In contact 

mode, force measurement depends on the DC deflection of the cantilever, which is 

susceptible to low-frequency noises (1/f noise) such as thermal vibration.40 Besides, the 

contact force is often kept as a large value in the repulsive regime, which means a high 

possibility that tip can indent, scratch, and damage the sample and itself. Moreover, the 

spatial resolution of contact mode is often limited by the stick-slip motion of the tip.45,46 

Some issues in contact mode are solved in tapping mode. By dynamically driving the 

cantilever at a high frequency, tapping amplitude is less subject to the 1/f noise; by 

operating in the attractive and non-contact regime, the possibility of tip and sample 

damage is also reduced.47 However, tapping mode AFM does not provide force 

information other than topography and phase. The phase information is related to many 

parameters in complicated ways48-50 and sometimes elusive. On the other hand, contact 

AFM can be easily coupled with other modalities, like shear force and electric current 

measurements, while they are not allowed in tapping mode. Operating tapping mode AFM 

in the liquid phase is also problematic, as the quality factor of each eigenmode of the 

cantilever is dramatically damped in the liquid.51  

Some of the disadvantages above are resolved by using peak force tapping (PFT) mode, 

also known as pulsed-force mode.52 PFT works in an intermediate way between contact 

and tapping modes: it allows the tip to contact the sample intermittently. Unlike tapping 

mode that usually operates in the attractive and non-contact regime, PFT engages the tip 

onto and separates it from the sample surface periodically at frequencies (from 0.25 to 10 

kHz) well below the cantilever’s eigenmodes (hundreds of kHz in the air). As a result, the 

cantilever is not on resonance, and a force curve can be measured accurately within each 

tip-sample engaging and separation cycle. The setpoint in PFT is called “peak force,” which 

can be modified in a range from pN to nN, to either ensure a minimized tip-sample contact 
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or to reveal more mechanical information by exerting a high peak force setpoint. The 

working mechanism of PFT is sketched in Figure 2.3. 

 

Figure 2. 3 The working mechanism of peak force tapping. In PFT, the tip or sample is 

driven up and down by a sinusoidal waveform; thus, the tip trajectory relative to the 

sample surface is shown as a sine wave in (a). The force curve obtained from one PFT cycle 

is shown in (b), where the cantilever deflection is plotted in the time domain. In (c), the 

same cantilever deflection is plotted in the tip-sample distance domain, which contains 

important information about the mechanical properties of the sample and explicit tip-

sample distance correspondence to (b). The figure is reproduced from literature44.   

Force curves measured in PFT carry rich information about the sample’s mechanical 

information. Topography, Young’s modulus, adhesion, energy dissipation, and sample 

deformation are mapped out simultaneously in PFT mode.53 The measurement of electric 

property can also be implemented with PFT owing to the short but direct tip-sample 

contact period. Furthermore, the tip-sample distance information contained in force 

curves can also be used to determine the real-time tip-sample distance, which is vital for 

studying the tip-sample distance dependence of certain properties. On the other hand, the 

tip-sample contact happens in a short time of tens of µs. Therefore, the high spatial 

resolution similar to that of tapping mode is still preserved. As a result, PFT mode has 

been used in measuring a number of meaningful samples, including quantifying elastic 

modulus of hardened cement paste and shale,54,55 imaging chemical and biological sites on 

living cells,56,57 identifying chemical composition in block co-polymers,58 resolving fine 

structures of membrane proteins and amyloid fibrils,59,60 and mechanical mapping of 
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nanobubbles.61,62 The extensive library of research has exemplified the efficacy of PFT 

mode in both mechanical measurement and spatial resolution, on rough and delicate 

samples, in the air and water.  

In the rest of this chapter, several abovementioned AFM-IR techniques will be introduced. 

They are s-SNOM operated with tapping mode, PTIR operated with contact mode, and 

PiFM operated with tapping mode. In the following chapters, we developed two novel 

techniques – peak force scattering-type near-field optical microscopy (PF-SNOM) and 

peak force infrared (PFIR) microscopy. The adoption of PFT mode in these novel methods 

enhances the detection performance and enables serendipities in analyzing nanoscale 

light-matter interactions. 

2.2 Scattering-type scanning near-field optical microscopy 

The development of SPM techniques during the 1980s also enabled advances in scanning 

near-field optical microscopy, which is known as SNOM or NSOM. The early 

implementation of SNOM is to bring an aperture probe into close vicinity to the sample, 

and the same aperture on an optical fiber excites and detects optical near-field effects. The 

spatial resolution of the aperture SNOM is determined by the radius of aperture, which is 

usually made at the end of metal-coated optical fibers.63 However, the size of the aperture 

cannot be made very small, since a smaller aperture means a decrease in the transmission 

efficiency of the fiber. Therefore, the spatial resolution of the aperture SNOM is still 

limited to about 𝜆𝜆/10  in practice.64 Later, it was demonstrated that an “apertureless” 

scheme also works in SNOM: the tip-enhanced light field (scattering light) around a sharp 

metallic apex is not bound to the optical diffraction limit.65 The apertureless SNOM is 

popularly denoted as scattering-type scanning near-field optical microscopy (s-SNOM) 

and has made the aperture SNOM eclipsed since its invention. Applications of s-SNOM 
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are broad, ranging from plasmonic devices, polymers, minerals, plasmonic and polar 2D 

materials, and biological samples.66-78  

 

Figure 2. 4 A general s-SNOM setup.PM: parabolic mirror; Det: Detector; BS: beam 

splitter; RA: reference arm; Ω: tapping frequency.  

A general s-SNOM setup is shown in Figure 2.4. It is composed of a laser source that 

outputs continuous waves (usually in infrared), a beam splitter, a focusing element (in 

Figure 2.4 it is a parabolic mirror) that directs and focuses the light into the tip-sample 

region, an AFM operated in tapping mode with the cantilever oscillating at a frequency of 

Ω, a far-field light detector, and a reference arm that allows interferometric detection of 

the back-scattered light from the tip-sample region. In s-SNOM, the far-field radiation 

from the laser source is firstly converted into near-field radiation within the tip-sample 

domain. The intense light field can trigger tip-sample near-field interactions to happen, 

and the resulting scattering collected by the same focusing element (parabolic mirror 1) 

travels back towards the beam splitter and interferes with the original far-field radiation. 

The interference light field is then guided into and detected by the far-field light detector. 
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Figure 2. 5 Signal generation in s-SNOM. The tip is oscillating harmonically at a 

frequency Ω. The background scattering is modulated harmonically, while the near-field 

scattering (simulated) increases at lower turning points and diminishes at a long tip-

sample distance. The amplitude of near-field scattering is extracted by performing a 

Fourier analysis on the total signal and picking the amplitude from a high harmonic (≥

2Ω) component.    

Note that the back-scattered light contains more information than the needed near-field 

scattering. For example, the scattered light from the tip shaft and sample surface is also 

registered in the scattered light and contributes to the signal background. The background 

is suppressed by performing Fourier analysis on the detected light signal. Because the 

cantilever is oscillating harmonically at a frequency Ω, the background scattering should 

be modified by the harmonic frequency of Ω as well. On the other hand, the near-field 

interaction only happens when the tip is brought near to the sample, that is, around the 

lower turning point of the tip oscillation. This near-field nature of tip-sample interactions 

will add anharmonicities into the harmonically modulated background. Consequently, the 

magnitude of near-field interactions can be assessed by analyzing non-harmonic terms in 
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the Fourier analysis of detected total signals. This process is shown in Figure 2.5. In 

practice, the Fourier analysis is performed by a lock-in amplifier that demodulates the 

signal from the detector at the fundamental frequency of Ω  in real-time. Higher 

demodulated harmonics are more background-free and contain purer near-field signal. 

However, the amplitude of higher harmonics is also significantly lower. As a result, 

harmonics of 2-4 are usually adopted as s-SNOM signals. 

Besides the amplitude, the optical phase of near-field scattering is also obtainable from 

interferometric detections, which completes the full profile of the optical nearfield around 

the tip-sample region. Commonly used interferometric methods include a homodyne 

scheme79 and a pseudo-heterodyne scheme.80 Both methods are for single-frequency light 

detection since the s-SNOM signal comes from the elastic light scattering. In addition to 

the detection purpose, the reference arm also allows advanced applications, such as the 

synthetic optical holography81 and nano-FTIR with a broadband laser source.82  

Unlike other AFM-IR techniques that mechanically detect the photothermal expansion, s-

SNOM uses far-field light detection, and its signal can be derived from plasmonic optics. 

A general model used in s-SNOM is called the image dipole model, in which the end of the 

AFM tip is treated as a dipole, and tip-sample interactions in the nearfield are treated as 

interactions between the tip dipole and the induced dipole in the sample.83 Another model 

is termed as the finite dipole model, in which the tip is modeled as an isolated spheroid.84 

In terms of accuracy, the finite dipole mode is better, since it is more accurate in the 

approximation of the tip geometry.84-86 For the sake of simplicity, the image dipole model 

is introduced here to understand the signal source in s-SNOM. As an elastic scattering 

process, the field amplitude 𝐸𝐸𝑠𝑠 detected in s-SNOM can be estimated as the product of the 

effective polarizability 𝛼𝛼eff and the amplitude of incident light 𝐸𝐸inc, which is shown in the 

following equation: 
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𝐸𝐸𝑠𝑠 ≈ 𝛼𝛼eff𝐸𝐸inc (2.1) 

Equation 2.1 holds in both image and finite dipole models. In the image dipole model, the 

effective polarizability 𝛼𝛼eff is a function of the polarizability of the tip (𝛼𝛼) and the sample 

(𝛽𝛽), the tip radius 𝑟𝑟, and the tip-sample distance 𝑑𝑑. The expression of 𝛼𝛼eff is written as: 

𝛼𝛼eff =
𝛼𝛼

(1 − 𝛼𝛼𝛼𝛼
16𝜋𝜋(𝑟𝑟 + 𝑑𝑑)3)

 (2.2) 

The tip’s polarizability 𝛼𝛼  is given by 𝛼𝛼 = 4𝜋𝜋𝑟𝑟3(𝜀𝜀t − 1)/(𝜀𝜀t + 2) , with 𝜀𝜀t  being the 

permittivity of the tip, in a form that is equivalent to the dipolar plasmonic enhancement 

in Equation 1.5. The induced polarizability 𝛽𝛽 of sample is given by 𝛽𝛽 = (𝜀𝜀s − 1)/(𝜀𝜀s + 1), 

with 𝜀𝜀s being the permittivity of the sample. Equation 2.2 indicates that if the same tip and 

tapping condition are used (with constant 𝛼𝛼 , 𝑟𝑟, and 𝑑𝑑), the s-SNOM signal becomes a 

function of 𝛽𝛽, which relates to the sample’s permittivity. Equation 2.2 is derived based on 

the steady-state approximation at a stable tip-sample distance. In reality, s-SNOM signals 

come from the Fourier analysis of the modulated light scattering, which is generated 

dynamically in numerous tapping cycles. Therefore, the phase measured in s-SNOM 

cannot be directly used to represent the sample’s IR absorption, which is correlated with 

the imaginary part of the permittivity.87 The same reason explains why s-SNOM is widely 

applied in nanophotonics, where the near-field intensity is most interested, but much less 

used in the chemical identification for unknown samples. When applying s-SNOM on 

spectra measurements, one often gets dispersive profiles around IR absorption peaks.66,88 

2.3 Photothermal induced resonance 

Photothermal induced resonance (PTIR) microscopy is the most representative AFM-IR 

method due to its early commercialization.26,89 The PTIR signal was proved to be 

proportional to the IR absorption of the sample, through both experimental and analytical 
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demonstrations.90 Figure 1.7 in Chapter 1 also hinted at this relation. PTIR provides 

comparable IR absorption measurements to results from traditional FTIR methods with a 

much-improved nanoscale spatial resolution.31,35,91  

In PTIR operation, once the energy is absorbed, the sample volume expands due to the 

photothermal effect. For nanoscale objects, such expansion has a short relaxation time on 

the order of ns.35 The short expansion generates a transient force impulse to the cantilever, 

which is always in contact with the sample surface in contact mode AFM. The stimulated 

cantilever exhibits induced vibrations and the magnitude of vibrations is proportional to 

the IR absorption of the sample.87 The detection of the cantilever’s vibration is thus 

equivalent to detecting the photothermal expansion. In this way, no far-field light detector 

is needed, as the vibration of cantilever is simultaneously recorded by a built-in quadrant 

photodiode in most AFMs. On the other hand, since the photothermal expansion is quick 

and short, a pulsed laser source is used in PTIR to generate many cantilever vibration 

events and enable the signal averaging.  

Except for the omission of the far-field light detector, the beam splitter, and the reference 

arm, the experimental setup of PTIR is similar to that of s-SNOM in Figure 2.4, using a 

pulsed laser source. Two geometries are used for the delivery of pulsed light field into the 

tip-sample region. One way is to use side illumination, where the light is directed into the 

tip-sample region from one upper side of the cantilever (s-SNOM uses this way); The other 

way is to use bottom illumination with a prism as the sample stage. For the latter case, the 

direction of the light beam is adjusted to fulfill the total internal reflection condition, 

which generates a strong evanescent field along the Z-axis at the surface of the prism. 

When the sample thickness is smaller than the light wavelength, a strong tip-enhanced 

field also occurs in the total internal reflection configuration.51 The benefits of using the 

prism are in three aspects: First, laser alignment is simplified compared with the side 



 

28 

illumination. In the side illumination, the focus spot needs to scan in all X, Y and Z 

directions to locate the tip; In the total internal reflection configuration, the spot only 

needs to scan in two directions of X and Y, once the position of the prism is fixed. In 

addition, the evanescent field also enhances the field intensity,92 thus allowing a larger 

alignment tolerance by using a relatively loose focus spot. Second, unwanted light-

cantilever interactions are avoided by the total internal reflection, as the light intensity is 

mostly confined in the tip-sample region.87 At last, because the light is delivered through 

the prism, the strong IR attenuation of water is minimized. The use of prism can enable 

the instrumentation of PTIR in the aqueous phase.51,93,94 A schematic of the total internal 

reflection and the signal generation of PTIR is illustrated in Figure 2.6. 

 

Figure 2. 6 Signal generation in PTIR. A scheme of total internal reflection is shown in 

(a), where laser pulses incident from the bottom of a prism to form the total internal 

reflection. The PTIR signal is from the transduction of incident energy  heat  

photothermal expansion  cantilever oscillation  quadrant detector (Q. D.) signal. An 

example of the cantilever oscillation detected by Q. D. and its Fourier transform is shown 

in (b) and (c). The PFIR signal can either obtained by the maximum oscillation observed 

in (b) or one of the contact resonance’s amplitudes in (c). Panels (b) and (c) are reproduced 

from literature95. 
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A better signal to noise ratio can be achieved in PTIR by modulating the laser pulses at a 

repetition rate of one of the contact resonances of the cantilever. This technique is 

resonantly enhanced and sometimes referred to as resonantly enhanced infrared 

nanoscopy (REINS).32,51   

Compared with s-SNOM, applications of PTIR skew more towards chemical and biological 

samples as IR absorptions in these cases are most interested. PTIR has been used in 

imaging metal-organic frameworks (MOFs), perovskites, polymers, proteins, bacteria, and 

cells. These works have been grouped and introduced in several seminar reviews.87,89,90,96   

2.4 Photoinduced force microscopy 

Photoinduced force microscopy (PiFM) provides another route to achieve nano-IR 

imaging and spectroscopy based on tapping mode AFM.27 Conventional PiFM setup uses 

the side illumination, but the total internal reflection geometry is also feasible. The signal 

generation in PiFM is not as straightforward as that in PTIR, which directly detects the 

push force on the cantilever after short light pulses. In PiFM, the first two fundamental 

resonant modes (Ω1 and Ω2, Ω1 < Ω2) of the cantilever are exploited for unique purposes:  

the Ω2 mode is used for tapping mode control to map the topography and the mode at Ω1 

is used for detecting light-induced effects.  

Tapping with the second mode Ω2 gives out a sinusoidal motion of the tip at the same 

frequency. In PiFM operation, an external laser is modulated at a rate of Δ = Ω2 − Ω1. 

Similar to the amplitude modulation in radio waves, modulating the photoinduced force 

gradient at the frequency of Δ  is equivalent to an amplitude modulation term on the 

waveform with the carrier frequency of Ω2. Therefore, a sideband signal with a frequency 

at Ω1 = Ω2 − Δ is generated and enhanced by the first fundamental oscillation mode at Ω1. 

This sideband coupling process is depicted in Figure 2.7. The sideband coupling detection 
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is found to be more sensitive to the photoinduced force and displays a steeper dependence 

on the tip-sample distance, enabling a better signal-to-noise ratio in PiFM than the direct 

coupling detection with the modulation frequency of Ω1 .27,97,98 In practice, the tapping 

amplitude in PiFM is set to a small value (< 10 nm) to minimize the tip-sample distance 

and maximize the photoinduced force’s contribution to the modulated cantilever motion.  

 

Figure 2. 7 Signal generation in PiFM. In (a), the AFM tip is tapping at the frequency Ω2, 

and an amplitude modulation term with the frequency of Δ = Ω2 − Ω1  is added to 

modulate the tapping waveform. As a result, signals at the sideband (Ω1) is generated after 

FFT. In (b), two modulation methods are experimentally compared in PiFM. The “Direct” 

method means modulating the laser pulses at Ω1 and detecting at the same frequency. 

Sideband configuration provides systematically stronger signals within a wide tip-sample 

distance range than the direct configuration. The non-monotonic trend in both cases 

results from the competence between the photoinduced force and general intermolecular 

forces. Panel (b) is reproduced from literature27. 

In the early works of PiFM, the photoinduced force in PiFM was believed and modeled to 

come from dipole-dipole interactions between the tip and sample.27,97,98 However, later 

theoretical and experimental works indicate that the dipole-dipole force is too weak to 

detect in PiFM, and the majority of the photoinduced force is from the photothermal 
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expansion.99-101 Asides from ongoing debates on the origin of photoinduced force, PiFM 

provides complimentary nano-IR imaging capabilities to PTIR and s-SNOM. A variety of 

studies have been conducted using PiFM, including block copolymers, zeolites, 

photovoltaic samples, and plasmonic and polaritonic devices.102-107 

2.5 Limitations of current techniques 

So far, the working mechanisms of s-SNOM, PTIR, and PiFM have been described in this 

chapter. All techniques take advantage of the tip-enhanced light field as the scanning 

probe and bring the resolution of IR imaging and spectroscopy down to the nanoscale. 

Nonetheless, each method has its drawbacks, which come from limitations of the signal 

detection scheme and intrinsic restrictions from AFM operation modes.  

The spatial resolution of PTIR is mainly limited by contact mode AFM. As mentioned in 

section 2.1, the tip may easily scratch the sample and wear itself in contact mode 

operations. The presence of friction force also causes the tip to move in a “stick-slip” 

motion, which significantly worsens the spatial resolution. As a result, PTIR can only 

achieve a spatial resolution of 25 – 100 nm in routine experiments. The other limitation 

associated with PTIR is the relatively low signal to noise ratio, as one often observes stripes 

and artifacts in PTIR images. A way to increase the signal to noise ratio is to use multiple 

laser pulses to enhance the signal at one of the contact resonances. The effectiveness of 

resonant enhancement depends on quality factors (Q factors) of contact resonance modes 

of the cantilever. However, in the liquid phase, quality factors get damped significantly 

due to the strong drag by liquid molecules.  

The spatial resolution limitation is improved in PiFM by operating with tapping mode 

AFM. As a result, a spatial resolution of 10-20 nm is routinely achieved. In PiFM, the 

tapping amplitude is often set to a small value to maximize the contribution of 

photoinduced force. Problems caused by this preference are twofold: a low tapping 
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amplitude often leads to a close tip-sample configuration, which can damage the tip and 

sample; The uneven sample surface often causes tapping conditions to change, and a 

stable tip-sample distance (on average) is hard to maintain. This instability is especially 

problematic for PiFM, as the signal dependence on the tip-sample distance is steep at close 

range (Figure 2.7). Besides, from the viewpoint of instrument design, it is hard to combine 

tapping mode with other modalities. Some desirable quantities like electric and 

mechanical properties cannot be measured simultaneously with PiFM, while these 

quantities can be easily measured with PTIR. At last, PiFM requires cantilevers to have 

two well-defined eigenmodes, which limits PiFM’s application in water since the quality 

factor is significantly reduced in the liquid phase. 

s-SNOM also operates with tapping mode AFM and can routinely achieve 10-20 nm spatial 

resolution. On the one hand, s-SNOM share the same limitations of tapping mode as 

PiFM: s-SNOM cannot measure other properties, and it is even harder for s-SNOM to 

operate in water, because the s-SNOM signal comes from the light detection, but the mid-

infrared light is strongly absorbed by water. On the other hand, s-SNOM has its 

limitations. As a permittivity-sensitive method (Equation 2.2), s-SNOM is often used to 

characterize optical nearfields around nanoplasmonic and nanopolaritonic structures. 

Nevertheless, because the tip-sample distance is constantly changing in tapping mode and 

the lock-in detection is used, s-SNOM can only map out amplitudes and phases as single 

demodulated values in a 2D image on the XY plane. The dependence of the optical 

nearfield on the tip-sample distance is averaged out and lost after the averaging. Such 

information is indispensable for reconstructing 3D optical nearfields and better 

understanding the device’s behavior in space. 

With these limitations in mind, it is natural to think about better ways of performing nano-

imaging and spectroscopy. It turns out that some of the limitations can be addressed by a 
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better AFM operation mode, and some of the limitations can be lifted by using a better 

excitation and detection scheme. In Chapters 3 and 4, two novel methods that we 

developed – one aims to complete the s-SNOM and the other aims to replace PTIR and 

PiFM in water – will be introduced and explained along with a plethora of demonstrations.  
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Chapter 3 Three-Dimensional Anatomy of Optical 

Nearfield in Mid-Infrared 

In this chapter, our works on developing ways of obtaining three-dimensional (3D) optical 

nearfield are presented. The chapter starts with an introduction about the need for 

characterizing 3D nearfields, then a reconstruction algorithm in s-SNOM is described and 

demonstrated. This reconstruction method allows obtaining 3D near-field information by 

making use of a series of Fourier components from a 2D s-SNOM scan. Finally, and most 

importantly, the development of peak force scattering-type near-field optical microscopy 

(PF-SNOM) is reported. PF-SNOM can directly collect 3D near-field data into a data cube, 

enabling layer-by-layer tomographic imaging and vertical analysis. Near-field properties 

along the Z-axis for polaritonic boron nitride nanotube and silicon carbide were 

investigated, and the resonant conditions of a circular nano-disk of hexagonal boron 

nitride were experimentally observed using PF-SNOM. In addition, we also demonstrated 

multi-modal capabilities from peak force tapping. Near-field properties obtained in PF-

SNOM contain one more spatial dimension than those measured in the regular s-SNOM 

and help inspire unprecedented insights into near-field light-matter interactions. 

3.1 The necessity of mapping 3D optical nearfield 

The ability to map nearfields in detail in nanophotonic applications becomes crucial as the 

feature size becomes ever finer, especially when general theoretical modeling is still far 

from practical and nearfield is highly dependent on nanoscale geometry. The knowledge 

of nanoscale nearfield is vital for reconstructing vector maps of both electric and magnetic 

fields and designing nanophotonic and sensing applications.108  

s-SNOM has been employed in many subwavelength nanophotonic studies since its 

superior functionalities and spatial resolution. However, s-SNOM imaging does not 
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provide information on the nearfield along the vertical direction, which strongly depends 

on the tip-sample distance. This limitation is intrinsic for conventional s-SNOM due to the 

lock-in demodulation scheme and tapping mode operation, as discussed in Section 2.5. In 

other words, near-field images obtained by conventional s-SNOM are merely 2D 

representations of actual 3D nearfields. The approach curve method is used to infer the 

vertical near-field signals to get around this limitation in s-SNOM.83,109-111 In this method, 

a demodulated non-fundamental harmonic is recorded as the oscillating cantilever is 

approaching the sample surface. By performing the approach curve pixel-by-pixel, 

volumetric data can be obtained and processed to assess 3D nearfields. This method is 

time-consuming and may lead to wrong interpretations of actual near-field properties.112 

Therefore, mapping 3D optical nearfields remains a challenge for s-SNOM. In the 

following sections, we will describe how to address this issue in two ways. The first way is 

to use a reconstruction algorithm that takes advantage of a series of demodulated 

harmonics from the conventional s-SNOM measurement. 

3.2 Reconstruction method in s-SNOM 

3.2.1 Reconstruction algorithm 

One of the non-fundamental harmonics from the lock-in demodulation is used as the s-

SNOM signal, based on the assumption that the background is mainly contained in the 

fundamental harmonic. Therefore, it is plausible to assume a contribution coefficient 𝜂𝜂, 

which describes the contribution from near-field signals in the first harmonic. 

Furthermore, the total near-field signal 𝑆𝑆NF(𝑥𝑥,𝑦𝑦, 𝑧𝑧) in 3D space should be composed of the 

near-field signals in the first harmonic, plus all other non-fundamental harmonics that are 

assumed to be purely near-field:112 
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𝑆𝑆NF(𝑥𝑥,𝑦𝑦, 𝑧𝑧) = 𝜂𝜂(𝑥𝑥,𝑦𝑦)𝐴𝐴1(𝑥𝑥, 𝑦𝑦) sin[sin−1 �1 −
𝑧𝑧
𝑧𝑧𝑜𝑜
� + 𝛷𝛷1(𝑥𝑥,𝑦𝑦)] 

                              +� 𝐴𝐴𝑛𝑛(𝑥𝑥, 𝑦𝑦) sin[𝑛𝑛 sin−1(1 −
𝑧𝑧
𝑧𝑧𝑜𝑜

) + 𝛷𝛷𝑛𝑛(𝑥𝑥,𝑦𝑦)]
𝑁𝑁

𝑛𝑛=2
 

(3.1) 

Here, we consider a scanning process that scans (𝑥𝑥,𝑦𝑦) positions on the sample surface, so 

𝜂𝜂(𝑥𝑥,𝑦𝑦) represents the site-specific contribution coefficient of near-field signals to the first 

harmonic, 𝐴𝐴𝑛𝑛 and 𝛷𝛷𝑛𝑛 are the amplitude and phase demodulated from the lock-in amplifier 

for 𝑛𝑛𝑡𝑡ℎ  harmonic, and 𝑧𝑧0  is half of the tapping amplitude. The real-time tip-sample 

distance 𝑧𝑧 is thus provided by 𝑧𝑧 = 𝑧𝑧0[1 − sin(2𝜋𝜋Ω𝑡𝑡)], and the inverse sin term in brackets 

solves for the time variable 𝑡𝑡. The total number of harmonics 𝑁𝑁 goes to the infinity in 

principle, while in our experiment, 𝑁𝑁 = 11 , which is limited by the number of 

demodulation channels or the bandwidth of the lock-in amplifier. Equation 3.1 contains 

3D spatial information of nearfields, and 𝑆𝑆NF can be mapped out in the 3D space once 

𝜂𝜂(𝑥𝑥,𝑦𝑦) is known. 

Experimentally, demodulated 𝐴𝐴𝑛𝑛 and 𝛷𝛷𝑛𝑛 values can be extracted directly from the lock-in 

amplifier, and the tapping amplitude 𝑧𝑧0 is set as a constant by AFM. The next step is then 

solving for 𝜂𝜂(𝑥𝑥,𝑦𝑦). To simplify the notation, consider the point measurement only, where 

the near-field signal only depends on 𝜂𝜂 and 𝑧𝑧. We can then construct an integral metric 

𝑀𝑀:112,113 

𝑀𝑀 =  � �
𝑑𝑑𝑆𝑆NF(𝜂𝜂, 𝑧𝑧)

𝑑𝑑𝑑𝑑
�
2

𝑑𝑑𝑑𝑑
2𝑧𝑧0

4𝑟𝑟
 (3.2) 

Equation 3.2 presents a metric 𝑀𝑀 as the integral of the square of near-field interaction 

slopes along the 𝑧𝑧 direction. This definite integral is integrated within a distance range 

from 4𝑟𝑟 to 2𝑧𝑧0, with 𝑟𝑟 being the tip radius. The idea of constructing the metric 𝑀𝑀 is to 

estimate the change of near-field signals as the function of tip-sample distance 𝑧𝑧 in terms 
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of 𝑑𝑑𝑆𝑆NF(𝜂𝜂, 𝑧𝑧) 𝑑𝑑𝑑𝑑⁄ . Due to the near-field nature of the tip-enhancement, near-field signals 

should diminish at a long tip-sample distance range, nominally at a tip-sample distance 

that is greater than 4𝑟𝑟. Therefore, within the distance from 4𝑟𝑟 to 2𝑧𝑧0 (which is the upper 

turning point in the tapping), a negligible value of 𝑀𝑀 should be expected. By minimizing 

the value of 𝑀𝑀 for each scanned pixel, one can obtain the contribution coefficient 𝜂𝜂(𝑥𝑥,𝑦𝑦) 

that best represents the portion of near-field signals in the first harmonic demodulation. 

Lastly, the 3D near-field signal 𝑆𝑆NF(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) can be reconstructed using Equation 3.1. The 

workflow of this reconstruction process is depicted in Figure 3.1. 

 

Figure 3. 1 The workflow of the reconstruction method in s-SNOM.The scattered light 

𝑆𝑆(𝑡𝑡) from the tip-sample region is detected by an optical detector. Then, the 𝑆𝑆(𝑡𝑡) is routed 

into a multi-channel lock-in amplifier, which demodulates the signal at the fundamental 

frequency Ω  of the tip tapping. Demodulated 𝐴𝐴𝑛𝑛  and 𝛷𝛷𝑛𝑛  are later used to compose a 

tentative 𝑆𝑆NF with a guessing value of 𝜂𝜂, and the value of 𝜂𝜂 is optimized in the process of 

minimizing the metric 𝑀𝑀. Lastly, 𝑆𝑆NF(𝑧𝑧) is reconstructed by the optimized 𝜂𝜂, and the same 

procedure is applied to all scanned pixels to obtain a 3D data cube 𝑆𝑆NF(𝑥𝑥,𝑦𝑦, 𝑧𝑧). 

The reconstruction method was firstly demonstrated by Le and Xiaoji in point 

measurements.113 In point measurements, the tip is fixed on a position of interest, and a 

total of 18 harmonics (𝑁𝑁 = 18) is collected to perform the reconstruction. Because the used 

lock-in amplifier (HFLi, Zurich Instrument) only has six demodulation channels, these 18 
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harmonics are obtained in three sequential measurements, with six harmonics obtained 

from each. The data is then saved and processed for the 𝜂𝜂 numerically using a custom 

MATLAB script. Representative values of 𝜂𝜂 are between 0.2-0.3, indicating the presence 

of near-field signals in the first harmonic is not negligible, although the first harmonic is 

discarded in standard s-SNOM. Later, we speeded up the process of signal acquisition by 

obtaining 11 harmonics simultaneously from two parallel lock-in amplifiers, which makes 

it possible to perform the reconstruction for an entire scanned image.112 In the image scan 

mode, 11 harmonics and the real-time position of scanning piezo in (𝑥𝑥,𝑦𝑦) are stored. The 

data is then processed for each (𝑥𝑥,𝑦𝑦) position to attain an 𝑆𝑆NF(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) cube. 

3.2.2 Measuring phonon polaritons by reconstruction s-SNOM  

The 𝑆𝑆NF(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) data cube contains plentiful information. First of all, sectioning the cube 

along the Z-axis is equivalent to perform tomographic imaging. Figure 3.2 shows the 

tomographic imaging of a polaritonic boron nitride nanotube (BNNT),114 which is about 

1.2-µm long, 80-nm wide, and 25-nm in height. Overall, reconstructed near-field images 

show similar contrast to the standard s-SNOM image, and the signal intensity decays as 

the tip-sample distance increases. The spatial signal variations along the BNNT are 

signatures of the mid-infrared surface phonon polaritons. On the other hand, one effect in 

large-distance tomographic images is noticeable: strong near-field signals persist along 

two long edges of the BNNT. The positions are indicated by two white arrows in Figure 

3.2(a). These two intense near-field signal regions roughly span 40 nm from the edge of 

BNNT. 
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Figure 3. 2 Tomographic imaging of BNNT by reconstruction s-SNOM.(a) AFM 

topography of a BNNT sitting on a rough gold substrate. (b) Standard s-SNOM image from 

the 3rd harmonic demodulation under 1400 cm-1 light illumination. (c-f) Reconstructed 

near-field images at the tip-sample distance 𝑧𝑧 = 0.5, 5,10, and 25 nm, respectively. 

Additional field enhancement along the long edges of BNNT is better understood by 

sectioning the 3D data cube across the tube, and the result is shown in Figure 3.3(b). Peak 

near-field intensities are reproduced at two BNNT edges, which is attributed to the 

presence of phonon polaritons that are at side faces of the BNNT). Vertical near-field 

signals 𝑆𝑆NF(𝑧𝑧)  of these bounded phonon polaritons are investigated. Averaged 𝑆𝑆NF(𝑧𝑧) 

curve along the one edge of the BNNT is shown in Figure 3.3(c). To rule out any effects 

caused by the substrate, an averaged 𝑆𝑆NF(𝑧𝑧) is also obtained and subtracted from the 

previous 𝑆𝑆NF(𝑧𝑧) curve. Finally, we can obtain a background-free 𝑆𝑆NF(𝑧𝑧) curve for bounded 

phonon polaritons in Figure 3.3(d). The 𝑆𝑆NF(𝑧𝑧) curve does not show the characteristic 

exponential decay. Instead, it shows a linear decay for 𝑧𝑧 < 50 nm and exhibits ups and 

downs at a larger 𝑧𝑧  range. This anomalous decay behavior is due to the tip-sample 

geometry displayed in Figure 3.3(d) inset: the bound electromagnetic fields generated by 

bounded phonon polaritons are tangentially detected by the tip and add to local 𝑆𝑆NF(𝑧𝑧). 

The ability to resolve the presence of the bound electric field in elevated imaging planes is 

a unique feature of the reconstruction s-SNOM. 
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Figure 3. 3 Revealing bound phonon polaritons on the edge of BNNT.(a) The same 

reconstructed near-field image of BNNT, as in Figure 2(c). The image is enlarged 

asymmetrically for better illustration. (b) Near-field section in the XZ plane along the Y-

axis, the position is shown as the line cut 1 in (a). Edge locations of BNNT are illustrated 

by two white dashed lines. (c) Vertical interaction curves 𝑆𝑆NF(𝑧𝑧) averaged from two line 

cuts, which are indicated by the line cuts 2 and 3 for the BNNT edge (blue) and the Au 

substrate (red), respectively. The subtraction between the two 𝑆𝑆NF(𝑧𝑧) is shown as the black 

curve to represent the near-field behavior of bounded phonon polaritons of BNNT. The 

subtraction curve is enlarged in (d). Inset in (d) shows the tip-BNNT geometry of detecting 

bound phonon polaritons.  

Compared with the approach curve method, the reconstruction s-SNOM is faster and free 

of ambiguities caused by the averaging effect in the lock-in demodulation.112 Even so, the 

reconstruction s-SNOM is still far from ideal. For example, to get a larger signal for higher 

harmonic demodulation, the tapping amplitude 𝑧𝑧0  must be set to a small value to 

maximize near-field interactions. This treatment can inevitably introduce artificial 

anharmonicities into the scattered signal. Another limitation is from the viewpoint of cost: 

a multi-channel lock-in amplifier or a series of lock-in amplifiers are needed in the 
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reconstruction s-SNOM since many ( > 10 ) harmonics are required in the tedious 

optimization process of 𝜂𝜂. In sum, there is still room for a better 3D near-field mapping 

technique.  

3.3 Peak force scattering-type near-field optical microscopy 

3.3.1 PF-SNOM working principle 

Now that the tip-sample distance dependence is lost during the lock-in demodulation in 

s-SNOM, it is intuitive to think of a way to replace the lock-in detection scheme with a tip-

sample distance-sensitive signal acquisition route. The lock-in detection is specifically 

adopted to separate the harmonically modulated background from non-harmonically 

modulated near-field signals in tapping mode AFM. Therefore, a non-tapping AFM 

operation should be used to get around the lock-in detection. Contact mode AFM does not 

work for this purpose, because the tip is always in contact with the sample during the 

operation, mixing small near-field signals with compound backgrounds in the optical 

scattering. The ideal AFM mode should still be able to modulate the tip-sample distance 

in a non-tapping way and is compatible with practical background-removal methods. 

The demands are met by the peak force tapping (PFT) mode. Details of PFT operation has 

been discussed in Section 2.1. In brief, the cantilever is held stationary in PFT, when the 

sample stage oscillates vertically at a low frequency in a sinusoidal manner. As a result, 

the tip-sample distance 𝑧𝑧(𝑡𝑡) is definite at any given time point with the known snap-in 

time point 𝑡𝑡s, the detachment time point 𝑡𝑡d and the peak force time point 𝑡𝑡p:53,86 

𝑧𝑧(𝑡𝑡) = �𝐴𝐴 − 𝐴𝐴 cos�2𝜋𝜋𝜋𝜋�𝑡𝑡 − 𝑡𝑡𝑝𝑝�� + 𝑉𝑉𝑉𝑉(𝑡𝑡),        𝑡𝑡 < 𝑡𝑡s 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 > 𝑡𝑡d 
                                                0, 𝑡𝑡s ≤ 𝑡𝑡 ≤ 𝑡𝑡d

 (3.3) 

In Equation 3.3, 𝐴𝐴 is the PFT amplitude in nm, 𝑓𝑓 is the PFT frequency in Hz, 𝑉𝑉 stands for 

the deflection sensitivity (in the unit of nm/V) of the cantilever, and 𝐷𝐷(𝑡𝑡) is experimentally 

monitored deflection signal of the cantilever in V. All parameters in Equation 3.3 can be 
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obtained experimentally. In an ordinary PFT tapping, 𝐴𝐴 = 150 nm, 𝑓𝑓 = 2 kHz, and 𝑉𝑉 = 30 

nm/V. With a definite 𝑧𝑧(𝑡𝑡) established, it is convenient to convert the detected scattering 

signal 𝑆𝑆(𝑡𝑡) in the time domain into the tip-sample distance domain 𝑆𝑆(𝑧𝑧) as well. 

 

Figure 3. 4 Signal generation in PF-SNOM.(a) In PF-SNOM, the cantilever deflection 

signal 𝐷𝐷(𝑡𝑡) and the scattering signal 𝑆𝑆(𝑡𝑡) are simultaneously registered by the quadrant 

detector and the light detector. At time 𝑡𝑡 < 𝑡𝑡s, the sample is moving towards the tip, and a 

flat 𝐷𝐷(𝑡𝑡) and a small but increasing 𝑆𝑆(𝑡𝑡) are detected. At time 𝑡𝑡s ≤ 𝑡𝑡 ≤ 𝑡𝑡d , the tip is in 

contact with the sample, and the upward bending of cantilever causes an increase in 𝐷𝐷(𝑡𝑡). 

At time 𝑡𝑡 > 𝑡𝑡d , the adhesion drags the cantilever to bend downward, which causes a 

decrease in 𝐷𝐷(𝑡𝑡). Arrows along the sample stage indicate the direction of the stage motion. 

CW: continuous wave. (b) Simultaneously registered 𝐷𝐷(𝑡𝑡) (blue) and 𝑆𝑆(𝑡𝑡) (red) on a gold 

substrate under 1600 cm-1 illumination. The snap-in, peak force, and detachment time 

points 𝑡𝑡s , 𝑡𝑡p  and 𝑡𝑡d  are labeled. A sudden increase right before the 𝑡𝑡s  in 𝑆𝑆(𝑡𝑡)  can be 

observed in the shaded region. (c) The plot of 𝑆𝑆(𝑧𝑧) in the tip-sample distance domain. The 

sharp increase of the near-field signal remains, and a linear far-field background can be 

fitted out. The background-free 𝑆𝑆(𝑧𝑧) is utilized as the pure near-field signal 𝑆𝑆NF(𝑧𝑧) shown 

in (d), which accounts for the tip-sample dependence. 
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Remarkably, the 𝑆𝑆(𝑧𝑧)  curve carries near-field signals. One example of experimentally 

collected 𝑆𝑆(𝑧𝑧) is shown in Figure 3.4(b), in which a sharp increase of scattering signal 

raised by the short-range near-field interaction is observed. Within regions of a long tip-

sample distance, 𝑆𝑆(𝑧𝑧) shows a linear decrease as 𝑧𝑧 increases – an expected behavior of far-

field background. Therefore, the near-field signal 𝑆𝑆NF(𝑧𝑧)  can be isolated from 𝑆𝑆(𝑧𝑧)  by 

subtracting the linear far-field background. 𝑆𝑆NF(𝑧𝑧)  at different (𝑥𝑥,𝑦𝑦)  locations can be 

obtained in the same way and a 3D data cube of 𝑆𝑆NF(𝑥𝑥,𝑦𝑦, 𝑧𝑧) is composed for in-depth near-

field analysis. The working mechanism and signal generation of PF-SNOM are 

summarized and illustrated in Figure 3.4. A technical drawing of the PF-SNOM setup and 

MATLAB scripts used to process raw data are provided in Appendix I.  

3.3.2 Studying 3D nearfields of boron nitride nanotube by PF-SNOM  

 

Figure 3. 5 Tomographic imaging and the spatial resolution of PF-SNOM.(a) AFM 

topography of a polaritonic BNNT. (b) Tomographic near-field images of the BNNT. The 

section tip-sample distance is increased from 1, 4, 8 to 12 nm, with decreasing signal 
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intensities. The spatial distribution of the phonon polaritons is revealed. (c) The total 

intensity and the decay range map obtained from tomographic images assuming an 

exponential decay. (d) The PF-SNOM signal profile across the BNNT (shown as the inset), 

a spatial resolution of 5 nm is obtained by estimating the distance between 10%-90% 

maximal signals across an edge. 

Once again, polaritonic BNNTs are measured to benchmark PF-SNOM. Figure 3.5 

displays tomographic near-field images of a single BNNT, along with total intensity and a 

decay range map on the same area, assuming an exponential decay for all sites. Strong 

near-field interactions along long edges of the tube are present, similar to the observation 

of bound electromagnetic fields from reconstruction s-SNOM. It is also observed that the 

decay range of sites with strong near-field signals is much smaller than that of other areas 

with weak near-field signals, which confirms the strong near-field confinement of phonon 

polaritons. Furthermore, a spatial resolution of 5 nm is estimated from PF-SNOM signals 

along the edge of BNNT (Figure 3.5(d)), even though the tip radius is estimated to be 30 

nm. The much-improved spatial resolution of 5 nm over 10-20 nm of traditional s-SNOM 

results from the gap-mode enhancement when the plasmonic tip and the sample are very 

close.115 Because the tip-sample distance in PF-SNOM is well-defined, one can section the 

3D near-field data cube at a minimal tip-sample distance (e.g., 𝑧𝑧 = 1 nm) to get high-

resolution gap-mode enhanced near-field images. The vertical resolution in determining 

the real-time 𝑧𝑧 is estimated to be 0.12 nm in PF-SNOM. The ability to fine-tune the tip-

sample distance is not attainable in traditional s-SNOM. 



 

45 

 

Figure 3. 6 The spectral behavior of phonon polaritons in the vertical direction.(a-c) 

Near-field spectra collected on locations 1-3 on the BNNT. Spectra are plotted in three 

different sectioning heights: 1 (blue), 3.5 (orange), and 6.5 (yellow) nm. Raw data are 

shown in dots, along with corresponding Lorentzian peak fittings. (d) Three measuring 

locations are labeled along the BNNT. (e) A comparison between the non-gap mode (when 

𝑧𝑧 is large) and the gap-mode (when 𝑧𝑧 is small). In the gap-mode, the field between the tip 

and sample is more intense and confined. (f) Calculated near-field polarizability 𝛼𝛼eff from 

the image dipole model used in s-SNOM (see Section 2.2). A redshift of the peak of phonon 

polaritons is labeled by a dashed line as the tip-sample distance 𝑧𝑧 decreases.   

Other than tomographic imaging, the spectral response of BNNT is also investigated by 

PF-SNOM, and the spectral dependence on the tip-sample distance is found. Figure 3.6(a-

c) display spectra measurements on three different locations that are labeled in Figure 3.6 

(d). Near-field spectra on three locations on the same BNNT show distinct peaks: as the 

measuring location moves further from the tube terminal, the resonance peak of phonon 

polaritons 𝜔𝜔p  firstly redshifts from 1407 to 1396, then to 1391 cm-1. This redshift is 

attributed to the fact that polaritons with lower energies and longer wavelengths are 

relatively low-loss; thus, they are more present at spatial locations where the distance to 

the reflecting terminal is far. Focusing on the spectra of each measuring spot, a unanimous 
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feature becomes clear: 𝜔𝜔p  redshifts as the tip-sample distance decreases. The spectra 

property is detailed by fitting each spectrum using Lorentzian function, and the results of 

the resonance peak 𝜔𝜔p and full width at half maximum (FWHM) are listed in Table 3.1 

below: 

Table 3. 1 Extracted near-field spectra properties. 

Location 
 

z (nm) 

Location 1 Location 2 Location 3 
FWHM  
(cm-1) 

ωp  
(cm-1) 

FWHM 
(cm-1) 

ωp  
(cm-1) 

FWHM 
(cm-1) 

ωp  
(cm-1) 

1 13.7 ± 2.4 1406 ± 1 10.3 ± 2.1 1395 ± 1 7.3 ± 0.8 1391 ± 1 
3.5 12.3 ± 3.1 1408 ± 1 8.5 ± 2.0 1396 ± 1 6.6 ± 1.8 1391 ± 1 
6.5 11.1 ± 4.1 1409 ± 1 7.4 ± 2.5 1397 ± 1 5.8 ± 2.7 1392 ± 1 

 
Table 3.1 enlists two interesting features that were rarely touched in previous s-SNOM 

studies. The first redshift phenomenon observed when the tip-sample distance 𝑧𝑧 decreases 

is again demonstrated by data, although the shift is very small (1-3 cm-1). It is worthwhile 

to mention that the tip-sample distance term also appears in the image dipole model 

characterizing near-field signals observed in the light scattering, which was introduced in 

Section 2.2 and presented in Equation 2.2. To illustrate the spectral behavior as a function 

of the tip-sample distance, a calculation based on the image dipole model is carried out, 

and the redshift is reproduced in Figure 3.6(f). The convergence between experimental 

data and model prediction suggests that the observed redshift is likely from the interplay 

between the change in the sample’s permittivity and the tip-sample distance. The second 

property comes from changes in FWHM: the linewidth (FWHM) broadens as 𝑧𝑧 decreases. 

However, the image dipole model fails to reproduce this effect. We attribute this linewidth 

broadening effect to the formation of more relaxation channels when the tip-sample 

distance 𝑧𝑧 is so small that an intense gap-mode enhancement with a large optical density 

of states is generated. This enhanced relaxation outcome is conceptually similar to the 

Purcell effect of fluorophores coupled to a resonant cavity,116 and is also observed in 
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plasmonic-enhanced relaxation phenomena.117,118 The image dipole model does not 

account for the formation of more relaxation channels when 𝑧𝑧  is small. Later, on the 

measurement of silicon carbide sample, a more remarkable linewidth broadening is 

discovered. A revised image dipole model with a lossy term is then proposed to reproduce 

the broadening effect. 

3.3.3 Vertical near-field spectral features of silicon carbide explained by 

modified image dipole and finite dipole models 

 

Figure 3. 7 Modified s-SNOM models based on PF-SNOM results. (a) Experimentally 

collected 2D near-field response of SiC. The scattering signal 𝑆𝑆NF is represented by the 
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false-color intensity, and the X and Y-axis stand for the tip-sample distance 𝑧𝑧 and the 

incident frequency, respectively. (b) A plot of 𝑆𝑆NF vs. 𝑧𝑧 sectioned along the X-axis from (a). 

(c) Near-field scattering spectra of SiC at five different 𝑧𝑧’s, sectioned along the Y-axis from 

(a). (d) A plot of linewidth (FWHM) vs. 𝑧𝑧, overlapped with an exponential fit curve. (e-f) 

Simulated near-field responses in terms of effective tip-sample polarizability 𝛼𝛼eff by using 

modified image dipole and finite dipole models. (g-h) A close look at the modified finite 

dipole model simulated result in (f). The linewidth broadening and the peak shift is 

reproduced in (g), and the anomalous vertical near-field interaction is reproduced in (h). 

The X-axis in (e), (f), and (h) is 𝑧𝑧/𝑟𝑟, with 𝑟𝑟 being the tip radius used in the simulation. 

Silicon carbide (SiC) is a material that supports mid-infrared phonon polaritons.119,120 The 

spectral response of SiC is recoded by PF-SNOM as well. Results are shown in Figure 3.7(a) 

as a false-color map of the scattering intensity, with the X-axis being the tip-sample 

distance 𝑧𝑧 and the Y-axis being the incident frequency. Sectioning Figure 3.7(a) along the 

X-axis gives out an interaction curve at a selected incident frequency in Figure 3.7(b), and 

an anomalous non-monotonic trend appears in vertical interaction curves. This trend was 

not reported before, because vertical near-field responses are averaged out in the 

conventional s-SNOM. Similarly, near-field spectra sectioned along the Y-axis is plotted 

in Figure 3.7(c), where a large redshift and the linewidth broadening effect are revealed as 

𝑧𝑧 decreases. Although the image dipole model can predict the presence of the redshift as 𝑧𝑧 

becomes small,120 neither the image dipole nor the finite dipole model can reproduce the 

linewidth broadening and the anomalous signal drop at close tip-sample distances.86 

The anomalous signal drop at the close tip-sample distance may result from the 

phenomenon that the strong light field of phonon polaritons is damped by the engaging 

metallic tip.121-123 To conceptually capture the increased damping at small 𝑧𝑧, we can modify 

both the image dipole and the finite dipole models by including a 𝑧𝑧-dependent term to the 

polarizability of the tip. This damping term characterizes the energy conversion from the 

nearfield to other dissipative energies, such as radiative emission via the tip acting as an 
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antenna. Using the image dipole (Equation 2.2) as the example, we can rewrite the tip’s 

polarizability as: 

𝛼𝛼mod(𝑧𝑧) = 4𝜋𝜋𝑟𝑟3
𝜀𝜀t − 1
𝜀𝜀t + 2

𝑒𝑒𝑖𝑖𝑖𝑖(𝑧𝑧) (3.4) 

Here, a damping term 𝑒𝑒𝑖𝑖𝑖𝑖(𝑧𝑧)  is introduced. The phase factor 𝜙𝜙(𝑧𝑧)  represents the 

magnitude of the damping effect, as a larger 𝜙𝜙(𝑧𝑧)  corresponds to larger damping. 

Therefore, 𝜙𝜙(𝑧𝑧) should reach the maximum when 𝑧𝑧 = 0 and become zero when 𝑧𝑧 is large. 

Because the exact form of 𝜙𝜙(𝑧𝑧) is not known a priori, for the sake of simplicity, we use an 

exponential form of 𝜙𝜙(𝑧𝑧) = 𝑎𝑎𝑒𝑒−𝑧𝑧/𝑏𝑏  with adjustable parameters 𝑎𝑎  and 𝑏𝑏  to describe the 

damping phase factor. Substitute Equation 3.4 into Equation 2.2, we have: 

𝛼𝛼eff(𝑧𝑧) = 𝛼𝛼mod(𝑧𝑧)�1 −
𝛼𝛼mod(𝑧𝑧)𝛽𝛽
16𝜋𝜋(𝑟𝑟 + 𝑧𝑧)3�

−1

 (3.5) 

Equation 3.5 is used to calculate the scattering spectra of SiC, and the result is shown in 

Figure 3.7(e). Compared with the unmodified image dipole model, Equation 3.5 

successfully reproduces the linewidth broadening effect when 𝑧𝑧 becomes small. The finite 

dipole model can also be modified by a similar treatment, and a simulation result from the 

modified finite dipole model is displayed in Figure 3.7(f). Figure 3.7(f) is very close to the 

experimental result in Figure 3.7(a), and specific comparisons are made between 

experimental results and simulations in terms of sectioned spectra (Figure 3.7(c) and 

3.7(g)) and interaction curves (Figure 3.7(d) and (h)). The similarity between these results 

confirms that the linewidth broadening effect and the non-monotonic vertical near-field 

behaviors are all related to the tip-damping.  
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3.3.4 Correlative imaging enabled by PF-SNOM 

 

Figure 3. 8 Correlative multimodal imaging of PF-SNOM.(a) Correlative multimodal 

images from PF-SNOM measurement on the edge of a hexagonal boron nitride flake. The 

substrate is silicon. Multi-channel properties including logarithm of Young’s modulus, 

adhesion, contact current and optical nearfield. (b) Line profiles of near-field fringe 

patterns on the edge of sample. Two periodicities of 128 and 104 nm are extracted from 

near-field images at 1560 and 1530 cm-1, respectively. 

Thanks to the dynamic tip-sample contact of PFT mode, mechanical and electric 

properties can be mapped simultaneously with optical nearfields using PF-SNOM. Figure 

3.8(a) shows such multimodal measurements of a flake of hexagonal boron nitride with 

an 83-nm thickness on a silicon substrate. Topography, Young’s modulus, adhesion, 

contact current, and near-field images at 1530 and 1560 cm-1 are obtained correlatively in 

the same sample region. Such correlative studies are not supported by the conventional s-

SNOM with tapping mode AFM. 

3.4 Revealing resonant conditions of an h-11BN disk by PF-SNOM 

3.4.1 Observation of two types of PhPs 

Phonon polaritons (PhPs) are plasmon polaritons’ counterparts in dielectric materials. 

Like plasmon polaritons, PhPs have a much more compressed wavelength than photons 
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and enable a locally enhanced electromagnetic field. Recent advances of 2D materials 

unveil a series of 2D materials that support PhPs,22,124,125 one of the popular polaritonic 2D 

materials among them is the hexagonal boron nitride (h-BN). h-BN holds an anisotropy 

between in-plane and out-of-plane permittivities, which allows PhPs to travel inside the 

volume as so-called hyperbolic phonon polaritons.72,126-128 The ultralow-loss hyperbolic 

PhPs are also observed in isotopically pure h-BN.128 Photonic metamaterials are made of 

polaritonic building blocks such as disks, cones, and slabs, in which nearfields of each 

building block can interfere with each other. Thus, it is essential to understand the vertical 

near-field properties of nanoscale polaritonic structures. The 3D near-field mapping 

capability of PF-SNOM has been demonstrated on simple polaritonic samples such as 

BNNT and SiC. In this section, we will use PF-SNOM to reveal near-field properties on a 

micro-disk made of isotopically pure h-11BN.129  

The symmetry of circular optical nano-resonators results in symmetrical fringe patterns 

with high quality factors when on-resonance.130-133 The investigated h-11BN micro-disk, in 

our case, has a diameter of 9 µm and a thickness of 70 nm. The topography of the micro-

disk is shown in Figure 3.9(a). Also, 3D near-field data cubes at a series of incident 

frequencies are obtained by PF-SNOM, and tomographic images from the XY-plane 

sectioning are displayed in Figure 3.9(b-d).  

At first glance, near-field PhPs manifest as concentric circular fringes, which is in line with 

regular s-SNOM results.129 The tip-enhanced light field specifically excites local PhPs that 

travel omnidirectionally. Then, traveling PhPs get bounced back at the disk edge and 

interfere with new-generated PhPs at the tip position. This process is conceptually similar 

to generating ripples by a pebble (tip) in a pond. As a result, circular fringe patterns are 

observed on the h-11BN micro-disk. On the other hand, tomographic near-field images at 

different tip-sample distances 𝑧𝑧 reveal extra details. As the sectioning 𝑧𝑧 is increased from 
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1 to 5, then to 10 nm, the spatial distribution of fringes evolves as well. This evolution is 

not noticeable for tomographic images at 1420 cm-1 in Figure 3.9(b), however, fringes at 

1425 and 1427 cm-1 in Figure 3.9(c-d) exhibit discernable changes: as 𝑧𝑧 increases, the size 

of the most centralized fringe shrinks. In other words, excited PhPs at different tip-sample 

distances hold different polariton momenta. In sum, we can group our findings on 

tomographic near-field fringes into two categories: For the first category, such as at 1420 

cm-1, fringes do not change as a function of 𝑧𝑧; For the second category, such as at 1425 and 

1427 cm-1, fringes can evolve as a function of 𝑧𝑧. The latter category indicates that PhPs with 

various momenta are excited at different tip-sample distances.  

 

Figure 3. 9 Fringe patterns, vertical near-field signals, and dispersion relation of h-11BN 

micro-disk. (a) AFM topography of an h-11BN micro-disk with a diameter of 9 µm and a 
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thickness of 70 nm. (b-d) Normalized tomographic near-field images at tip-sample 

distances 𝑧𝑧 = 1, 5 and 10 nm (in column) and incident frequencies 𝜔𝜔 = 1420, 1425 and 

1427 cm-1 (in row).  

Spatial periodicities of the circular fringes observed in tomographic near-field images are 

extracted to obtain the dispersion relation of a plot of incident frequency (𝜔𝜔) vs. polariton 

momentum (𝑞𝑞p). The results are shown in Figure 3.10(a). Experimentally observed 𝑞𝑞p 

exhibits a zig-zag trend along the predicted dispersion relation of PhPs based on the 

Drude-Lorentz model for dielectrics.72 In the zoomed-in region of 1420-1430 cm-1 in 

Figure 3.10(b), previously observed two-category properties are reproduced in the 

dispersion relation: the momentum 𝑞𝑞p  of excited PhPs converges to fixed values of 

2.5 × 104  and 2.85 × 104  cm-1 at incident frequencies 𝜔𝜔  around 1420 and 1428 cm-1; 

Between these two values, however, 𝑞𝑞p  exhibits a dependence on 𝑧𝑧 : decreasing 𝑞𝑞p  is 

observed as 𝑧𝑧  increases. It is sensible to assume 𝑞𝑞p  has the 𝑧𝑧 -dependence: the tip-

enhanced light field can couple more momentum into the material and excite PhPs with 

larger 𝑞𝑞p if the tip-sample distance 𝑧𝑧 is small. This 𝑧𝑧-dependence is also illustrated by an 

FDTD simulation shown in Figure 3.10. But, why does the 𝑞𝑞p not change with 𝑧𝑧 at some 

incident frequencies such as 1420 and 1428 cm-1? Later, we will explain this discrepancy 

by considering resonant conditions caused by the circular geometry of the h-11BN disk.  
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Figure 3. 10 Injecting momentum as a function of the tip-sample distance.FDTD 

simulations are conducted for two tip-sample distances at 𝑧𝑧 = 10 and 1 nm. A close tip-

sample distance at 𝑧𝑧 = 1 nm provides not only a more confined and intense light field but 

also couples more injecting momentum, as shown in the comparison in the wavevector 𝑘𝑘 

space in the lower part. The tip used is a gold tip with a 30-nm end radius, the sample is 

silicon, and the incident frequency is 1403 cm-1.     

3.4.2 Formation of geometric resonances 

Like a circular membrane of a musical drum that supports harmonic overtones,134 the 

circular disk of h-11BN has its resonant conditions. Vibrations close to one of the resonant 

conditions will be significantly enhanced. Resonant conditions of a circular disk had been 

solved analytically by examining standing wave solutions to a 2D wave equation.132 The 

solution is expressed in terms of Bessel functions with polar coordinate (𝑟𝑟p,𝜃𝜃p):129 

𝜌𝜌 = 𝐽𝐽𝑠𝑠�𝑘𝑘𝑠𝑠𝑠𝑠𝑟𝑟p + 𝜙𝜙��𝐴𝐴 cos�𝑠𝑠𝜃𝜃p� + 𝐵𝐵 sin�𝑠𝑠𝜃𝜃p��𝑒𝑒𝑖𝑖𝜔𝜔a𝑡𝑡 (3.6) 

in which 𝜌𝜌 is the spatial charge density that is proportional to the spatial waveform of 

PhPs,  𝐽𝐽𝑠𝑠 is the Bessel function of 𝑠𝑠th (𝑠𝑠 = 0 or 1) order, 𝜙𝜙 is a correction phase factor that 
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accounts for the extra phase shift occurs on the reflection, 𝐴𝐴 and 𝐵𝐵 are arbitrary complex 

amplitudes, and 𝜔𝜔a is the angular frequency. The wavevector 𝑘𝑘𝑠𝑠𝑠𝑠 of PhPs is solved in: 

𝐽𝐽𝑠𝑠′(𝑘𝑘𝑟𝑟0 + 𝜙𝜙) = 0 (3.7) 

with 𝑟𝑟0 being the radius of the disk. 𝑘𝑘𝑠𝑠𝑠𝑠 equals to the 𝑛𝑛th root in Equation 3.7. Considering 

the presence of the AFM tip and the generation of tip-induced PhPs, the majority of 

scattering signals is from the so-called roundtrip component, which is circularly 

symmetric and independent of 𝜃𝜃p.132 Finally, experimentally observed fringe patterns are 

proportional to 𝜌𝜌2 at resonant conditions, which is expressed as: 

𝜌𝜌2 = 𝐽𝐽𝑠𝑠2(𝑘𝑘𝑠𝑠𝑠𝑠𝑟𝑟 + 𝜙𝜙) (3.8) 

 

Figure 3. 11 Dispersion relation of PhPs confined in the disk.(a) The dispersion relation 

of the h-11BN micro-disk extracted from tomographic near-field images. Experimental 

data (shown as markers) are overlaid with calculated dispersion relation (black curve). 

Calculated 𝑘𝑘𝑠𝑠𝑠𝑠 corresponding to three observed resonant conditions are shown as purple 

arrows; others are shown as dashed purple lines. Mode numbers (𝑠𝑠,𝑛𝑛) are displayed along 

with arrows and lines. Details in the 1420 – 1430 cm-1 region are enlarged in (b). 

Therefore, we can solve a series of 𝑘𝑘𝑠𝑠𝑠𝑠 in Equation 3.7 and plug solved 𝑘𝑘𝑠𝑠𝑠𝑠 series back into 

Equation 3.8 to calculate observed fringe patterns. Solved 𝑘𝑘𝑠𝑠𝑠𝑠’s are plotted in Figure 3.11 

as vertical arrows and lines. Three 𝑘𝑘𝑠𝑠𝑠𝑠’s with the mode number (𝑠𝑠,𝑛𝑛) of (1,3), (0,4), and 
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(1,4) coincide with experimental observed 𝑞𝑞p’s at 1410, 1420, and 1428 cm-1. Because tip-

launched PhPs at these three incident frequencies have momenta 𝑞𝑞p’s that are close to the 

disk’s intrinsic geometric resonances with 𝑘𝑘1,3, 𝑘𝑘0,4, and 𝑘𝑘1,4, the geometric resonance with 

𝑘𝑘𝑠𝑠𝑠𝑠 can strongly enhance 𝑞𝑞p’s that match 𝑘𝑘𝑠𝑠𝑠𝑠. For example, no matter how the incident 

momentum changes as a function of the tip-sample distance, only the portion of 

momentum that matches 𝑘𝑘𝑠𝑠𝑠𝑠  gets enhanced. This is the reason why experimentally 

observed 𝑞𝑞p at 1410, 1420, and 1428 cm-1 does not change with 𝑧𝑧 at geometric resonances. 

The simulation based on Equation 3.8 also replicates experimentally observed fringe 

patterns at three resonant conditions, as shown in Figure 3.12. These results confirm that 

the two types of PhPs showing different 𝑧𝑧-dependence in the h-11BN micro-disk originate 

from the intrinsic geometric confinement of the micro-disk. At non-resonant conditions, 

the momentum of PhPs 𝑞𝑞p  drops as the tip-sample distance 𝑧𝑧  increases; at resonant 

conditions, 𝑞𝑞p keeps the same for a range of 𝑧𝑧. 

 

Figure 3. 12 Comparison between experimental observed and modeled fringes.Near-

field images sectioned at 𝑧𝑧 = 1 nm are shown in the upper row, and their corresponding 

simulations based on Equation 3.8 are shown in the lower row.  
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3.4.3 An h-11BN edge with no geometric confinement 

 

Figure 3. 13 Near-field analysis on the edge of an h-11BN flake. (a) AFM topography and 

tomographic near-field images at 1415 cm-1 of an h-11BN flake with a thickness of 40 nm. 

(b) Averaged profiles of near-field signals along the orthogonal direction to the edge. An 

increase of polariton wavelength 𝜆𝜆p  (decreasing 𝑞𝑞p ) is observed as 𝑧𝑧  increases. (c) 

Experimentally observed dispersion relation of PhPs overlaid with the simulation. 𝑞𝑞p 

exhibits 𝑧𝑧-dependence at all investigated frequencies. 

We have observed the focusing of PhPs’ momenta by the geometric confinement of a 

micro-disk, it is then intuitive to investigate PhPs’ momentum of an h-11BN structure 

without any geometric confinement, such as a simple reflective edge. Figure 3.13 shows 

near-field images and the extracted dispersion relation of PhPs on the edge of an h-11BN 

flake. As expected, no focusing effect of PhPs is observed, and changing the tip-sample 

distance 𝑧𝑧  can fine-tune the polariton momentum 𝑞𝑞p  at every investigated incident 

frequency. In conclusion, the ability of PF-SNOM to map 3D nearfields results in two 



 

58 

gains: On the one hand, it allows fine-tuning of polariton momentum by changing the tip-

sample distance; On the other hand, it provides a tool to detect whether the polaritonic 

structure is on-resonance. Neither of these two gains is achievable in the regular s-SNOM. 

3.5 Summary and outlook 

This chapter deals with two ways of obtaining 3D near-field scattering signals. One way is 

to improve over the conventional s-SNOM – devising a reconstruction algorithm to 

numerically reconstruct 3D near-field information, based on raw data from lock-in 

demodulation. The other way is more radical, and it uses completely different AFM 

working mode and signal acquisition method to attain 3D nearfield in a data cube 

experimentally. In practice, the second PF-SNOM method is preferred not only because it 

has a better spatial resolution, but also due to that the most important parameter used in 

mapping the 3D nearfield – the tip-sample distance – is controllable and well-defined in 

peak force tapping. As the cantilever is held stationary in peak force tapping, it has almost-

zero kinetic energy before the tip-sample contact, leading to a highly sensitive response to 

the force exerted between the tip and sample. Thus, the practical tip-sample distance zero 

is accurately detected in the time domain by the cantilever motion of the snap-in moment.   

The PF-SNOM results of BNNT and SiC samples suggest that the tip-enhanced light field 

is not just a scattering transmitter for probing the nearfield; it also acts as a damper at a 

short tip-sample distance. Anomalous vertical near-field behaviors obtained from BNNT 

and SiC samples cast an inevitable question on the reliability of traditional s-SNOM data. 

If the vertical near-field curve is not monotonic, how reliable is the s-SNOM signal, which 

is the averaged result from changing tip-sample distances, on representing actual 

nearfields? In this regard, PF-SNOM can remove the ambiguity caused by anomalous 

vertical nearfields and decipher a more accurate representation of near-field properties. 
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PF-SNOM has been demonstrated on fine-tuning phonon polaritons by changing the tip-

sample distance and determining the resonant conditions from geometric constraints. 

These findings open doors for the study of a wide range of applications that rely on both 

spectral and spatial selectivity. For example, the highly confined hotspots generated under 

resonant conditions could serve as a platform for chemical sensing. For different 

molecules, the polaritonic nanostructure could also be tailored to match their specific IR 

absorptions.133,135 Besides, the mode quantification of circular h-BN disks could also pave 

the way for fabricating momentum filters for selectively exciting and transmitting PhPs 

with the desired momentum. As a multi-modal technique that can perform in situ 

correlative nanoscale imaging, PF-SNOM has a vast application prospect in such systems. 

In conclusion, the development of reconstruction s-SNOM and PF-SNOM adds a missing 

block of capturing vertical near-field signals into existing s-SNOM techniques. For the first 

time, 3D optical nearfields are completely characterized by the tip-enhanced light field in 

AFM. As one more dimension of near-field information becomes available, new physics 

that were rarely studied before can be unearthed, from which a wide range of photonic 

applications will benefit. 
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Chapter 4 Super-Resolution Infrared Spectro-

Microscopy in the Liquid Phase 

Realizing super-resolution IR imaging and spectroscopy in water has long been a tempting 

but challenging goal to pursue due to the diffraction limit and the strong background 

absorption by water. In this chapter, we will present a method based on detecting the 

photothermal expansion, named liquid-phase peak force infrared (LiPFIR) microscopy, to 

tackle technical difficulties met in the aqueous system and achieve the nanoscale super-

resolution. This chapter will first start with a review of general PFIR microscopy in the air 

environment, followed by a brief overview of obstacles for implementing nano-IR methods 

in the aqueous phase. Then, ways of transforming PFIR into the aqueous phase are 

presented. Later, we benchmarked LiPFIR microscopy by using it to monitor physical, 

chemical, and biological transformations that occur in water, heavy water, and ethanol 

environments. Surprisingly, phonon polaritons, which are usually imaged by near-field 

scattering methods such as s-SNOM in the air, were firstly imaged in water by LiPFIR. A 

summary and outlook section is provided at the end. 

4.1 Peak force infrared microscopy 

Two types of IR nanoscopic techniques of photothermal induced resonance (PTIR) and 

photoinduced force microscopy (PiFM) have been introduced in Chapter 2. Their 

limitations have also been discussed in Section 2.5, as PTIR suffers from a poor spatial 

resolution caused by the tip scratching, and the PiFM signal tends to be unstable for 

uneven samples and requires special probes with high quality factors, while such 

requirement is extremely hard to meet in the liquid environment.  

An alternative method using peak force tapping (PFT) was developed by Xu’s group at 

Lehigh University and published in 2017, which is termed as peak force infrared (PFIR) 
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microscopy.28 PFIR adopts a similar excitation scheme to PTIR but in a much gentler 

manner. In PFT, the tip only contacts with the sample intermittently, with an in-contact 

period of several tens of µs in every tapping cycle. Within each in-contact period, an 

external IR pulse is brought to the tip-sample region to excite the absorbing sample. 

Similar to PTIR, the energy absorbed is then quickly turn into the photothermal expansion 

and pushes the cantilever to vibrate at its contact resonances. The magnitude of this pulse-

induced cantilever vibration is used as the signal in PFIR, which has been experimentally 

proved to be proportional to the sample’s IR absorption. The signal generation mechanism 

of PFIR is illustrated in Figure 4.1. 

 

Figure 4. 1 Signal generation in PFIR. (a) In PFIR operation, when the cantilever is far 

away from the sample (𝑡𝑡 < 𝑡𝑡s), the cantilever does not bend, and a small and constant 𝐷𝐷(𝑡𝑡) 

is recorded by the quadrant detector. After the snap-in point (𝑡𝑡 > 𝑡𝑡s), the tip becomes in-

contact with the sample, and a slight upward bend of the cantilever is recorded in the 

deflection signal 𝐷𝐷(𝑡𝑡). At the peak force point (𝑡𝑡 = 𝑡𝑡p), an external IR pulse is guided into 

the tip-sample region, and the absorbing sample can push up the cantilever through the 
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photothermal expansion. Thus, a large increase in 𝐷𝐷(𝑡𝑡) is observed, and the cantilever 

starts to vibrate. (b) Experimentally monitored 𝐷𝐷(𝑡𝑡) at two conditions – with and without 

the pulse illumination. The pulse arrives at the peak force time point 𝑡𝑡p. Subtracting the 

normal force curve (without pulse) from the excited force curve (with pulse) gives out a 

laser-induced deflection trace shown in (c). This self-subtraction scheme is realized by 

triggering the laser at half of the PFT frequency, so the force curve with and without pulse 

will be generated alternatively in time. The direct photothermal expansion Δ  or the 

amplitude of ringdowns from Fourier transform is used as the PFIR signal. 

Unlike the contact mode PTIR, the PFT mode PFIR limits the tip-sample in-contact time 

and therefore is less likely to scratch and damage the tip and the sample. Another 

difference in PFIR is the time window for the signal generation is much shorter than that 

of PTIR. The time window is mainly determined by the tip-sample in-contact period, 

which is usually tens of µs in PFIR. After the tip retraction, the cantilever’s oscillation will 

be quickly damped, and the cantilever goes back to the stationary state for the next tapping 

cycle. While in PTIR, the cantilever’s vibration can last for hundreds of µs (see Figure 2.6), 

which may make the AFM feedback loop unstable and damage the tip and sample. Most 

importantly, advanced PFT operations in commercial AFM are well-tuned and calibrated, 

allowing for the accurate peak force control and a much higher spatial resolution than that 

in contact mode. Sub-10 nm spatial resolutions were reported by using PFIR on a variety 

of samples: on block copolymer and boron nitride nanotube samples, a resolution of 10 

nm was obtained;28 on oil shale samples, a spatial resolution of 6 nm is demonstrated.136 

Such a high spatial resolution enables PFIR to image chemical compositions in 

unprecedented detail. For example, PFIR images of zymosan particles derived from cell 

walls of Saccharomyces cerevisiae are displayed in Figure 4.2, where polysaccharide 

backbones and protein-rich sites are mapped out around a bud scar in situ.137 
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Figure 4. 2 PFIR measurements on a zymosan particle.(a) AFM topography of a zymosan 

particle. A bud scar is located on the upper right corner and is indicated by a white box. 

(b) Zoomed-in topography image of the bud scar, the imaging area is 1.3 × 1.3 µm2. (c-d) 

PFIR images at 1030 (sugar chain) and 1630 cm-1 (amide), respectively. The zymosan 

surface is found to be polysaccharide-rich, and the interior of the bud scar is found to be 

protein-rich. Polysaccharides and proteins co-localize both inside and outside the bud scar 

and form a mesh-like backbone for the zymosan particle.  

To systematically evaluate three nano-IR imaging techniques of PTIR, PiFM, and PFIR, 

Table 4.1 is made to compare three methods in multiple aspects. PFIR has the highest 

spatial resolution among the three and is most versatile for a wide range of samples. 
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Table 4. 1 Comparison between three nano-IR imaging techniques. 

 PFIR PTIR PiFM 

AFM mode Peak force 
tapping Contact Tapping 

Spatial resolution  
(nm) 6-10 25-100 <10-20 

Laser power 
 (W) 10-5 10-4-10-2 10-4-10-3 

Tip contamination Low High Low 

Rough & sticky surface 
compatibility Yes No Challenging 

Access to mechanical 
information Yes Partial No 

Liquid-phase 
compatibility Yes Yes Challenging 

 

4.2 Obstacles for IR measurement in the aqueous phase 

The measurement of IR absorption provides information on the identity of molecular 

functional groups and their corresponding chemical environments. IR tools, such as FTIR, 

have long been popular methods for chemical identification. However, when measuring 

the IR property of the sample in the aqueous phase, two major problems appear. The first 

problem is generic for all IR methods: the spatial resolution is limited to the diffraction 

limit. The second problem is more stringent for the aqueous phase, as the absorption from 

water strongly attenuates the desired IR radiation, which is either used to excite the 

sample or to extract optical signals from. Thus, from the perspective of instrument design, 
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these two major problems can be separated into three parts: 1. The diffraction limit; 2. The 

light delivery; 3. The light detection.  

During Chapters 2-4, a series of IR imaging and spectroscopy techniques were introduced 

and demonstrated. One common trait of all these super-resolution techniques is that a tip-

enhanced light field is used as a scanning probe to bypass the diffraction limit. The same 

method can be used to enhance the spatial resolution in the aqueous phase as well. 

Additionally, in PTIR, PiFM, and PFIR, IR absorption is mechanically detected on-site by 

the cantilever motion, no optical detector is needed, which simplifies the instrument 

design since the light detection is no longer an issue. In most aqueous AFM operations, 

the whole cantilever is immersed inside the liquid. The problem remains, then, is how to 

deliver the exciting light field efficiently into the tip-sample region, where the sub-

wavelength plasmonic enhancement can be generated. 

The light delivery problem for IR spectroscopy in the aqueous phase can be solved using 

the geometry of attenuated total reflectance (ATR).138 In ATR configuration, IR beams are 

guided to the top surface of an ATR crystal at an incident angle that is greater than the 

critical angle. As a result, evanescent waves are generated from total internal reflection. 

The penetration depth of the evanescent waves depends on the light wavelength. It is 

usually around several microns, which means the energy is only distributed within a close 

range to the surface of the ATR crystal – where the sample is, leading to a reduced 

background IR absorption by water. By measuring the energy loss of incident beams, the 

sample’s IR absorption profile can be recovered. Generally, ATR crystals are made of IR-

transparent materials with high refractive indices, such as germanium, zinc selenide, 

diamond, and silicon. Figure 4.3 calculates the field enhancement and the penetration 

depth for the interface between water and germanium at 6.25-µm incident wavelength in 
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total internal reflection conditions.92 The closer the incident angle to the critical angle, the 

larger the field enhancement, and the higher the penetration depth is. 

 

Figure 4. 3 Calculated field enhancement (left panel) and penetration depth (right panel) 

for total internal reflection.The field enhancement is represented by the ratio between the 

amplitude of the vertical field 𝐸𝐸Z and the incident field 𝐸𝐸0. The critical angle at 19° is shown 

as vertical dashed lines in two figures.  

It is then worthwhile investigating whether the evanescent field in the ATR geometry can 

be used to deliver the light field into the tip-sample region. An FDTD simulation is 

conducted for the ATR geometry in Figure 4.4. Remarkably, the evanescent field can be 

further enhanced and confined by the plasmonic tip, leading to a light field distribution 

similar to that in ambient conditions with the side illumination (Figure 1.7). The chemical 

sensitivity in the ATR geometry is also demonstrated by the simulated spectrum of PMMA, 

in which the water absorption diminishes. The simulation results suggest a nanoscale 

chemical imaging tool based on the tip-enhanced light field is plausible in the aqueous 

phase.  

Some PTIR setups use zinc selenide prisms to achieve total internal reflection conditions 

in the ambient environment (see Section 2.3), and the ability of PTIR to work in the 

aqueous condition for imaging cells, protein aggregates and polymer patterns had already 
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been demonstrated.51,93,94 However, the spatial resolution in these studies was low due to 

the intrinsic limitations of PTIR (see Section 2.5). Besides, the strong drag felt by the 

cantilever in the aqueous systems can significantly lower the quality factor (Q) of 

cantilever resonances, causing an inevitable drop in the signal to noise ratio. This effect 

also renders the PiFM method tricky to implement in the aqueous phase, since the 

cantilever easily loses its well-behaved high-Q eigenmodes in water. So far, only large 

samples with thicknesses of hundreds of nm and sample that absorbs strongly in IR like 

PMMA were measured by PTIR in fixed liquid environments of water or heavy water. 

 

Figure 4. 4 FDTD simulation of the tip-enhanced light field in water and its chemical 

sensitivity. (a) The scheme used in the FDTD simulation. A 20-nm thick PMMA layer is 

put on the top surface of germanium, and a gold tip with an end radius of 30 nm is in 

contact with the sample. IR beams are illuminated from the bottom at an incident angle 

of 20° to achieve total internal reflection. (b) Simulated tip-enhanced field under 

absorbing 1740 cm-1 illumination. A strong, slightly distorted enhanced field is presented 

underneath the tip. (c) Simulated IR spectrum of the PMMA layer. Characteristic peaks of 

PMMA are reproduced.  
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On the other hand, the development of a liquid-phase IR nanospectroscopy is still 

tempting, because so many life-related chemical and biological transformations happen 

in aqueous systems. These systems are often delicate, multi-component, and intricate. 

Tracking them with IR would be ideal because IR is generally non-destructive and label-

free. The rest of this chapter will deal with the development and demonstrations of liquid-

phase peak force infrared microscopy, which delivers in situ monitoring of physical, 

chemical, and biological transformations with sub-10-nm spatial resolution.  

4.3 Liquid-phase peak force infrared microscopy 

4.3.1 Working principle of LiPFIR microscopy 

The signal generation mechanism of liquid-phase peak force infrared (LiPFIR) microscopy 

is almost the same as that of PFIR and is drawn in Figure 4.5. However, two improvements 

over the original methods used in PFIR have been made. First, the single-pulse excitation 

scheme is replaced by the multi-pulse excitation. Matching the repetition rate of IR pulses 

to the cantilever’s contact resonances results in an enhanced signal-to-noise ratio.139 This 

enhancement is especially desirable for LiPFIR because induced cantilever oscillations are 

smaller than that obtained in ambient conditions (Figure 4.5(b-c)). Second, the self-

subtraction scheme is no longer in use in LiPFIR. Instead, laser pulses are introduced 

during every PFT tapping cycle, and laser-induced cantilever vibrations are extracted by 

mathematical treatments (Figure 4.5(c)). This adjustment doubles the speed of signal 

acquisition in LiPFIR. A germanium (Ge) prism is used as the ATR crystal, and IR beams 

are brought from the bottom at an incident angle of 21°. The tip and sample are all 

immersed into water inside a fluid chamber during experiments. 
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Figure 4. 5 Signal generation in LiPFIR. (a) The ATR geometry used in LiPFIR. The 

cantilever is immersed in a fluid chamber on top of the Ge prism. The cantilever deflection 

𝐷𝐷(𝑡𝑡) is monitored simultaneously with the timing of input laser pulses. (b) Simultaneously 

recorded 𝐷𝐷(𝑡𝑡) and laser pulses in the time domain. A train of pulses arrives after the peak 

force point. (c) A zoomed-in view of the force curve with laser pulses. Small vibrations 

present in the force curve, and a slow-varying background (black dashed curve) from 

polynomial fits can be isolated from the force curve. The background is offset vertically for 

a better comparison. (d) Extracted laser-induced vibrations of the cantilever, by 

subtracting the slow-varying background from the force curve in (c). Vibrations induced 

by the train of incident pulses with the repetition rate that matches the contact resonant 

frequency of the cantilever. (e) FFT of (d). A large peak around the contact resonance of 

200 kHz is observed along with a series of multiples. Usually, the area underneath the first 

peak is used as the signal in LiPFIR. 

The combination of the ATR geometry with PFIR is not as sound straightforward. For 

example, since IR pulses come from the bottom to form a total internal reflection condition 

at the water/Ge interface, the height of the sample stage should be held constant if the 

light path of incident beams is fixed. Another concern is the change of tip position. The 

focus spot of IR beams at the water/Ge interface has the diffraction-limited size of several 

microns, and the tip should always be positioned inside the focus spot to maximize and 

stabilize the tip-enhancement. Requirements mentioned above set a rule of thumb for the 

choice of AFM: for a scanning AFM, the sample stage should move in the XY-plane while 
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the cantilever should move along the Z-axis. In practice, a different AFM make (Bruker 

Bioscope Catalyst) is used to achieve the ATR scheme. Also, because Ge is opaque with the 

visible light, laser alignment in LiPFIR becomes an issue. Technical drawing of the LiPFIR 

setup, laser alignment methods, and other technical details are included in Appendix II.  

4.3.2 Monitoring nanoscale surface reorganization of polymer blends 

Polymer blends formed by spontaneous phase separation serve as a model system to test 

the capability of the LiPFIR method. Figure 4.6(a) shows the topography of the polymer 

blend film formed by polystyrene (PS) and polymethyl methacrylate (PMMA) in heavy 

water. Depending on parameters of the sample preparation, spin-coated PS:PMMA blends 

can take different phase-separated geometries that cannot be distinguished simply from 

topography. Two types of domains are noticeable in the topography: higher circular 

islands and a lower matrix region. To perform the chemical identification, the incident 

laser is tuned to infrared frequencies that correspond to vibrational resonances of PS and 

PMMA, respectively. Resulting infrared images are displayed in Figure 4.6(b-c). At 1492 

cm-1, PS domains exhibit a larger photothermal expansion signal as aromatic C=C bonds 

absorb strongly at this frequency. At 1725 cm-1, PMMA domains are highlighted due to the 

absorption of the carbonyl C=O vibrations. Figures 4.6(b-c) allow chemical identification 

of the domain compositions in the liquid phase: the higher islands in the PS:PMMA blend 

polymer film are PMMA domains, and the lower matrix is the PS domain.  
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Figure 4. 6 LiPFIR imaging and spectroscopy on PS:PMMA blends. (a) AFM topography 

of the PS:PMMA polymer blend. Circular islands protrude from the lower matrix. (b-c) 

LiPFIR image of the same area at 1492 and 1725 cm-1, respectively. PS and PMMA domains 

are highlighted separately. (d) LiPFIR spectra collected from multiple locations on the 

PS:PMMA blend film. Inset shows the topography of a 3×1.5 µm2 area, where measuring 

locations are labeled as points. Two measurements on each domain were made and 

averaged spectra are shown.  Spectra are offset from each other for a better comparison. 

Characteristic PS and PMMA absorption lines are marked by red and blue dashed lines, 

respectively.  

Point spectra collected with LiPFIR are shown in Figure 4.6(d). When the AFM tip is fixed 

on circular islands, the averaged spectrum shows IR signatures of PMMA. Besides a strong 

carbonyl absorption peak at 1725 cm-1, there are also two peaks at 1380 cm-1 (α-methyl 

group vibration) and 1445 cm-1 (methyl C-H vibrations). In comparison, the averaged 

spectrum obtained from the PS domain shows absorption peaks at 1450 cm-1, 1495 cm-1, 

and 1601 cm-1, all from aromatic C=C vibrations of PS molecules. The distinctive spectra 

for PS and PMMA nanodomains indicate the succinct chemical sensitivity of LiPFIR. Note 

that the carbonyl peak at 1725 cm-1 of PMMA is also present in the PS domain, which is 

likely caused by bulk absorption of PMMA. The same effect was also observed in PS-b-
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PMMA copolymers with standard PFIR,28 as well as photoinduced force microscopy in the 

air.27 These results demonstrate that LiPFIR is capable of distinguishing multi-component 

polymer domains through both infrared imaging and spectroscopy. 

 

Figure 4. 7 Surface reorganization of PS:PMMA blends induced by ethanol.(a) 

Topography of PS:PMMA film in ethanol. (b-e) A series of LiPIFR images captured as a 

function of time after the immersion in ethanol. (f) Proposed mechanism of the surface 

reorganization.  
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In ethanol, PMMA can swell and rearrange motifs toward thermodynamic equilibrium 

between bulk ethanol and ethanol molecules dissolved in PMMA.140 To illustrate this effect 

in situ, we use LiPFIR to monitor the surface reorganization of the PS:PMMA blend film. 

Figures 4.7(a-e) show the surface reorganization on a 5×5 µm2 area of the PS:PMMA blend 

film as a function of immersion time. At the beginning, the topography of PS:PMMA blend 

film preserves the original phase-separated morphology in heavy water: islands are 

PMMA domains, and the lower matrix is the PS domain. This initial phase separation is 

confirmed by the infrared imaging at 1725 cm-1. After 32 minutes, a larger PMMA domain 

emerges in the upper left corner. At 76 min, the infrared illumination is switched to 1601 

cm-1, and a PS-depleted region appears around the newly-formed large PMMA domain. 

After 99 min of immersion, a new large PMMA domain emerges in the lower right corner, 

while the area of the upper left PMMA domain is increased. As a result, the surface 

reorganization of the PS:PMMA blend film induced by ethanol propels the polymer blend 

pattern to evolve from its original configuration, to form larger phase-separated domains. 

The surface reorganization is dynamically captured by LiPFIR imaging. A schematic in 

Figure 4.7(f) is proposed to illustrate the swelling and coalescing process of PMMA 

domains. 

4.3.3 Detecting H-D exchange on proteins in situ 

Bovine serum albumin (BSA) is widely used as a model protein to study biological 

processes and applications.141,142 The hydrogen-deuterium exchange (H-D exchange) 

method of proteins has found broad application in determining protein structure and 

solves questions related to protein interactions, energetics, and structural biology.143 

Infrared spectroscopy is suitable for studying the H-D exchange process since the 

replacement of hydrogen with deuterium significantly shifts the bond energy and changes 



 

74 

its infrared signatures.144 However, most of the H-D exchange experiments are conducted 

with FTIR in bulk solutions, omitting the presence of nanoscale spatial heterogeneity. 

LiPFIR is used to perform nano-imaging and spectroscopy of the H-D exchange process 

of BSA. Nanoscale infrared imaging of protein nanostructures is performed and shown in 

Figure 4.8. At room temperature, BSA proteins tend to form fibril structures in 

solution.145,146 The Ge surface was silanized with APTES to immobilize proteins (see 

Methods and materials). AFM topography of a segment of a BSA fibril in 0.1×PBS buffer 

is shown in Figure 4.8(a). This single BSA fibril is 150 nm in height and 350 nm in width. 

LiPFIR images at 1630 cm-1 (amide I band, β-sheet) are shown in Figure 4.8(b-d) in water 

and heavy water environments. In water, a large infrared signal along the BSA fibril is 

observed, which distinguishes the protein fibril from the substrate. The spotty signals on 

the substrate are observed at interstices among the rough surface, where hot spots are 

created by strong field enhancements. In heavy water, amide I band infrared absorption 

is present in the fibril, although the signal intensity reduces compared to that in water. 

Another observation from Figure 4.8(c) is that a small region at the left end of the BSA 

fibril exhibits much reduced infrared signal at 1630 cm-1. Figure 4.8(d) shows a zoomed-

in image of this region. Such a difference indicates a change of protein secondary structure 

in this area. 

To estimate the spatial resolution of LiPFIR imaging, a sectioned signal profile from the 

edge of the fibril is shown in Figure 4.8(e), and a spatial resolution of 8 nm is obtained for 

LiPFIR in water. By comparison, contact mode AFM-IR in water recently achieved a 20-

25 nm resolution,51,94 from a 100-nm spatial resolution in its early version.93 The signal to 

noise ratio is estimated by dividing the average signal by the r.m.s of a small region (0.1 

µm2) on the fibril, and is calculated to be 34. Without any external plasmonic 
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enhancement, a signal to noise ratio of 34 surpasses the value of 5 obtained on the PMMA 

film in the resonance enhanced contact mode AFM-IR in heavy water.51 

 

Figure 4. 8 LiPFIR imaging and spectroscopy study on H-D exchange of a BSA fibril.(a) 

Topography of a 150-nm high and 350-nm wide BSA fibril. (b) Infrared images of the BSA 

fibril in aqueous 0.1×PBS solution at 1630 cm-1. (c) Infrared images of the same BSA fibril 

in heavy water at 1630 cm-1. (d) Zoomed-in infrared image cropped from (c). The end of 

the fibril is indicated by an enclosure. (e) Signal profile from a high-resolution infrared 

image of the BSA fibril in water at 1630 cm-1 shown as the inset. A spatial resolution of 8 

nm is obtained from the lateral distance between the signal maximum and minimum 

across the sharp edge of the fibril. (f) LiPFIR spectra of the BSA fibril in aqueous 0.1×PBS 

solution and heavy water. Infrared absorptions are deconvoluted into amide I (green) and 

amide II (black and blue) peaks. Measured spectra are shown in red, and modeled spectra 

from the peak deconvolution is shown in orange. The location of the spectral measurement 

is pointed by a white arrow in (a). 
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The H-D exchange is revealed by spectroscopic results obtained in situ on the same 

location of BSA fibril in water and heavy water. Measured infrared spectra are displayed 

in Figure 4.8(f). To reduce the background absorptions from water and heavy water, a 

baseline is obtained at a location on the substrate. It then is subtracted from BSA spectra. 

In both cases, a broad peak covering both amide I (1600 - 1700 cm-1)  and amide II bands 

(1500 - 1600 cm-1) is observed. Because of the weak laser power of the QCL source at amide 

II band, a small amide II peak in water is obtained using the peak deconvolution method. 

When in heavy water, however, since the majority of amide II band absorption is from N-

H bonds in proteins, the replacement of N-H with N-D bonds redshifts the amide II 

absorption from 1550 to 1460 cm-1.147 As a result, a strong amide II band of the BSA fibril 

is observed in heavy water, which centers around 1460 cm-1 and indicates the completion 

of H-D exchange.  

4.3.4 Revealing protein denaturation induced by ethanol 

Protein denaturation is a process in which higher-order protein structures decompose and 

lose their bio-functionality. The denaturation of proteins is often used in the biotechnology 

industry to purify protein products.148 Ethanol, a widely available solvent, is a protein 

precipitant that is used in biomedical productions,149,150 as well as used as a disinfectant. 

Ethanol does not have strong infrared absorptions around amide I and II bands and is 

miscible with water. Understanding the denaturation process at the nanoscale will bring 

fresh perspectives and insights into many related biochemical and biophysical processes. 

For example, the denaturation of protein can be triggered by a denaturant that facilitates 

the solvation of the hydrophobic region of proteins.151 Infrared nano-imaging and 

spectroscopy of proteins that undergo the denaturation shall provide insights into the 

functions and activities of proteins. 
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Figure 4. 9 BSA denaturation in ethanol. (a) Topography of a BSA fibril in water. The 

fibril is about 100 nm in height and 250 nm in width. A protein oligomer with a diameter 

of 200 nm is observed at the side of the fibril. (b-d) Infrared images at 1630 cm-1 (β-sheet) 

and 1660 cm-1 (α-helix) of the BSA fibril in water, ethanol/water 1:1, and 99% ethanol 

solutions. (e) Infrared spectra collected from two locations labeled in (a). Spectra are 
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normalized for optimal comparison. (f) Example of peak deconvolution. The infrared 

spectrum obtained in water is decomposed into four peaks around 1550 (amide II), 1630 

(β-sheet), 1660 (α-helix), and 1740 cm-1 (carbonyl). (g) A plot of β-sheet content in amide 

I band vs. ethanol/water ratio. The β-sheet content is obtained from the deconvoluted 

peak area of 1630 cm-1 divided by the total peak area of amide I (1630 cm-1 and 1660 cm-

1).   

The LiPFIR microscopy is used to study ethanol-induced protein denaturation in situ. 

Displayed in Figure 4.9 are infrared images and spectra of a BSA protein fibril undergoing 

denaturation with the addition of ethanol. Figure 4.9(a) shows AFM topography of a BSA 

fibril in water. The fibril has a dimension of 100 nm in height and 250 nm in width. 

Figure 4.9(b-d) display the infrared images of the BSA fibril at two amide I frequencies 

under different ethanol/water compositions. Amide I absorption is mainly composed of 

C=O vibrations, which correlates with local environments of protein secondary structures. 

Infrared signatures of amide I band are widely used to determine secondary structures of 

proteins.21 In our case, two major amide I peaks – one at 1630 cm-1 and the other at 1660 

cm-1 – are used to respectively represent β-sheet components and α-helix components. In 

water (Figure 4.9(b)), the BSA fibril responds at both frequencies with uniformly-

distributed IR absorptions. A small oligomer is also detected besides the fibril, with the 

signal at 1630 cm-1 slightly prominent than that at 1660 cm-1, indicating this oligomer has 

more β-sheet contents. In 50% ethanol/water solution (Figure 4.9(c)), the signal intensity 

of both amide I peaks drops non-uniformly along the fibril, meaning that the secondary 

structure of the protein fibril has been affected. However, the oligomer’s amide I 

absorption remains strong, indicating its secondary structure is still preserved under 50% 

ethanol/water solution. In 99% ethanol/water solution (Figure 4.9(d)),  the signal 

intensity on the fibril at 1630 cm-1 is smaller than the intensity at 1660 cm-1, suggesting 

that the BSA fibril becomes α-helix-rich in ethanol. In comparison, the oligomer exhibits 
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small signals at 1660 cm-1, meaning that the α-helix conformation of the oligomer reduces 

in ethanol. The spatial and spectral variations in infrared images indicate that 

conformational change in the oligomer is different from that of the protein fibril when 

exposed to denaturation by ethanol. The oligomer is more resilient to the denaturation 

than the fibril at a medium ethanol concentration (50%), while the α-helix content in the 

oligomer is significantly reduced at a high ethanol concentration (99%). 

Infrared spectra collected from the fibril (location 1 in Figure 4.9(a)) and the oligomer 

(location 2 in Figure 4.9(a)) are plotted in Figure 4.9(e). At both locations, a strong amide 

I band centering at 1650 cm-1 and an amide II band centering at 1550 cm-1 are revealed by 

LiPFIR. It is worthy to note that the addition of ethanol induces a band centering at 1740 

cm-1, possibly indicating the adsorption of molecules with carbonyl functional groups 

introduced by impurities inside the ethanol solvent. To quantitatively compare the 

conformational ratio between β-sheet and α-helix, the amide I band from the fibril 

(location 1) in water is deconvoluted at 1630 cm-1 (β-sheet) and 1660 cm-1 (α-helix), as 

shown in Figure 4.9(f). Spectra of the fibril and the oligomer in 25%, 50%, 75%, 99% 

ethanol are obtained, and the same deconvolution procedure is performed. The change of 

β-sheet content is plotted as a function of the ethanol/water ratio in Figure 4.9(g). The 

oligomer starts with 50% β-sheet content in water, while the β-sheet content of the fibril 

in water is only 20%. As the content of ethanol increases, the spectral response of the fibril 

and the oligomer exhibit a similar trend: the content of β-sheet firstly increases as more 

ethanol is added, peaks at 75% concentration, and then drops down at 99% ethanol 

concentration. This trend is consistent with the ethanol-induced conformational change 

obtained through ultraviolet circular dichroism spectroscopy.152 Our observation suggests 

that the denaturation of protein nanostructures is not proportional to the ethanol 

concentration, and the most drastic conformational change is induced by 75% ethanol. 
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Similarly, the most effective ethanol concentration in killing bacteria and viruses is around 

70%.153 

4.3.5 Investigating yeast budding site in the liquid phase 

Avoiding the destructive shear force means that the LiPFIR microscopy is suitable for 

imaging highly uneven soft matter samples with large height variations, such as structures 

from biological cells. Imaging such samples would otherwise be extremely difficult to 

achieve with the contact mode AFM-IR without causing surface damages. For instance, 

imaging artifacts were present in the contact mode AFM-IR (PTIR) images of a large living 

cell in water with a ~100 nm spatial resolution.93 To demonstrate the capacity of LiPFIR 

in imaging large and soft biological samples, we use it to examine the chemical 

composition of large cell wall particles derived from the yeast Saccharomyces cerevisiae. 

These cell wall particles are often referred to as zymosan particles, which represents a 

group of naturally occurring immunomodulators for therapeutic applications.154-156 

Zymosan particles exhibit different shapes in the air and the aqueous phase. Figure 4.10(a) 

shows the topography of a dried zymosan particle in the air. The dried zymosan particle 

exhibits a flattened disk-like shape with an average height of ~250 nm. In the dried form, 

the nucleus of the original yeast becomes noticeable and appears protruded from the 

center of the zymosan particle.157,158 Another noticeable feature on the zymosan particle is 

the presence of a bud scar on the lower right. The bud scar is a ring-shaped fracture formed 

during the budding (division) process of yeast cells. We first perform air-phase peak force 

infrared microscopy on this zymosan particle. The sample is illuminated at 1030 cm-1 (C-

O-C vibrations) and 1630 cm-1 (amide I band), to resolve the spatial distribution of 

polysaccharides and proteins spatially. As shown in Figure 4.10(b-c), the infrared image 

at 1030 cm-1 suggests that polysaccharide components, which mainly included β-glucan 

and mannan, are evenly distributed across the zymosan surface. In comparison, the 
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infrared image at 1630 cm-1 clearly shows the uneven distribution of proteins. Proteins are 

enriched in multiple scattered spots, the nucleus, and the bud scar. Other locations of the 

zymosan particle also exhibit a small infrared signal at 1630 cm-1, indicating proteins are 

present together with polysaccharides on the rest area of zymosan surface. 

 

Figure 4. 10 LiPFIR imaging and spectroscopy on zymosan particles.(a) Topography of 

a zymosan particle in the air. The scale bar is cut off at 300 nm to provide better image 

contrast for the bud scar of low height. (b-c) Standard PFIR images of the zymosan particle 

in the air at 1030 cm-1 and 1630 cm-1, respectively. (d) Topography of two zymosan 

particles in heavy water. (e-f) LiPFIR images of two zymosan particles in heavy water at 

1030 cm-1 and 1630 cm-1, respectively. (g) The left panel indicates four spots of 

measurement for point spectra (positions 1 to 4). Position 5 is used to collect the baseline. 

The right panel shows collected spectra from four different locations on the two zymosan 

particles. Peaks at 1080, 1190, 1220, 1430 and 1630 cm-1 are labeled with dashed lines. 
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Dried zymosan particles, after immersed in heavy water, restore to their native ellipsoidal 

shape with a height of larger than 1 µm. Figure 4.10(d) shows the topography of two 

zymosan particles in heavy water. The height of zymosan particles increases from 

200~300 nm in the air to up to 1.8 µm in heavy water, and the large nucleus observed in 

the air disappears because it is now enclosed inside the shell of the zymosan particle. An 

unusual aspect of the AFM image of Figure 4.10(d) is that it captures two zymosan 

particles in the budding process with a septum formed in between. LiPFIR images are 

displayed in Figure 4.10(e-f). In Figure 5e, an even distribution of polysaccharides is 

observed. In Figure 4.10(f), the distribution of proteins also appears uniform, and slightly 

stronger signals present at peripherals, because the evanescent infrared field is stronger 

at lower heights from the Ge/water interface. Interestingly, strong 1630 cm-1 infrared 

absorptions that correspond to amide I are observed on a cluster of material close to the 

budding site, as indicated by the arrow in Figure 4.10(f). The cluster is connected with the 

budding septum from the bottom, as revealed by the LiPFIR images. Note that the 

chemical composition of the cluster cannot be simply determined as protein, chitin may 

also present, which also has strong infrared absorptions at amide I band and plays a role 

in the budding process.159 

To further confirm the chemical composition of the cluster in the vicinity of the budding 

site, four point spectra are collected and shown in Figure 4.10(g). Positions 1 and 3 are 

taken on the two zymosan particles, and position 2 is on the septum. Locations 1-3 show 

similar infrared signatures of polysaccharides: The peak at 1190 cm-1 is attributed to the 

absorption of heavy water inside the zymosan particles; small infrared absorptions 

between 1000~1100 cm-1 and the peak at 1220 cm-1 are due to the C-O stretching, and the 

peak at 1430 cm-1 is attributed to C-H bending. The spectrum collected on position 4, 

which is the bright spot observed at 1630 cm-1, however, does not show discernable 
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signatures of polysaccharide and chitin, which absorb around 1000~1100 cm-1. Instead, a 

sole amide I band around 1630 cm-1 is observed. This finding confirms that the highlighted 

cluster observed at 1630 cm-1 is mainly composed of proteins, and a medium band around 

1430 cm-1 is attributed to the H-D exchanged amide II band. The proteins in the cluster  

may participate in the synthesis of chitins during the budding process, as suggested by 

previous studies.160  

4.4 Imaging phonon polaritons in water 

4.4.1 Obstacles for operating s-SNOM in water 

Our works in Chapter 3 are highly related to characterizing the vertical properties of 

phonon polaritons (PhPs) by using scattering-type methods such as the reconstruction s-

SNOM and PF-SNOM. The excitation and detection of PhPs can potentially provide a 

route for nanoscale infrared sensing of molecular analytes,161,162 as well as polariton-

enhanced nanospectroscopy.135,163 These studies should preferably be conducted in the 

liquid phase – ideally in water where most of the meaningful chemical reactions and 

biological transformations happen. Mass transportation in the liquid phase is higher than 

that in the air, allowing molecular analytes to reach PhP-active sensing sites quickly. 

However, either PF-SNOM or s-SNOM cannot be easily performed in water because 

difficulties of operating AFM in tapping mode and collecting scattering signals in water. 

Consequently, PhPs are only imaged in air conditions so far.  

The challenge of using s-SNOM for probing mid-infrared PhPs in the aqueous phase is in 

three aspects. First, water strongly absorbs mid-infrared radiation. As a result, free-space 

delivery of mid-IR laser to the tip-sample junction, where tip-enhancement happens, is 

challenging. Second, s-SNOM requires optical detection of light scattered from the 

metallic AFM tip, which inevitably passes through water en route to the detector, strongly 

attenuating the signal. Third, the fluid creates a mechanical drag on the AFM cantilever 
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that makes its oscillation anharmonic in the tapping mode feedback.164 Anharmonicity in 

the cantilever oscillations causes signal artifacts in the lock-in signal extraction of s-SNOM 

signals that requires pure harmonic cantilever oscillation. Similarly, if the incident optical 

field at the tip-sample region is non-uniform, e.g., in an evanescent field from total 

internal reflection illumination, even purely harmonic oscillation of the AFM cantilever 

can lead to background signals in the non-fundamental lock-in demodulation. Although 

s-SNOM can measure water-encapsulated biological samples covered with a layer of 

graphene in the air,76 this bypassing approach is associated with complex operational 

procedures and is highly situational for certain types of samples. The direct and 

straightforward measurement in the aqueous phase for s-SNOM remains a challenge. 

4.4.2 Imaging phonon polaritons in water by LiPFIR 

On the other hand, plasmonic enhancement and PhPs are also detectable by measuring 

the photothermal expansion in PTIR, PiFM, and PFIR.94,139,165-167 A rationale for this 

phenomenon is that a rapid change in the scattering indicates shifts in both the real and 

the imaginary part (loss) of the permittivity; thus local inhomogeneities in electromagnetic 

fields are detectable in both scattering (s-SNOM and PF-SNOM) and absorption (PTIR 

and FTIR) ways. By making use of the detection of photothermal absorption in water, 

which has been demonstrated for LiPFIR in the previous section, hyperbolic PhPs in h-BN 

are successfully imaged in water for the first time.168 
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Figure 4. 11 LiPFIR images of phonon polaritons (PhPs) in water.(a) Topography of an 

h-10BN flake with a thickness of 70 nm. (b-e) LiPFIR images at 1405, 1410, 1415, and 1420 

cm-1, respectively. Interference fringes of PhPs are noticeable in (b-d) but not in (e). (f) 

Averaged line scan profiles of observed PhP fringes.  

Figure 4.11 displays LiPFIR images at a series of incident frequencies on a flake sample of 

h-10BN. Isotopically pure h-10BN is used because it supports PhPs with a much lower 

energy loss than naturally enriched h-BN and produces stronger photothermal expansion 

signals. Characteristic fringe patterns are detected in water from 1405 to 1415 cm-1 (Figure 

4.11(b-d)). Above 1420 cm-1, the fringes become too weak to detect (Figure 4.11(e)). The 

spacing of the interference fringes of PhPs decreases as the incident frequency increases, 

which is consistent with the general trend of the dispersion relation of PhPs. Averaged line 

scan profiles of the interference fringes from 1400 to 1415 cm-1 are shown in Figure 4.11(f), 

from which the spatial frequency of PhPs can be extracted. A bright dot on the lower left 

of the flake is observed in all LiPFIR images, which is likely a carbonate adhesive particle 

that absorbs strongly around 1400 cm-1 from the scotch tape used in the exfoliation 

process.169 The same reason also explains strong signals observed on the substrate, 

because LiPFIR is also chemically sensitive. 
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Figure 4. 12 Point spectra obtained from h-10BN by LiPFIR. (a) AFM topography of the 

h-10BN flake. Point spectra are collected at five different locations with a 500-nm interval 

along the black dashed arrow. The first point is 500-nm away from the edge. (b) Point 

spectra at five different locations on h-10BN, which are offset vertically for better 

comparison. The black dashed line at 1395 cm-1 shows the intrinsic phonon mode of h-
10BN. 

Point IR spectra are also collected by placing the AFM tip at specific locations and plotted 

in Figure 4.12. The main absorption peak at 1405 cm-1 is present at almost all probed 



 

87 

locations, which is off from the intrinsic phonon resonance at 1395 cm-1 of h-10BN.128 This 

offset is because PhPs are usually generated by the incident frequency that is higher than 

the phonon mode. When PhPs are generated in addition to the phonon resonance, the 

overall resonance profile shifts towards the blue side. This shift from the original phonon 

mode confirms that PhPs are detected by the LiPFIR. Moreover, a spatial variation of IR 

spectra at different probing locations is also observed. As the probing location progresses 

inward from the edge, the spectral response at 1405 cm-1 peak is maximized at 0.5 µm, 

drastically decreases at 1 µm, then gradual increases towards 2.5 µm. This modulation is 

caused by the spectral and distance dependence of the interference of phonon polaritons. 

As the tip brought from the edge to the left, it passes through crests and troughs of the first 

and the second interference fringes, thus different spectral response with high and low 

intensities at the peak of PhP are obtained. In the absence of PhPs, the spectra should be 

all the same across the homogeneous h-10BN flake. 

The dispersion relation of PhPs of h-10BN is extracted through Fourier transforming 

spatial profiles in Figure 4.11(f) into the spatial frequency domain. Obtained PhP momenta 

are then correlated with the incident frequency. Figure 4.13 displays the experimentally 

observed dispersion relation of PhPs in water. The theoretical trend of the hyperbolic PhP 

dispersion relation in water is also provided as a false-color map in the same figure. 

Overall, the experimentally observed dispersion relation aligns well with the model 

prediction. In addition, the same h-10BN is measured with the same LiPFIR apparatus in 

ambient conditions, and results are also shown in Figure 4.13. There is a clear difference 

between PhPs in the air and PhPs in water, suggesting that the dispersion relation of PhPs 

depends on surrounding dielectric environments. Different behaviors under different 

dielectric conditions form the basis of chemical sensing with PhPs.  
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Figure 4. 13 Experimentally collected dispersion relation of hyperbolic phonon 

polaritons (PhPs) overlaid with the theoretical model.Experimental data collected by 

LiPFIR in water are shown as blue markers, and data collected in ambient conditions are 

shown as white squares. Note that PhPs of h-10BN are not observable below 1410 cm-1 in 

the air, whereas they are not detectable by LiPFIR above 1415 cm-1 in water. Calculated 

dispersion relation of PhPs of h-10BN in water is represented by the imaginary part of the 

reflectivity of an H2O/h-10BN/Ge structure. Details can be found in 129. 

4.5 Summary and Outlook 

The compatibility with liquid-phase environments, the high spatial resolution, and the 

chemical sensitivity enable LiPFIR to be a versatile platform for in situ monitoring of 

chemical transformations at solid/liquid interfaces in a non-intrusive and label-free 

fashion. Utilization of the fluid perfusion chamber permits the nano-infrared investigation 

on the same spot of interest under different aqueous conditions. This capability allows for 

studying a broad range of solid/liquid interfacial chemical and biological processes, such 

as heterogeneous chemical reactions and catalysis,170 polymer membranes for biofouling 

mitigation,171 DNA nanotechnology at the solid/liquid interface,172 drug-protein 

interactions,173 and functionalities of cell membranes.174 
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Nonetheless, there is still room for improvement. One of the immediate improvements 

over LiPFIR is to utilize a better working AFM system in water. Currently, we use the 

Bruker Bioscope Catalyst AFM, which only allows peak force tapping at maximal 1 kHz 

and has a noise level of r.m.s. 80 pm. A newer model named Bruker Bioscope Resolve has 

an improved noise level of 40 nm and can perform peak force tapping at 2 kHz. Combining 

these two factors, if we simply replace the AFM with the newer model, the signal to noise 

ratio of LiPFIR will be enhanced by a factor of 2.8 (2√2). Another improvement is to detect 

scattering light from the total internal reflection as well, as the addition of light detection 

can offer a direct comparison between the near-field scattering and photothermal 

expansion in the ATR geometry. Finally, although the requirement of a high-Q cantilever 

in LiPFIR is not as stringent as in PTIR, PiFM, and s-SNOM, since the multi-pulse 

excitation scheme is adopted to generate ringdown oscillations long enough during the 

short tip-sample in-contact time, a high-Q cantilever in water can still help improve the 

signal transduction in LiPFIR. Various methods can be used to change the interfacial 

property of cantilever and enhance its Q-factor in water,175-178 which hints on the 

development of high-Q AFM cantilevers in the liquid phase.     

The introduction of PFIR microscopy into liquid-phase systems enables many possibilities 

in method developments as well. The platinum AFM tip used in LiPFIR microscopy can 

be engineered to have unique catalytic properties; in this way, site-specific chemical 

reactions can be established and monitored through LiPFIR microscopy as the tip contacts 

and catalyzes the reactive sample surface. Another development would be introducing 

temperature control to the fluid chamber, allowing for studying the nanoscale chemical 

reactions under varying thermal conditions. One of the promising outlooks of LiPFIR 

would be its utilization in electrochemistry. The LiPFIR is fundamentally compatible with 

electric AFM by using conductive probe and substrate that are suited for liquid phases. By 
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using electrochemical approaches, many electrochemical reactions can be triggered and 

investigated in situ right underneath the tip.   
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Chapter 5 Developments beyond Current 

Techniques 

In Chapters 3-4, we have built and benchmarked novel instruments with a radical shift 

from traditional contact and tapping modes to peak force tapping, to achieve 3D near-field 

characterization and in liquid IR spectro-microscopy. In this Chapter, additional works on 

renovations of existing methods will be introduced. The aim is to make two current 

techniques – standard s-SNOM and PFIR – “great again” through overhauling the existing 

methods from perspectives of signal acquisition and optics design. Throughout this 

chapter, we will prove that a pulsed laser source also works in standard s-SNOM. We will 

design a customized beam splitter with better stability for interferometric detections in s-

SNOM. Finally, we will show that photovoltaic samples can be investigated with PFIR 

method simply by using a visible light source. As a result, applications of s-SNOM and 

PFIR are extended to a much broader range.  

5.1 s-SNOM with a low-repetition-rate light source 

5.1.1 Nyquist-Shannon sampling theorem in s-SNOM 

As it has been already introduced in Section 2.2 and demonstrated in Section 3.2, the 

detection of scattering near-field signals in standard s-SNOM method relies on lock-in 

demodulations. In order to obtain demodulated outputs in the frequency domain, a 

continuous scattering signal in the time domain is needed as the input to the lock-in 

amplifier. Thus, a continuous wave (CW) laser is often used in the s-SNOM setup. A range 

of CW light sources has been used in s-SNOM, including gas lasers, free electron lasers, 

synchrotron radiation, heated thermal sources, and a plasma laser.179-184 In these 

applications, the cantilever is oscillating at a fundamental frequency of several hundreds 

of kHz, and demodulated non-harmonic signals range from hundreds of kHz to several 

MHz.  
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Figure 5. 1 Nyquist-Shannon sampling theorem in s-SNOM.In s-SNOM, the tip is 

oscillating at a frequency of Ω with a sinusoidal waveform, and the corresponding near-

field signal also has a frequency of Ω. If one measures the near-field signal with a high 

sampling rate, important features such as crests and troughs in the original near-field 

signal can still be resolved nicely. However, if one uses a much lower sampling rate than 

2Ω, obtained signals are only abstracts of the real signal, and information is lost.  

According to the Nyquist-Shannon sampling theorem, for an effective sampling process, 

the sampling rate should be more than the critical rate, which is twice of the target 

frequency.185 This theorem sets the lowest sampling rate for standard s-SNOM: to extract 

effective demodulated signals at 𝑛𝑛Ω Hz (𝑛𝑛 ≥ 2), the repetition rate of the light source has 

to be at least 2𝑛𝑛Ω Hz. An illustration of Nyquist-Shannon sampling theorem is shown in 

Figure 5.1. Therefore, if one used a light source with a low repetition rate of less than 2𝑛𝑛Ω 

Hz in s-SNOM, the sampling rate would be insufficient to record enough sample data, and 

a faulty and noisy signal would be given by the lock-in amplifier. 

However, low-repetition-rate light sources are beneficial for some applications. For 

example, the high per-pulse power of solid-state femtosecond sources at low repetition 

rates is suitable for frequency conversions through nonlinear processes, such as the 

difference frequency generation of mid-infrared radiation.186 A general trend holds for 

ultrafast lasers: the higher the per-pulse power, the lower the repetition rate. For instance,  
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the mid-infrared outputs in the fingerprint region are on the order of a mere 1 mW from 

the solid-state Ti:Sapphire oscillator or Erbium fiber lasers with 40 or 80 MHz repetition 

rates.187-189 In comparison, the output from an optical parametric amplifier pumped by a 

250 kHz repetition rate Ti:Sapphire regenerative amplifier system could exceed 10 mW 

even 25 years ago.190 The use of low-repetition-rate lasers with high per-pulse energy can 

enable many nonlinear optics effects to be pump-probed by s-SNOM.77,191,192 

In the following section, we report a new signal acquisition scheme to make s-SNOM 

compatible with low-repetition-rate light sources. It turns out that Nyquist-Shannon 

sampling theorem can be fulfilled in the other way, and near-field signals from low-

repetition-rate light sources are equivalent to those obtained with CW sources. 

5.1.2 Principle and protocols of using low-repetition-rate light sources 

In order to use a low-repetition-rate light source in s-SNOM and not break the rigorous 

Nyquist-Shannon theorem, it is important to reevaluate which portion of signals from the 

detected near-field scattering is really effective. In general s-SNOM operation, the sample 

surface gets scanned by the tip pixel-by-pixel. Consider obtaining a 256 × 256 pixel-size 

map in 22 mins and account for the trace and retrace motion at each scan line, the average 

time of the tip scanning on an individual pixel is about 10 ms. In terms of typing cycles, if 

the tip is tapping at 250 kHz, a 10-ms period will contain 2500 tapping cycles. Now, if we 

examine the waveform of near-field signals at a single pixel, this waveform should have a 

nice periodicity because the scattering signal is from the same spot of the sample. In other 

words, the 10-ms long waveform of the near-field signal is composed by replicating a short 

waveform from a single tapping cycle 2500 times in the time domain. Therefore, all near-

field information is stored in this repeating waveform unit.  
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Figure 5. 2 Principle of detecting near-field signals with a low-repetition-rate source.(a) 

A simplified s-SNOM setup. The cantilever is driven at its mechanical frequency Ω, and its 

deflection 𝐷𝐷(𝑡𝑡) is recorded by a quadrant light detector. Pulsed scattering generated by 

incident pulses at the repetition rate of 𝑓𝑓  is detected by a far-field light detector. (b) 

Simultaneously obtained 𝐷𝐷(𝑡𝑡) and scattering signal 𝑆𝑆(𝑡𝑡i) (𝑖𝑖 = 1,2,3, …) in the time domain. 

The actual CW near-field signal is drawn as the dashed curve. Light scattering from three 

pulses are detected in terms of intensity (𝑆𝑆1, 𝑆𝑆2, 𝑆𝑆3) and phase (𝜙𝜙1,𝜙𝜙2,𝜙𝜙3). Then, three 

detected 𝑆𝑆(𝜙𝜙) are plotted in a graph in (c) to populate the near-field signal within the full 

phase range from 0 to 2𝜋𝜋. 

It is possible to detect the repeating waveform unit using a low-repetition-rate. Figure 5.2 

presents the method of measuring this repeating waveform unit with a pulsed light 

source.193 The AFM cantilever is oscillating at its mechanical frequency of Ω Hz, with a 

waveform equation in the time domain for the deflection 𝐷𝐷(𝑡𝑡): 

𝐷𝐷(𝑡𝑡) = 𝐴𝐴0 sin(2𝜋𝜋Ω𝑡𝑡 + 𝜙𝜙0) (5.1) 

in which 𝐴𝐴0 is the half amplitude of tapping and 𝜙𝜙0 is the tapping phase. 𝐷𝐷(𝑡𝑡) is a known 

waveform from the AFM tapping mode. The real-time phase factor 𝜙𝜙 inside the sine term 

is then: 

𝜙𝜙(𝑡𝑡) = 2𝜋𝜋Ω𝑡𝑡 + 𝜙𝜙0 = sin−1
𝐷𝐷(𝑡𝑡)
𝐴𝐴0

 (5.2) 

To squeeze all 𝜙𝜙(𝑡𝑡)  that is larger than 2𝜋𝜋  into a single phase period within [0, 2𝜋𝜋] , 

Equation 5.2 is recast as: 
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𝜙𝜙(𝑡𝑡) =
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≥ 0
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𝑑𝑑𝑑𝑑(𝑡𝑡)
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< 0 
 (5.3) 

The sign of the slope 𝑑𝑑𝑑𝑑(𝑡𝑡) 𝑑𝑑𝑑𝑑⁄  is used to determine whether the phase 𝛷𝛷(𝑡𝑡) is within the 

branches of [3𝜋𝜋 2⁄ , 2𝜋𝜋] and [0 ,𝜋𝜋 2⁄ ], or the branch of [𝜋𝜋 2⁄ , 3𝜋𝜋 2⁄ ], supposing a maximum 

near-field signal should appear at 𝜙𝜙(𝑡𝑡) = 𝜋𝜋, and 𝜙𝜙(0) = 𝜙𝜙0 = 𝜋𝜋/2. Equation 5.3 provides 

a way to calculate the real-time phase from experimentally observed cantilever deflection 

𝐷𝐷(𝑡𝑡). 

Depending on the moment when the pulse hits the tip, the light is scattered according to 

the real-time polarizability, which is dependent on the tip-sample distance (Equation 2.2), 

or equivalently, the instantaneous oscillation phase of the tip. Consequently, the pulsed 

scattering signal 𝑆𝑆  has a dependence on the instantaneous oscillation phase 𝜙𝜙  of the 

cantilever motion 𝐷𝐷(𝑡𝑡). The scattering signal 𝑆𝑆(𝑡𝑡𝑖𝑖) measured at the time interval of 1/𝑓𝑓 is 

then correlated with the phase 𝜙𝜙𝑖𝑖  for a series of pulses from the light source. Once 

sufficiently large numbers of (𝑖𝑖 → ∞) the pulses are measured, many discrete 𝑆𝑆(𝜙𝜙𝑖𝑖) can 

compose a populated 𝑆𝑆(𝜙𝜙). As a result, discrete measurements in the time domain are 

converted into a pseudo-continuous signal in the phase domain. We call this method the 

phase domain sampling. This approach is conceptually similar to the procedure of sorting 

spectra with tip-sample distances that was used in the comb-FTIR s-SNOM.194 

For 𝑆𝑆(𝜙𝜙) to accurately represent the CW near-field signal in the phase domain, 𝜙𝜙𝑖𝑖 should 

densely span the phase range [0, 2𝜋𝜋] with small intervals. This condition is achieved if the 

repetition rate 𝑓𝑓  of the light source and the tip oscillation frequency Ω lack a common 

divisor, or their greatest common divisor is small. To illustrate this requirement, let us 

consider a train of laser pulses from the light source of a repetition rate of 𝑓𝑓 Hz. The phase 
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difference Δ𝜙𝜙 between instantaneous phases of two consecutive pulses is spanned as Δ𝜙𝜙 =

(2𝜋𝜋 𝛺𝛺 𝑓𝑓⁄ mod 2𝜋𝜋), with mod being the modulo operation, which provides the remainder of 

2𝜋𝜋 𝛺𝛺 𝑓𝑓⁄  when divided by 2𝜋𝜋. For a pulse train consisting of 𝑛𝑛 pulses, the Δ𝜙𝜙 domain is 

{(2𝜋𝜋𝑚𝑚𝑚𝑚 𝑓𝑓⁄ + 𝜙𝜙0) mod 2𝜋𝜋}, with the integer 𝑚𝑚 spans from 0 to 𝑛𝑛 − 1 . If a common divisor 

𝑞𝑞  exists for 𝑓𝑓  and 𝛺𝛺 , the Δ𝜙𝜙  domain should consist of discrete values of  {(2𝜋𝜋 𝑙𝑙𝑙𝑙 𝑓𝑓⁄ +

𝜙𝜙0) mod 2𝜋𝜋}, where the integer 𝑙𝑙 is from 0 to 𝑓𝑓/𝑞𝑞. The larger the common divisor q is, the 

fewer 𝑙𝑙 values are in the Δ𝜙𝜙 domain, which means there are less available non-repetitive 

phase values. For example, if the tip oscillation frequency is 248 kHz and the laser 

repetition rate is 10 kHz, the largest common divisor 𝑞𝑞 = 2. If the initial phase 𝛷𝛷0  is 

assumed to be 𝜋𝜋/2 , the detectable phase domain would consist of 

{0.5𝜋𝜋, 0.9𝜋𝜋, 1.3𝜋𝜋, 1.7𝜋𝜋, 0.1𝜋𝜋}. If the tip oscillation is at 249 kHz, then the phase domain 

consists of {0.5𝜋𝜋, 0.7𝜋𝜋, 0.9𝜋𝜋, 1.1𝜋𝜋, 1.3𝜋𝜋, 1.5𝜋𝜋, 1.7𝜋𝜋, 1.9𝜋𝜋, 0.1𝜋𝜋, 0.3𝜋𝜋}, which is twice as dense. 

In practice, unless specifically engineered, the possibility of the tip oscillation frequency Ω 

and laser repetition rate 𝑓𝑓 to have a large common divisor is quite low. If a large common 

divisor exists, one can avoid it by driving the tip at a small detune within its mechanical 

resonance, to achieve a densely populated phase domain for 𝜙𝜙 between 0 and 2𝜋𝜋. 

The next step is to quantitatively extract near-field responses from 𝑆𝑆(𝜙𝜙). 𝑆𝑆(𝜙𝜙) contains 

every information that is needed to obtain near-field signals. For example, we can fit 𝑆𝑆(𝜙𝜙) 

within the phase domain with the form of 𝑆𝑆(𝜙𝜙) = ∑𝐴𝐴𝑛𝑛 sin(𝑛𝑛𝑛𝑛 + 𝜙𝜙𝑛𝑛)  to obtain the 

amplitude 𝐴𝐴𝑛𝑛 and the phase 𝜙𝜙𝑛𝑛, for 𝑛𝑛 ≥ 2. The amplitude coefficient 𝐴𝐴𝑛𝑛 is equivalent to 

values obtained from lock-in demodulation. Alternatively, we can repeat 𝑆𝑆(𝜙𝜙) many times 

between −∞ and ∞, and perform Fourier analysis on the repeating waveform to obtain the 

non-fundamental harmonic components. A series of harmonics at the multiple of 1/2𝜋𝜋 

frequencies with both amplitude 𝐴𝐴𝑛𝑛 and phase 𝜙𝜙𝑛𝑛 can be extracted from 𝑆𝑆(𝜙𝜙). One of the 
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non-fundamental harmonic components can be used to represent the near-field response, 

analogous to the standard s-SNOM using lock-in detection.  

5.1.3 Validation of phase domain sampling 

 

Figure 5. 3 Experimental validation of phase domain sampling.(a) Simultaneously 

collected 𝑆𝑆(𝑡𝑡) and 𝐷𝐷(𝑡𝑡) in the time domain. (b) Populated 𝑆𝑆(𝜙𝜙) by correlating the peak 

intensities with the calculated phases of 1 × 105  pulses. For a better illustration, two 

periods of 𝑆𝑆(𝜙𝜙) are shown. (c) Amplitudes of the harmonics by Fourier transforming the 

long waveform constructed by repeating the waveform in (b). The inset shows the same 

Fourier analysis from the lock-in demodulation using a CW laser. (d) Comparison of the 

vertical near-field curves obtained from 1 × 105 pulses and CW illumination.  

We first demonstrate the phase domain sampling method on a strong reflecting gold 

substrate. The results are shown in Figure 5.3. Figure 5.3(b) shows the obtained phase-

signal 𝑆𝑆(𝜙𝜙) binned in 64 phase values between 0 and 2𝜋𝜋, converted from measurement 

events of 2 × 105  pulses with 5 nJ per-pulse energy from a quantum cascade laser (QCL), 

working in the pulsed mode of 10 kHz repetition rate. The nonlinear distance dependence 

of the tip-sample near-field interaction causes the curvature to deviate from the sinusoidal 
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shape. Fourier analysis on 𝑆𝑆(𝜙𝜙) with the procedure described above is shown in Figure 

5.3(c). A series of non-fundamental harmonic components are obtained, which are 

characteristic of the near-field interaction. Lock-in demodulations from the CW 

measurement are shown as the inset for comparison. In addition, the amplitude and phase 

of the series of harmonics from the Fourier analysis can also be utilized to obtain the 

distance dependence of the tip-sample near-field interaction with a reconstruction 

algorithm described in Section 3.2. The results are shown in Figure 5.3(d). The 1/𝑒𝑒 decay 

range of the gold nearfield is found to be 19.3 nm, which is consistent with the 

reconstructed interaction curve obtained from 18 harmonics using the CW mode of QCL. 

In the CW measurement, the input laser energy within the lock-in time constant is around 

13.1 mJ. In comparison, the total photon energy of 2 × 105  pulses with 20-ns duration is 

around 1 mJ, which is one order of magnitude smaller than that from the CW. Even with 

the smaller light energy, the signal to noise ratio obtained by the phase domain sampling 

is comparable to that obtained by the lock-in demodulation. 

The phase domain sampling method has been tested effective for a series of low repetition 

rates of 1, 10, 100, and 400 kHz.193 On the other hand, the principle of phase domain 

sampling does not require the repetition rate of pulses to be constant. In other words, 

pulses with a random or irregular repetition rate are also compatible with the phase 

domain sampling. Figure 5.4 performs a similar experiment to Figure 5.3 by using 

irregular laser pulses. In this case, the QCL laser is triggered by a noise waveform 

generated from a function generator. Again, a phase-domain near-field signal 𝑆𝑆(𝜙𝜙) can be 

constructed and converted to the near-field signal. The ability to work with irregular 

pulses ensures a stable signal acquisition for s-SNOM even when the light source has some 

jittering. 
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Figure 5. 4 Phase domain sampling with irregular-repetition-rate pulses.(a) Incident 

laser pulses with an irregular repetition rate. (b) Reconstructed 𝑆𝑆(𝜙𝜙) from 2 × 104 pulses. 

(c) Fourier analysis of reconstructed 𝑆𝑆(𝜙𝜙). 

5.1.4 Applying low-repetition-rate pulses to measure polaritonic materials 

We also carry out the s-SNOM measurement of more relevant materials of boron nitride 

nanotube (BNNT) and graphene nanoribbon with low-repetition-rate pulses. Figure 5.5 

displays the results. Point measurements from 2 × 105 pulses with a rate of 10 kHz are 

compared side to side with near-field images obtained from the CW source. Moreover, a 

good overlap between two types of signals indicates that the phase domain sampling with 

low-repetition-rate light sources is also capable of near-field imaging. The high spatial 

resolution of s-SNOM is still preserved with scarcely distributed pulses. 
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Figure 5. 5 Measuring polaritonic materials with low-repetition-rate pulses.(a) AFM 

topography and near-field image of a boron nitride nanotube at 1405 cm-1. Phonon 

polaritons are resolved. The near-field image is obtained with a CW source. (b) A cross-

section of the near-field image in (a) overlaid with point measurements with 10 kHz pulsed 

laser. (c) AFM topography and near-field image of a folded graphene multilayer 

(nanoribbon) at 1590 cm-1. Strong near-field signals from graphene plasmons are resolved. 

(d) A cross-section of the near-field image in (c) overlaid with point measurements with 

10 kHz pulses laser.  

5.1.5 Summary 

The phase domain sampling utilizes the mismatch between the cantilever’s mechanical 

frequency and the repetition rate of the laser to convert scarcely distributed data points in 

the time domain into populated 𝑆𝑆(𝜙𝜙) in the phase domain. In a sense, Nyquist-Shannon 

theorem in the time domain is bypassed in this process. This claim is weak, however, since 

one can argue that a large number of pulses need to be measured to construct an effective 

𝑆𝑆(𝜙𝜙), and Nyquist-Shannon sampling theorem still holds in the phase domain at the 
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expense of longer signal acquisition time. In practice, one of the problems that the phase 

domain sampling has is the long data acquisition time. For example, at a repetition rate of 

10 kHz, if 2 × 104  pulses are needed to reconstruct a populated 𝑆𝑆(𝜙𝜙), the acquisition time 

per-pixel would be 2 seconds, which is fast enough for a line scan across a feature of 

interest, but very slow for generating a full-frame near-field image (e.g., a 128 ×  128 

pixel-size image would take 9.1 hours). This limitation can be alleviated with an increased 

repetition rate. At 100 kHz repetition rate, the sampling would be ten times faster, given 

that the hardware-level data acquisition and processing speed can keep up with the 

increased sampling rates. 

Another drawback of the phase domain sampling is that it is susceptible to pulse-to-pulse 

instabilities. Since the near-field interaction is small compared with the far-field 

background, the pulse-to-pulse energy fluctuation is likely to be the dominant source of 

the noise. For example, measured pulse-to-pulse energy variations are roughly 1-3% for 

the QCL laser used in this experiment.193 In Figure 5.3, for comparison, the amplitude of 

the second harmonic demodulation from the near-field signal on gold claims only 0.8% of 

the total scattering amplitude. In the presence of large pulse-to-pulse energy fluctuations, 

more pulses are inevitably required for averaging to obtain 𝑆𝑆(𝜙𝜙) for signal extraction, thus 

increasing the data acquisition time. On the other hand, the pulse-to-pulse fluctuations 

can be compensated by a far-field light detector that resolves the pulse energy for 

individual pulses. 

In summary, the phase domain sampling method enables s-SNOM with low-repetition-

rate pulsed light sources. Experimental results show near-field signals obtained from the 

pulsed source is equivalent to the traditional lock-in detection with the CW light source. 

The method expands the availability of light sources for s-SNOM and potentially permits 

the utilization of coherent radiation derived from the pulsed laser from popular amplified 
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ultrafast laser systems. With advanced low-repetition-rate light sources, it is easier to 

perform nanoscale spectroscopic investigations that require high instantaneous optical 

powers in the field of nonlinear nano-optics and pump-probe s-SNOM. 

5.2 A stable homodyne device for s-SNOM 

To fully map both amplitude and phase of optical nearfields, a Michelson interferometer 

is used in s-SNOM to enable interferometric detections, as shown in the setup Figure 2.4. 

However, the far-field Michelson interferometer is susceptible to external noises, such as 

thermal vibration and drift, because of the existence of mechanical instability. These 

noises can be destructive in s-SNOM, since the near-field signal is generally only a small 

portion of the total scattering. Moreover, it takes many efforts to align the signal beam to 

be colinear with the reference beam, because two beams take different paths at the 

incidence on a beam splitter.  

The problem of mechanical instability can be alleviated by reducing the spatial length of 

the reference beam. Ideally, the signal beam and reference beam should be separated at a 

spatial location as close as possible to the sample. Therefore, the parabolic mirror used in 

the conventional s-SNOM to focus the light onto the tip-sample region can be engineered 

to also act as a beam splitter, since it provides the shortest light path in practice for the 

reference beam. Specifically, a small hole can be drilled through the parabolic mirror to 

allow a passage for the reference beam. Since the numeric aperture is large for parabolic 

mirrors, the energy lost in the small hole is still affordable if one uses an input beam with 

a large diameter. By putting a movable retroreflector on the path of the reference beam, 

the phase condition for the interferometric detection can be adjusted.  

The s-SNOM experiment setup with a customized phase adjustable homodyne device is 

shown in Figure 5.6. In Figure 5.6(a), the reference arm of the traditional far-field 
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Michelson interferometer is replaced by a customized parabolic mirror, which not only 

focuses the beam onto the tip-sample region, but also permits a portion of the input beam 

to pass through. In Figure 5.6b, a small reflective mirror was mounted on a piezo actuator 

at the back of the parabolic mirror. By modifying the position of the piezo actuator, the 

phase of the reflected reference beam can be adjusted to achieve a homodyne detection. 

The actual apparatus is shown in Figure 5.6(c). To justify that the energy loss from the 

drilled parabolic mirror is negligible, numerical simulations of the focusing plane and the 

focus spot are carried out in Figure 5.6 (d-f). As a result, the focus spot preserves the 

desired Gaussian profile and keeps most of the energy, with a negligible phase distortion 

inside the beam profile.  

The optical path of the retroreflected beam is adjusted by applying various voltages to the 

piezoelectric actuator. In our implementation, we operate the AFM in the interleave mode, 

in which the AFM tip scans the same line twice. The first scan is normal. In the second 

scan, a controllable output voltage is applied to the piezo actuator to produce a π/2 

homodyne phase difference. In order to compare s-SNOM performance between the 

conventional reference arm and the customized homodyne device, the same voltage is 

applied to both piezoelectric actuators (same model), one is mounted on the back of the 

parabolic mirror and the other is mounted on the conventional reference arm. s-SNOM 

results for each case are obtained by blocking the other reference path, and dual-phase s-

SNOM images from two configurations are taken sequentially. 
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Figure 5. 6 s-SNOM with a phase adjustable homodyne device.(a) Schematic of s-SNOM 

with a phase adjustable self-homodyne configuration. A piezo-actuated mirror on the back 

of the partially transmissive parabolic mirror replaces the reference arm (RM) of the 

conventional Michelson interferometer. (b) Detailed illustration of the phase adjustable 

self-homodyne device. A retroreflector is mounted on the piezo actuator. (c) Photo of the 

real experimental setup. (d) Numerical simulation of a Gaussian beam incident on a 

parabolic mirror with a hole with a diameter of 1.5 mm. The resulting beam focus is shown 

in (e), assuming a 15-mm diameter of the 7-µm wavelength incident beam. (f) The profile 

of the focused beam along the X-axis. The intensity profile on the drilled parabolic mirror 

is almost the same as that from the normal focus (without hole). The phase distortion 

inside the beam profile is on orders of milliradian. 

Two kinds of samples are measured: polaritonic boron nitride nanotubes (BNNTs) and a 

thin film of hexagonal boron nitride (h-BN). Side-by-side comparison between the 

customized homodyne device and the traditional reference arm is displayed in Figure 5.7. 

Near-field amplitude 𝐴𝐴NF and phase 𝑃𝑃NF images are calculated from s-SNOM results at 𝜙𝜙0 

and 𝜙𝜙0 + 𝜋𝜋/2 homodyne conditions according to Equation 5.4: 
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𝐴𝐴NF = �𝑆𝑆𝜙𝜙0
2 + 𝑆𝑆𝜙𝜙0+𝜋𝜋/2

2   and 𝑃𝑃NF = arctan(𝑆𝑆𝜙𝜙0/𝑆𝑆𝜙𝜙0+𝜋𝜋/2) (5.4) 

in which 𝑆𝑆𝜙𝜙0 and 𝑆𝑆𝜙𝜙0+𝜋𝜋/2 are s-SNOM intensities at the phase 𝜙𝜙0 and the phase 𝜙𝜙0 + 𝜋𝜋/2.  

 

Figure 5. 7 Comparison between the customized homodyne device and the traditional 

reference arm.(a) Topography of BNNTs. (b-c) s-SNOM images at two phases from the 2nd 

harmonic demodulation, and near-field amplitude 𝐴𝐴NF  and phase 𝑃𝑃NF  images. The 

incident frequency is 1405 cm-1. (d) Topography of a thin h-BN film with a thickness of 45 

nm. (e-f) s-SNOM images at two phases from the 2nd harmonic demodulation, and near-

field amplitude 𝐴𝐴NF and phase 𝑃𝑃NF images. The incident frequency is 1425 cm-1. The size 

of each near-field image is 256×128 pixels, and the scanning time for each set of s-SNOM 

images is 15 min. 

Compared with the traditional homodyne scheme that uses the reference arm, the 

customized homodyne device provides cleaner images and is less susceptible to 

mechanical noises and thermal drifts. Both near-field amplitude and phase signals can be 

resolved artifact-free in Figures 5.7(b) and (e). However, in Figure 5.7(c) and (f), imaging 

artifacts such as streaks are observed in near-field images obtained from the traditional 

reference arm. These artifacts are from the instability of the reference arm, as it has a 

longer optical path length, mechanical disturbances on the widely separated reference 
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arms during the experiment lead to significant disturbances and noisy images. The signal 

to noise ratio can be estimated from a rectangular area on the phase image as indicated in 

Figure 5.7(b-c), which is estimated to be 68 and 7 for the customized stable homodyne 

device and the traditional reference arm, respectively. 

 

Figure 5. 8 Long-term stabilities of the customized homodyne device and traditional 

reference arm. Near-field amplitude and phase are obtained from the gold substrate with 

a mid-infrared incident frequency of 1600 cm-1. 

The long-term stability of each case is also estimated and compared in Figure 5.8. In this 

experiment, a 2-hour long s-SNOM dual-phase measurement on a smooth gold surface 

(with a surface roughness of 0.5 nm in a 500 × 500 nm2 region) is performed for both the 

customized stable homodyne device and the conventional reference arm sequentially. The 

s-SNOM tip is parked on one fixed location, and 1024 × 1024 pixel size images of the s-
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SNOM second demodulated amplitude are captured at 𝜙𝜙0 + 𝜋𝜋/2 homodyne conditions 

over 115 min. Although two cases both show the drift of the near-field amplitude, it is 

observed that the customized homodyne device is more stable than the traditional 

reference arm. In the latter case, the near-field phase gradually drops within the first 30 

minutes and jitters in the last 30 min. The peak-to-peak variation over 115 min is 0.2 

radians. In comparison, the near-field phase obtained by the customized homodyne device 

remains stable over a long time with a much smaller peak-to-peak vibration of only 0.04 

radian, with a large signal to noise ratio (SNR) of 149. For the reference arm, we pick two 

relatively smooth region (marked by two shaded areas in Figure 5.8, each is 15 min wide) 

to calculate SNRs, they are 32 and 67, respectively, which are consistently lower. These 

results demonstrate that the customized homodyne device shows better stability than the 

traditional reference arm, which is more susceptible to thermal drift/mechanical 

instability. 

The advantage of the customized homodyne device based on a drilled parabolic mirror 

over the conventional reference arm is that the optical path of the interferometer is 

drastically reduced from tens of cm to several cm. The reduced optical path of the 

interferometer significantly reduces the instability of the optical phase in s-SNOM caused 

by thermal drift and vibrations. The compactness of the customized device also brings 

flexibility to the design of the s-SNOM instrument. For example, in low-temperature s-

SNOM, the interferometer arrangement is dictated by other requirements such as 

temperature control and vacuum isolation. In that case, the external reference arm in the 

traditional Michelson configuration must be positioned outside the vacuum chamber, and 

thus a short and stable optical path length becomes nearly impossible. In comparison, the 

use of the customized homodyne device can enable putting the interferometer inside the 

vacuum chamber together with the parabolic mirror. This advantage may allow simple 
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conversion of a low-temperature stage-scanning AFM into a low-temperature s-SNOM 

instrument without a special design of the vacuum chamber. 

As another advantage, the number of photons that are detected from the tip-sample near-

field scattering process can also be enhanced by utilizing the customized homodyne 

device. In the conventional far-field reference arm configuration, a 50:50 R/T ratio beam 

splitter is typically used. Near-field scattered light from the tip-sample region after 

collimation must go through the same beam splitter before reaching the optical detector. 

Inevitably, the near-field scattered light loses 50% of the meaningful photons. On the other 

hand, in order to avoid sample damage from the laser exposure, the power of the incident 

light from the QCL often is attenuated in s-SNOM such that the incoming photon fluence 

at the tip-sample region is below the damaging threshold. In the customized homodyne 

design, the beam splitter (drilled parabolic mirror) can be engineered to give a 10:90 R/T 

ratio. In this case, the incident light can be attenuated to 10%, and 90% of the meaningful 

near-field scattered light will reach the optical detector. Given the same photon fluence at 

the tip-sample region, the customized homodyne device with a 10:90 R/T ratio will 

provide 80% more detectable signals to the detector. 

Last but not least, rather than using two quadrature phases for homodyne detection, the 

sinusoidal phase modulation of the reference mirror behind the parabolic mirror can be 

used, according to the double demodulation technique of pseudo heterodyne.80  

5.3 Peak force visible microscopy 

A wide range of practical light-matter interactions is in the visible range, such as surface 

plasmon resonance of metallic nanoparticles,195 fluorescence microscopy,196 and 

photovoltaic technologies.197 Investigating such processes at the nanoscale will bring new 

insights that are needed to unravel complex light-matter interactions at the fundamental 

level.  To achieve nanoscale spatial resolution, a series of seminal works have been done 
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in the field of super-resolution fluorescence microscopy, including stimulated emission 

depletion (STED) microscopy,198 saturated structured illumination microscopy (SSIM),199 

stochastic optical reconstruction microscopy (STORM),200 photoactivated localization 

microscopy (PALM),201 and fluorescence photoactivation localization microscopy 

(FPALM).202 In STED, the optical focus spot is spatially modified with a donut shape to 

sharpen the point spread function (PSD) of individual emitters (fluorophores). In SSIM, a 

diffractive grating and a rotational scheme are used to reconstruct super-resolution 

images from saturated intensity maps of fluorescence. In STORM/PALM/FPALM, 

fluorophores are excited at different time points iteratively, allowing for the localization of 

single fluorophores by averaging many maps of PSDs. 

However, super-resolution fluorescence methods rely on the large fluorescence cross-

section of fluorophore molecules in the visible range, which is less applicable in a broader 

way than biological samples. A more general detection method is necessary to study 

materials that cannot be or should not be fluorophore-labeled. One of the promising 

candidates in the detection method is the photothermal effect, since it always accompanies 

the light-matter interactions, as introduced in Section 1.4.  

Here, we use the same setup used in the peak force infrared (PFIR) microscopy to perform 

photothermal expansion measurements in the visible range. For simplicity, this technique 

is named as peak force visible (PF-vis) microscopy. The PF-vis microscopy is built up by 

replacing the IR laser source in PFIR setup with a 532-nm light source. The detection 

mechanism of PF-vis is the same as the regular PFIR (Figure 4.1). 

5.3.1 Single-molecular sensitivity of PF-vis microscopy 

Figure 5.9 shows PF-vis microscopy results of green fluorescence protein (GFP)-labeled 

virus-like particles (VLPs) in the ambient condition. AFM topography is shown in Figure 

5.9(a), where the majority of VLPs have sizes of 30-80 nm and heights of 10-18 nm. Figure 
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5.9(b) displays the PF-vis image in the same region under 532-nm illumination. Individual 

GFP-labeled VLP particles, no matter the size, show photothermal expansion signals 

caused by light absorptions. On the other hand, Figure 5.9(b) suggests that the distribution 

of GFP on VLPs is not homogeneous.   

 

Figure 5. 9 PF-vis microscopy measurement on GFL-labeled VLPs.(a) Topography of 

GFP-labeled VLPs in the air. (b) PF-vis image at 532 nm. (c) Signal profiles across the 

small particle indicated by white arrows in (a) and (b). (d) Signal profiles across the VLP 

particle labeled by a white line in (b). A spatial resolution of 3 nm is obtained from the 

lateral distance between the 90%-10% signal maximum across the edge.  

Interestingly, a small particle absorbing at 532 nm is observed in Figure 5.9(b), and the 

position is indicated by arrows in Figure 5.9(a-b). The signal profile across this particle is 

plotted in 5.9(c) along with the AFM height. A small height of 1 nm from the mica substrate 

indicates this particle could be a single adsorbed GFP molecule, which has a cylindrical 

shape of about 2.5 nm in diameter and 4 nm tall in free space.203 The AFM width is 

measured to be roughly 20 nm for the particle since the lateral resolution of AFM is bound 

by the tip radius (~30 nm in this case).  The PF-vis profile has a width of approximately 15 

nm, which is ~17 times better than the diffraction limit.  
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To estimate the spatial resolution, the signal profile across a VLP is shown in Figure 5.7(d), 

and a spatial resolution of 3 nm is obtained from the width between 90%-10% of the 

maximal signal across the edge. The 3-nm spatial resolution exceeds 6-10 nm of the 

standard PFIR with an infrared laser source. Such a high spatial resolution and single-

molecular sensitivity make PF-vis microscopy suitable for measuring fluorophores. 

Another advantage of the PF-vis microscopy is that it is not susceptible to fluorescence 

bleaching as a photothermal method. 

5.3.2 PF-vis microscopy on organic photovoltaic samples 

PF-vis microscopy is also applied to study polymer heterojunctions that are widely used 

in organic photovoltaics (OPVs). The key functional layer in OPV devices consists of 

spatially phase-separated donor and acceptor domains in a blend mixture. Excitons 

generated by photons diffuse towards donor-acceptor interfaces in the mixture and 

undergo charge separations to generate electric current. Phase-separated donor and 

acceptor domains are usually in the size of nanoscale, and the geometry of the phase 

separation plays an important role in effective light-current conversion. As we will see 

later, PF-vis microscopy provides a route to not only map nanoscale donor and acceptor 

domains, but also characterize the diffusion length of excitons, which is one of the key 

parameters in determining the photovoltaic performance of the device. Here, we use PF-

vis microscopy to image and extract intrinsic exciton properties from OPV blends. In two 

investigated OPV blends, poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly[(9,9-

dioctylfluorenyl-2,7-diyl)-alt-(4,4′-(N-(4-sec-butylphenyl)diphenylamine)] (TFB) are 

used as donors, and [6,6]-phenyl C61 butyric acid methyl ester (PCBM) is used as the 

acceptor in both. 
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Figure 5. 10 Photothermal expansion generation in the donor domain. (a) Schematic of 

photothermal expansion generated by excitons. (b) Model of finite element analysis in a 

circular planar donor domain. Exciton generated from an element (C5) within the laser 

focus can travel a distance of 𝑑𝑑 to the tip position (F6). 

Figure 5.10(a) illustrates multiple routes that can be taken by excitons in the donor 

domain. Two major paths are used by excitons to diffuse the absorbed energy. First, 

excitons travel towards the interface between donor and acceptor. At the interface, the 

exciton dissociates into a pair of electron and hole and generates electric current by 

separating the electron-hole pair, this process is preferred for OPV applications. Secondly, 

the exciton undergoes the process of thermodiffusion to reach the dissipation state. In 

general, the heat generated during the second process can cause the donor domain to 

expand due to released thermal energy. The efficiency of both processes depends on the 

lifetime or the decay length of the exciton. The longer the decay length, the higher the 

possibility that the exciton can reach the interface, and the more the heat generation.204 

Moreover, the lifetime of excitons is in orders of ns,204 which is much shorter than the µs-

level cantilever vibrations detected in PF-vis microscopy (Figure 1c). What measured in 

PF-vis microscopy is then the net result of exciton distributions after the decay. Therefore, 

a finite element analysis can be applied to simulate exciton distributions on the donor 



 

113 

domain by treating every element as an exciton generation source and considering the 

decay length. The scheme of finite element analysis is shown in Figure 5.10(b). 

In the finite element analysis shown in Figure 3b, the heat generated at each element is 

proportional to the local density of excitons both generated and diffused and can be 

written as: 

𝐼𝐼𝑛𝑛,𝑚𝑚 ∝ ��𝐼𝐼𝑘𝑘,𝑗𝑗 exp(−𝑑𝑑𝑘𝑘,𝑗𝑗/𝐿𝐿D)
𝑅𝑅

𝑗𝑗=0

𝑅𝑅

𝑘𝑘=0

 (5.5) 

in which 𝐼𝐼𝑛𝑛,𝑚𝑚 is the PF-vis signal intensity at the element (𝑛𝑛,𝑚𝑚), 𝐼𝐼𝑘𝑘,𝑗𝑗 is the exciton density 

at the element (𝑘𝑘, 𝑗𝑗), 𝑑𝑑𝑘𝑘,𝑗𝑗  is the distance between the element (𝑛𝑛,𝑚𝑚) and (𝑘𝑘, 𝑗𝑗), 𝐿𝐿D is the 

exciton diffusion length, and 𝐷𝐷 is the dimension of the donor domain. Note that Equation 

1 is one of the simplest models for exciton decaying. It assumes a pure donor domain and 

does not account for the exciton reflection at the interface and heat generated elsewhere 

other than the exciton thermodiffusion. So, the diffusion length 𝐿𝐿D  in Equation 1 is 

apparent diffusion length. However, 𝐿𝐿D is still meaningful in practice since it is directly 

derived from in operando PF-vis results.  

In PF-vis operation, excitons are generated by the tip-enhanced light field. Thus, other 

factors related to the element-wise exciton generation should also be considered and 

added into Equation 5.5. These effects include the non-asymmetric illumination field due 

to the light incident direction (as shown in Figure 5.11), the limited size of the focus spot, 

and the actual geometry of donor domains. A modified Equation 5.5 is then written as: 

𝐼𝐼𝑛𝑛,𝑚𝑚 ∝ ��𝐴𝐴(𝑘𝑘, 𝑗𝑗)𝐼𝐼𝑘𝑘,𝑗𝑗,spot exp(−𝑑𝑑𝑘𝑘,𝑗𝑗/𝐿𝐿D)
𝑏𝑏

𝑗𝑗=0

𝑎𝑎

𝑘𝑘=0

 (5.6) 



 

114 

in which the donor domains are treated as ellipses, 𝑎𝑎 and 𝑏𝑏 are long and short axis length 

of the ellipse, 𝐴𝐴(𝑘𝑘, 𝑗𝑗) is the factor accounting for the asymmetry of the focus spot, and  

𝐼𝐼𝑘𝑘,𝑗𝑗,spot is the exciton density at element (𝑘𝑘, 𝑗𝑗). When (𝑘𝑘, 𝑗𝑗) is inside the illumination spot, 

𝐼𝐼𝑘𝑘,𝑗𝑗,spot = 1. If (𝑘𝑘, 𝑗𝑗) is outside the illumination spot, 𝐼𝐼𝑘𝑘,𝑗𝑗,spot = 0. 

 

Figure 5. 11 Simulated non-symmetric focus spot. (a) Scheme used in PF-vis microscopy. 

A focused beam of 532-nm laser incidents from the side, at an angle of 15°. (b) FDTD 

simulation of the field intensity on the sample plane, when the tip-sample distance is 1 nm. 

The substrate is Si. (c) Line profile across the focused hot spot. The non-symmetricity is 

observed. The field intensity is stronger on the backside than on the front side. Such a non-

symmetric shape of the focus spot is considered in the simulation in Figure 5.12. 

PF-vis microscopy measurements on two kinds of OPV blend samples are shown in Figure 

4. Nanoscale phase separations are observed in AFM topography images in Figure 5.12(a-

b), but no further information can be extracted. In PF-vis images in Figure 5.12(c-d), two 

types of domains are present: one type of domain absorbs strongly at 532 nm, while the 

other type does not show a strong signal. In OPV blends, light energy is mostly absorbed 

by exciton donors. Since P3HT and TFB are used as donor molecules, and the same PCBM 

molecule is used as acceptor molecules in two blends, one can conclude that P3HT-rich 

and TFB-rich domains form higher islands in two blend films and PCBM-rich domains fill 

in lower interstices. This phase separation is further confirmed by modulus and adhesion 

images (not shown), as P3HT and TFB polymer films have lower modulus and adhesion 

values than PCBM. One difference between the two PF-vis images is present when 
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evaluating PF-vis signal distributions on donor domains in detail. For most P3HT domains, 

PF-vis signal distribution is roughly symmetric, with the center of domains holds higher 

intensity and lower intensity is observed at peripherals. In contrast, for most TFB domains, 

the signal distribution is asymmetric, with higher signal intensity locating towards the left 

side of domains. This signal distribution difference turns out to result from the asymmetric 

focus spot in PF-vis operation, and different domain geometries. 

 

Figure 5. 12 PF-vis images of P3HT:PCBM and TFB:PCBM blend films.(a-b) Topography 

images of P3HT:PCBM blend film and TFB:PCBM blend film, respectively. (c-d) PF-vis 

images under 532-nm illumination of the same areas in (a) and (b). (e-f) Zoomed-in 

images of an observed P3HT-rich domain (enclosed by the white box in (c)) and a TFB-

rich domain (enclosed by the white box in (d)). Simulations based on Equation 5.6 from 

the finite element analysis are also shown for comparisons. 

Planar elliptical domain shapes are used in the simulation to account for the actual 

geometry. In the simulation of the P3HT-rich domain in Figure 5.12(e), an ellipse with the 

long axis of 60 nm and the short axis of 40 nm is used. In the simulation of the TFB-rich 

domain in Figure 5.12(f), an ellipse with the long axis of 80 nm and the short axis of 40 



 

116 

nm is used. In addition, the asymmetric factor 𝐴𝐴(𝑘𝑘, 𝑗𝑗) in Equation 5.6 is obtained by an 

FDTD simulation (Figure 5.11). The focus spot diameter is set as 30 nm, and diffusion 

lengths of 2.4 nm and 11 nm are used for P3HT and TFB-rich domains, respectively. These 

diffusion lengths are obtained by applying simulation fits to experimental data, as we will 

introduce later. As a result, a symmetric P3HT-rich domain and an asymmetric TFB-rich 

domain are reproduced, which accommodate the experimentally observed signal 

distributions. The simulations do not fully recover the experimental features because of 

the simplicity of the model. For example, Equation 5.6 assumes a pure donor domain. 

Nevertheless, in practice, the mixture of donor-acceptor pairs could exist at the molecular 

level.205,206 Despite its simplicity, Equation 5.6 can still be used to extract meaningful 

values of the apparent exciton diffusion length 𝐿𝐿D that agrees with values measured by 

conventional methods. 

It is impractical to extract the apparent diffusion length 𝐿𝐿D  from the single-domain 

simulation, because experimentally obtained PF-vis images for single donor domains are 

subject to noises and insufficient spatial resolution. Therefore, we extract the 𝐿𝐿D  from 

statistical data in large-area images. Figure 5.13 shows plots of maximum signal intensity 

𝐼𝐼max of each donor domain as a function of effective domain radius 𝑟𝑟, overlapped with 

simulation results. By applying proper values of 𝐿𝐿D, we observe that the best fit (within 1% 

of the maximum R-square) occurs with 𝐿𝐿D = 2.0~2.8 nm for P3HT domains and 𝐿𝐿𝐷𝐷 =

8~22 nm for TFB domains. These results are in agreement with the diffusion lengths of 3 

nm for P3HT and 9 nm for TFB measured by the conventional fluorescence quenching and 

transient absorption methods.207,208  
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Figure 5. 13 Extraction of the apparent diffusion length. (a) The maximal signal intensity 

𝐼𝐼max of 66 donor domains from Figure 4c is plotted against the effective radius of each 

domain. The raw data are fitted with the simulation based on Equation 2 without the 

𝐴𝐴(𝑘𝑘, 𝑗𝑗) term. The best fitting is obtained with 𝐿𝐿D = 2.4 nm with an R-square value of 0.35. 

(b) The maximal signal intensity 𝐼𝐼max  of 35 donor domains from Figure 4d is plotted 

against the effective radius of each domain. The best fitting is obtained with 𝐿𝐿D = 11 nm 

with an R-square value of 0.51. 

Compared with other methods that are commonly used in determining the diffusion 

length 𝐿𝐿D  such as the photoluminescence quenching208,209 and transient absorption 

spectroscopy,207 PF-vis spectroscopy can directly measure the apparent diffusion length 

and requires fewer specialties in the sample preparation and less expensive laser sources. 

It does not need to work with thin films or crystals, but rather focus on in situ and in 

operando properties of photo-active donor-acceptor blends, thus providing more useful 

results for practical applications. Upon the completion of a single PF-vis microscopy scan, 

donor and acceptor domains can be distinguished and the apparent exciton diffusion 

length 𝐿𝐿D can be estimated at the same time. 

Further improvement on the accuracy of the measured apparent diffusion length 𝐿𝐿D can 

be achieved by considering local morphology variations of the donor domains and 

applying a 3D finite element analysis. In the finite element analysis, the eclipse 

approximation used in our current model could be further modified domain by domain to 
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account for the actual geometry of each donor domain. An exciton reflection model can be 

further added into Equation 5.6 to better characterize signal intensity at domain 

peripherals. Besides, the feasibility of finite element analysis also allows for taking the 

exciton behaviors at domain interfaces into consideration and performing iterative 

calculations to reach a steady state at the expense of computational complexity. 
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APPENDIX I PF-SNOM Technical Details 

Technical drawing 

Figure A1 shows the technical drawing of the PF-SNOM setup: 

 

Figure A1 Technical drawing of PF-SNOM setup.  

The parts or similar parts used in PF-SNOM are listed in Table A1. 

Table A1 Parts in PF-SNOM setup. 

Part name Part number  Vendor & note 
BE BE06R Thorlabs, beam expander 
BS1  Thorlabs, long pass dichroic mirror 
BS2 BSW510 Thorlabs, 50/50 mid-infrared beam splitter 
BS3 N/A Glass coverslip 
CM DCC1545M Thorlabs, CMOS camera 
DT N/A MCT detector, KLD series, Kolmartech 
DF ID25 Thorlabs, post-mounted iris diaphragms 
FL1 FM90 Thorlabs. Mount with a silver mirror PF10-03-P01 
FL2 FM90 Thorlabs. Mount with a pellicle beam splitter BP145B4 
LA QTH10 Thorlabs, quartz tungsten-halogen lamp 
LS1 N/A Daylight Solutions, MIRcat 
LS2 HNLS008R Thorlabs, HeNe laser 
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Part name Part number  Vendor & note 
LT SM1L40 Thorlabs, lens tubes 
M1-M4 PF10-03-M02 Thorlabs, mid-infrared enhanced gold mirror 
M5-M12 PF10-03-P01 Thorlabs, silver mirror 
PM #37-296 Edmund Optics, gold 90° off-axis mirror with 1’ RFL 
PoM N/A Infrared power meter 
RR  Thorlabs. Mounted on a piezo actuator PA3JEAW 
SG N/A Thorlabs, NF15AP25, K-Cube piezo controller and strain 

gauge reader 
TH N/A Bruker Multimode 8 AFM 
TS XR50C Thorlabs 

 

Data acquisition 

The data acquisition is achieved through two two-channel data acquisition cards. One is 

the two-channel PXI-5122 data acquisition card (National Instruments) with trigger and 

the other is the two-channel PXI-4461 data acquisition card (National Instruments) for 

analog inputs. For simplicity, input channels are demoted as I1 and I2 for PXI5122, and I3 

and I4 for PXI 4461. In PF-SNOM experiment, the deflection curve (A-B signal) from the 

AFM quadrant detector is routed to I1, the optical signal from the MCT detector is routed 

to I2, and X-piezo and Y-piezo voltages from AFM are connected to I3 and I4. The same 

trigger at peak force tapping frequency is shared for all inputs. Using customized 

LabVIEW code, the data are stored in an 𝑛𝑛 by 𝑚𝑚 2D matrix in ASCII format, which is 

shown in Figure A2. The first two columns are used to store X and Y voltage data, and the 

rest columns are used to store deflection data 𝐷𝐷(𝑡𝑡)  and optical data 𝑆𝑆(𝑡𝑡)  in the time 

domain. X voltage and 𝐷𝐷(𝑡𝑡) data are stored in odd rows, while Y voltage and 𝑆𝑆(𝑡𝑡) data are 

stored in even rows. Each pair of odd/even rows shares the same timestamp.  

 

Figure A2 Structure of PF-SNOM raw data. 
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Usually, 𝑚𝑚 is around 200 (with 50 MHz sampling rate and the average of 60). Note that 

well-defined snap-in and peak force points must be contained in 𝐷𝐷(𝑡𝑡) data since they are 

key to retrieve accurate tip-sample distances. The row number 𝑛𝑛 is determined by the 

scanning time of one frame, which is close to 200000 if one uses a 0.1 Hz scan rate to 

capture a 256×256 pixel-size image. The raw data is then processed by a MATLAB code 

shown below: 

clear 
warning('off','all') 
data = load('PFSNOM_1425_0.1Hz_60mean.txt'); % specify the raw data name 
dim = size(data); 
dim1 = dim(1); 
 
%%seperate data files 
X_data = (data(1:2:end,1)+data(1:2:end,2))/2; 
Y_data = (data(2:2:end,1)+data(2:2:end,2))/2; 
AB_data = data(2:2:end,3:end); %even rows are AFM A-B data and Yscan data 
SL_data = data(1:2:end,3:end); %odd rows are scattering light data and Xscan data 
dim = size(AB_data); 
dim2 = dim(2); 
 
X_data_tr = ones(round(dim1/4)+2000,1); X_data_rt = 
ones(round(dim1/4)+2000,1); % generate arrays to store separated trace and retrace 
data 
Y_data_tr = ones(round(dim1/4)+2000,1); Y_data_rt = 
ones(round(dim1/4)+2000,1); 
AB_data_tr = ones(round(dim1/4)+2000,dim2); AB_data_rt = 
ones(round(dim1/4)+2000,dim2); 
SL_data_tr = ones(round(dim1/4)+2000,dim2); SL_data_rt = 
ones(round(dim1/4)+2000,dim2); 
a = 1; b = 1; 
for n = 1:dim1/2-1 
    if X_data(n+1) >= X_data(n)  
        X_data_tr(a) = X_data(n); 
        Y_data_tr(a) = Y_data(n); 
        AB_data_tr(a,:) = AB_data(n,:); 
        SL_data_tr(a,:) = SL_data(n,:); 
        a = a + 1; 
    else 
        X_data_rt(b) = X_data(n); 
        Y_data_rt(b) = Y_data(n); 
        AB_data_rt(b,:) = AB_data(n,:); 
        SL_data_rt(b,:) = SL_data(n,:); 
        b = b + 1; 
    end 
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end 
 
X_data_tr(a:end) = []; 
Y_data_tr(a:end) = []; 
AB_data_tr(a:end,:) = []; 
SL_data_tr(a:end,:) = []; 
 
X_data_rt(b:end) = []; 
Y_data_rt(b:end) = []; 
AB_data_rt(b:end,:) = []; 
SL_data_rt(b:end,:) = []; 
 
X_data = X_data_tr; 
Y_data = Y_data_tr; 
AB_data = AB_data_tr; 
SL_data = SL_data_tr; 
dim = size(X_data); 
dim1 = dim(1); 
 
%%start processing 
AB_use = mean(AB_data(500:1000,:)); %pick 500 sets of 𝐷𝐷(𝑡𝑡)  curves to get an 
averaged 𝐷𝐷(𝑡𝑡) curve to retrieve tip-sample distance information 
TSD = TSDrecover(AB_use, 31.47, 150, 3.906, 5); 
Snap_ix = find(TSD == 0); 
x = 1:round(dim2/5); %linear background fit range, starting from the first quarter 
gap = linspace(max(x), Snap_ix, 6); % 6 values defines 5 ranges  
gap = round(gap); 
Dx = TSD(1:Snap_ix)'; %fit range for exponential decay 
 
slope = zeros(1,dim2); intercept = zeros(1,dim2); background = zeros(dim1, dim2);  
signal_gap1 = zeros(dim1, 1); signal_gap2 = zeros(dim1, 1); signal_gap3 = zeros(dim1, 
1); signal_gap4 = zeros(dim1, 1);signal_gap5 = zeros(dim1, 1); 
psignal_gap1 = zeros(dim1, 1); psignal_gap2 = zeros(dim1, 1); psignal_gap3 = 
zeros(dim1, 1); psignal_gap4 = zeros(dim1, 1);psignal_gap5 = zeros(dim1, 1); 
vsignal = zeros(dim1, Snap_ix); pvsignal = zeros(dim1, Snap_ix); decay_b = 
zeros(dim1, 1); decay_a = zeros(dim1, 1); 
 
for n = 1:dim1 
    y = SL_data(n, x); 
    f = polyfit(x, y, 1); 
    slope(n) = f(1); 
    intercept(n) = f(2); 
    background(n,:)= (1:dim2).*slope(n)+intercept(n); 
    signal_gap1(n) = (mean(SL_data(n,gap(1):gap(2))-background(n,gap(1):gap(2)))); 
    signal_gap2(n) = (mean(SL_data(n,gap(2):gap(3))-background(n,gap(2):gap(3)))); 
    signal_gap3(n) = (mean(SL_data(n,gap(3):gap(4))-background(n,gap(3):gap(4)))); 
    signal_gap4(n) = (mean(SL_data(n,gap(4):gap(5))-background(n,gap(4):gap(5)))); 
    signal_gap5(n) = (mean(SL_data(n,gap(5):gap(6))-background(n,gap(5):gap(6)))); 
    vsignal(n, :) = SL_data(n, 1:Snap_ix) - background(n, 1:Snap_ix); 
end 
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%% start imaging results 
dt = delaunayTriangulation(X_data,Y_data) ; 
tri = dt.ConnectivityList ; 
xi = dt.Points(:,1) ; yi = dt.Points(:,2) ; 
F1 = scatteredInterpolant(X_data, Y_data,  -(signal_gap1)) ; % a minus sign to convert 
data to positive 
F2 = scatteredInterpolant(X_data, Y_data,  -(signal_gap2)) ; 
F3 = scatteredInterpolant(X_data, Y_data,  -(signal_gap3)) ; 
F4 = scatteredInterpolant(X_data, Y_data,  -(signal_gap4)) ; 
F5 = scatteredInterpolant(X_data, Y_data,  -(signal_gap5)) ; 
 
z1=F1(xi,yi); 
z2=F2(xi,yi); 
z3=F3(xi,yi); 
z4=F4(xi,yi); 
z5=F5(xi,yi); 
 
figure 
subplot(3,2,1) 
plot(TSD(1:Snap_ix),vsignal(24000,:),'.') 
 
subplot(3,2,2) 
pbaspect([1,1,1]); 
trisurf(tri,xi,yi,z1)  
view(2) 
shading interp 
colormap(jet); 
colorbar; 
title(['d =' ,num2str(TSD(round((gap(1)+gap(2))/2))), 'nm']) 
 
subplot(3,2,3) 
pbaspect([1,1,1]); 
trisurf(tri,xi,yi,z2)  
view(2) 
shading interp 
colormap(jet); 
colorbar; 
title(['d =' ,num2str(TSD(round((gap(2)+gap(3))/2))), 'nm']) 
 
subplot(3,2,4) 
pbaspect([1,1,1]); 
trisurf(tri,xi,yi,z3)  
view(2) 
shading interp 
colormap(jet); 
colorbar; 
title(['d =' ,num2str(TSD(round((gap(3)+gap(4))/2))), 'nm']) 
 
subplot(3,2,5) 
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pbaspect([1,1,1]); 
trisurf(tri,xi,yi,z4)  
view(2) 
shading interp 
colormap(jet); 
colorbar; 
title(['d =' ,num2str(TSD(round((gap(4)+gap(5))/2))), 'nm']) 
 
subplot(3,2,6) 
pbaspect([1,1,1]); 
trisurf(tri,xi,yi,z5)  
view(2) 
shading interp 
colormap(jet); 
colorbar; 
title(['d =' ,num2str(TSD(round((gap(5)+gap(6))/2))), 'nm']) 

 
The function TSDrecover used in the MATLAB code is a customized function to retrieve 

the tip-sample distance from the 𝐷𝐷(𝑡𝑡) curve, and is shown below: 

function [TSD_time] = TSDrecover(PF_curve, DF_sens, PF_amp, PF_freq, SP_rate) 
% Input unit: PF_curve in V, DF_sens in nm/V, PF_amp in nm, PF_freq in kHz, 
SP_rate in MHz 
PF_freq = PF_freq .* 1000; 
SP_rate = SP_rate .* 1e6; 
 
Peak_position = find(PF_curve == max(PF_curve)); 
Peak_position = Peak_position(1); % in case that there are more than one maxima in 
the tip_deflection plot 
Snapin_position = find(PF_curve == min(PF_curve(10:Peak_position))); 
Snapin_position = Snapin_position(1); 
phase = pi/2 - 2*pi*PF_freq*Peak_position/SP_rate; 
number = 1:length(PF_curve);  
TSD_time = PF_amp.*sin(2.*pi.*number.*PF_freq./SP_rate + phase); 
TSD_time = PF_amp - TSD_time + DF_sens.*(PF_curve - 
PF_curve(Snapin_position)); 
TSD_time = TSD_time - TSD_time(Snapin_position); 
end 

 
Finally, six output panels are shown in Figure A3.  
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Figure A3 Output images from the MATLAB code. 
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APPENDIX II LiPFIR Technical Details 

Technical Drawing 

The technical drawing of LiPFIR is shown in Figure A4. 

  

Figure A4 Technical drawing of LiPFIR setup. 

The parts or similar parts used in LiPFIR are listed in Table A2. 

Table A2 Parts in LiPFIR setup. 

Part name Part number  Vendor & note 
BE BE04R Thorlabs, beam expander 
BS  Thorlabs, long pass dichroic mirror 
CA N/A Thorlabs, 30 mm cage system 
DF ID25 Thorlabs, post-mounted iris diaphragms 
FL1 FM90 Thorlabs. Mount with a silver mirror PF10-03-P01 
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Part name Part number  Vendor & note 
FL2-FL3 FM90 Thorlabs. Mount with a mid-infrared enhanced gold 

mirror PF10-03-M02 
LE #69-637 Edmund Optics, germanium plano-convex lens with 25 

mm FL 
LS1 N/A Daylight Solutions, MIRcat 
LS2 HNLS008R Thorlabs, HeNe laser 
LT SM1L40 Thorlabs, lens tubes 
M1-M8 PF10-03-M02 Thorlabs, mid-infrared enhanced gold mirror 
M9-M11 PF10-03-P01 Thorlabs, silver mirror 
PM N/A 20×15 mm germanium with a wedge angle of 22° 
PoM N/A Infrared power meter 
PS N/A Composed of two right-angle reflective prisms, Thorlabs, 

PS704 
RM1 RP01 Thorlabs 
RM2 PRM1 Thorlabs 
TS1, TS5-
TS6 

XR50C Thorlabs. TS6 is driven by a motorized actuator, 
Thorlabs ZST213  

TS2-TS4 LNR25M, 
LNR25D, 
LNR50D  

Thorlabs. All stages are driven by trapezoidal stepper 
motor actuator Thorlabs DRV225  

 

Laser alignment 

Laser alignment for opaque Ge prism is achieved by motorized stages TS2-TS4 and TS6 in 

XYZ directions. Among them, TS2 and TS3 are always synchronized to maintain a 

constant incident angle in the XY-plane. The XZ incident angle is fixed at 21° for Ge prism 

by manually adjusting RM1 and RM2. To roughly place the beam on to AFM tip, one can 

place the AFM tip holder on the sample stage and remove the Ge lens and Ge prism to let 

co-linearized HeNe beam shine on the cantilever by adjusting XY stages (TS2-TS4). Then, 

the Ge lens and prism should be put back into their original positions for further 

alignment.  

Before LiPFIR measurement, it is desirable to firstly use a “standard” sample (e.g. spin-

coated PS:PMMA blend with a strong 1725 cm-1 absorption) or first locate a micrometer-

sized sample patch on the substrate by using a top optical camera. In the air, engage the 

AFM tip onto the sample. After the engage is finished, retract the tip back to free space by 
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roughly 40 µm. Perform the thermal tune to the cantilever and find the first mechanical 

frequency Ω of the cantilever. Then, tune the laser to one of the strong sample absorptions 

(e.g. 1725 cm-1 for PS:PMMA blends) and tune the repetition rate to match Ω. Note that 

the repetition rate of QCL cannot be tuned to exactly match Ω, usually, a small offset exists 

between actual Ω and QCL repetition rate ΩL. Route A-B signal from AFM into a lock-in 

amplifier (HFLi or MFLi, Zurich instruments) and manually input the demodulation 

frequency as ΩL.  

Next, turn on the laser and monitor the temporal change of amplitude of first harmonic. 

If the focus spot is close to the cantilever, the photoacoustic wave generated by the 

sample’s periodic photothermal expansion will kick the cantilever to oscillate as well. 

Adjusting TS2-TS4, and TS6 to maximize the demodulated amplitude. Note that multiple 

local maxima may exist for multiple XYZ stage combinations, so the adjustment of XYZ 

stage positions can be iterative. One of the traits of the global maximum is it is sensitive to 

10 µm displacement in all XYZ directions, an obvious first harmonic amplitude drop 

should be observed when offset one of the stages by only 10 µm. Another rule of thumb is 

if there are multiple maxima for different Z location, always choose the lowest Z. 

Once the focus spot has been determined, one can replace the standard sample with a 

sample of interest (Note that when changing the sample, retract the AFM tip more than 

40 µm to avoid tip scratching!) or move the XY stage of Bioscope Catalyst to find a proper 

location to measure. The same alignment procedure could be repeated once more if one 

exchanges the sample or apply a large XY offset to the AFM sample stage. Nevertheless, 

the adjustment of XYZ stages (TS2-TS4, and TS6) should be mild and much easier this 

time. The final XYZ stages adjustment could be made when in peak force tapping, the 

LiPFIR signal can be directly used for signal optimization in this case. 
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