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Abstract:

Scattering-type Scanning Near Field Optical Microscopy (s-SNOM) is currently regarded as a powerful 

tool for exploring important optical properties at nanoscale resolutions depending only on the size of a sharp 

tip that is scanned across the sample surface while being excited with a focused laser beam. Recently, it 

was shown that, among others, s-SNOM can quantitatively map the complex permittivity of materials and 

biological samples, and hence other intrinsic related optical properties, such as the refractive index. In this 

work we apply this capability, previously demonstrated only at proof-of-concept level, in an experiment 

dealing with three distinct types of nanostructured materials: microcapsules for drug delivery assembled 

with layer-by-layer strategies, ultra-thin optical coatings with tunable color properties, and plasmonic 

ceramic nanoparticles. We show that complex permittivity mapping with s-SNOM can contribute to the 

better understanding of such materials, providing information which is difficult or even impossible to assess 

with other techniques.  

Keywords: scattering-type scanning near-field optical microscopy, nanoscale imaging, complex 

permittivity, layer-by-layer microcapsules, ultra-thin optical coatings, ceramic nanoparticles. 
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1. Introduction

Understanding in depth the fundamental properties of biological samples and advanced materials requires 

their thorough characterization at micro- and nanoscales, the latter being obviously more difficult to 

investigate.  This has motivated the scientific communities working in optics and photonics to place massive 

efforts over the past years in the quest for developing novel imaging techniques capable of optical 

resolutions surpassing the diffraction limit. Although their advent immediately generated huge impact in life 

sciences, fluorescence based Super-Resolution Microscopy (SRM) modalities1 that offer typical resolutions 

in the range of 20-100 nm face a series of limitations due to the lack of chemical sensitivity and dependence 

on fluorescent probes, which restricts their use to a limited range of samples, mainly of biological origin. Such 

limitations and concerns keep scientists motivated to innovate alternative ways of overcoming the diffraction 

barrier, in the form of optical imaging techniques that do not require contrast agents, (“label-free”). Among 

the label-free optical nanoscopy techniques that have emerged over the past years, two prominent families can 

be easily distinguished: (a) nanoscopy techniques based on the interaction of light and a sharp tip scanned 

across the sample surface, such as scattering-type Scanning Near-Field Optical microscopy (s-SNOM)2, tip-

enhanced Fluorescence (TEF)3, tip-enhanced Raman Spectroscopy (TERS)4, Photoinduced Force Microscopy 

(pi-FM) 5, or Photothermal Atomic Force Microscopy (photothermal-AFM)6, and b) far-field techniques 

based on pump and probe strategies where two or more incident beams compete, such as Saturated Transient 

Absorption Microscopy 7-8, Super-Resolution Photomodulated Reflectivity9 or Saturated Stimulated-Raman-

Scattering10. All these “label-free” techniques hold significant potential for the nanoscale characterization 

of advanced materials as a result of not requiring labeling and allowing thus an unbiased characterization 

of a specimen’s intrinsic physico-chemical properties.

 In this article we focus our attention on s-SNOM, a  generally applicable label-free method for 

surface characterizations at nanoscale resolution2, whose working principles rely on a sharp tip that is 

scanned across the sample while being excited with a focused laser beam, converting the illumination 

radiation into a highly localized and enhanced near-field at the tip apex. The optical interaction between 

this enhanced near-field and the sample volume underneath modifies both the amplitude and the phase of 

the scattered excitation light, depending on the local dielectric properties of the sample11. Interferometric 

detection of the backscattered light yields nanoscale-resolved amplitude and phase images, that can reveal 

various important properties of nanostructured materials2. The wide availability of light sources that can be 

used in association with s-SNOM, performing in continuous, high-repetition-rate or low-repetition-rate 

modes12, and frequencies ranging from visible light to terahertz13-15, proposes s-SNOM to become a 

standard for high-spatial-resolution surface analysis. Its complex but reliable contrast mechanism enabled 

so far a wide range of discoveries in the condensed phase materials, and two-dimensional materials16-22. 
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With respect to imaging biological species, a limited number of experiments have been performed so far 

with s-SNOM but these demonstrate nonetheless its potential in this regard23-26. s-SNOM has also been 

fruitfully employed in various correlative imaging approaches such as the correlation of the infrared optical 

contrast with the structural state of a phase changing material27, establishing the relation between 

conductivity and crystal structure in ZnO nanowire cross-sections28, mapping of surface charge domains29 

or correlative nanoimaging of areas with strongly enhanced electromagnetic fields and Raman scattering30. 

These previous experiments demonstrate s-SNOM’s potential to complement other nano- or micro-scale 

techniques, which is of great benefit with respect to a better understanding of advanced materials. 

In recent proof-of-concept experiments it was shown that s-SNOM data can be processed to determine 

the real and imaginary parts of the dielectric function, and hence of optical parameters such as refractive 

index, transmittance, reflectance, absorption, etc. 31-32. In this work we exploit these capabilities in a set of 

precise applications focused on three distinct types of advanced nanostructured materials: (i) microcapsules 

for drug delivery assembled with layer-by-layer strategies 33-34, (ii) ultra-thin optical coatings with tunable 

color properties 35, and (iii) ceramic plasmonic nanoparticles36-37. The scientific relevance of these three 

different types of nanostructured samples, will be briefly discussed in the next paragraphs. 

Polyelectrolyte multilayered capsules (PMCs):  The development of micro- and nano-sized systems that 

can be functionalized to carry bioactive substances at specific sites within the human body and to release 

these at controlled time intervals, or under specific external or internal stimuli, is of great interest at the 

time being. Among these, PMCs have been widely studied as prominent candidates for the delivery of 

bioactive molecules38,39. This is because the properties of the shell layers, and also of the cores, can be 

tailored in order for the capsules to react in specific ways under diverse internal or external stimuli, such as 

various proteins or antibodies, pH, optical or magnetic signals, etc.40.  Different materials have been used 

for the fabrication of these structures and various stimuli to trigger the release of the encapsulated molecules 

have been proposed. In this respect, biocompatibility and biodegradability have been regarded as essential 

properties for the application of such systems in drug delivery 41, 42.

Ultra-thin optical coatings with controllable color properties (UT-OCs): Ultra-thin film structures based 

on highly absorbent materials such as metals and semiconductors have gained massive interest lately43. 

Their advantages are related to the fact that a very strong optical interference can be obtained by thin-film 

coating an absorbent semiconductor material on a metal film, causing non-trivial phase changes in the 

reflected waves. This scheme allows the fabrication of ultra-thin coatings which are considerably thinner 

than conventional dielectric thin-film coatings. Moreover, in visible wavelengths, these ultra-thin films 

show structural colors with resonance dips, which can be changed with thickness variation and/or refractive 

index of coating materials.
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Plasmonic Ceramic Nanoparticles (PCNPs): Transition metal nitrides and transition metal carbides are 

ceramics that are generally regarded as reliable solutions for surface coating as they are known to be 

mechanically hard materials. Another characteristic feature of these materials is their high carrier 

concentrations and metallic band structures. Thus, transition metal nitrides, particularly for titanium nitride 

(TiN) has been used in CMOS technology as gate layer and barrier material. On the other hand, the optical 

properties of these materials are also attractive. As their carrier concentrations are high, reaching to the 

order of 1022 cm-3, nanostructures made of these materials can exhibit plasmon resonance peaks in the 

visible or near-infrared range. The plasmonic properties of nitrides and carbides have been studied in the 

past 44-46, and gain increasing attention as the fields of plasmonic metamaterials grows by the minute47. In 

particular, nitrides have become one of the most studied alternative plasmonic materials36, 48-49. 

Additionally, due to their broad optical absorption enhanced by the plasmon resonances, these materials 

have gained massive interest given their utility for applications that rely on photoelectric and photothermal 

conversions, e.g. visible-enhanced photocatalysis and solar heating 36-37, 50.

2. Experimental
2.1 Sample Synthesis and Preparation

2.1.1 Synthesis of DEX/PARG PMCs 
In the present work, self-degrading PMCs were fabricated by the layer-by-layer self-assembly of a 

biopolymeric shell onto sacrificial templates51-53 loaded with a proteolytic enzyme, Fig. 1. Namely, the 

proteolytic enzyme papain was co-precipitated into porous calcium carbonate microparticles (4-7 m)34, 54. 

The enzyme loaded microparticles were used as templates for the fabrication of PMCs. Namely, CaCO3 

microparticles were alternately immersed in the anionic polysaccharide dextran (DEX) and in the cationic 

polypeptide polyarginine (PARG) solutions at 0.5 mg/mL in 0.15 M NaCl for 15 minutes under mild 

agitation. After each deposition step, the microparticles-polyelectrolyte suspension was washed three times 

with ultrapure water. A total of three DEX/PARG bilayers were deposited onto the microparticles surface. 

The microparticles were then dissolved by their dispersion in EDTA (0.2 M, pH 7) resulting in protein 

loaded PMCs. The self-degradation reaction of the protein-loaded PMCs was started immediately after the 

complete removal of the CaCO3 templates and was carried out by incubating the PMCs suspension at 37 °C 

for a total of 12 hours. The degradation was characterized by s-SNOM and AFM imaging, as shown further 

in the Results section. Namely, 20 μl of protein loaded PMCs suspension were withdrawn after 1, 6 and 12 

hours of reaction, deposited onto glass slides by drop-casting and let dry at room temperature for 

characterization. As control samples, unloaded PMCs were fabricated using plane calcium carbonate 

microparticles  as sacrificial templates55 and were incubated as well.
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Figure 1 Process of fabrication of enzyme-loaded polyelectrolyte microcapsules.

2.1.2 Synthesis of Ti/Au/Ge UT-OCs 
In this experiment we characterized Ti/Au/Ge UT-OCs deposited on a Si substrate using a strategy that 

combines electron beam evaporation and oblique angle deposition (OAD) as described by Yoo et al.35. 

These UT-OCs exhibit controllable color properties depending on the porosity of the topmost (Ge) layer35. 

Prior to depositing the Au film, a Ti layer with a thickness of 10 nm was deposited on the Si substrate to 

act as an adhesive layer. The Au film was deposited at a rate of ~2 Å/s under a pressure of ~10-6 torr; the 

Au layer had a thickness of 100 nm (sufficient optical thickness). Ge thin-films were further on deposited 

on the Au film with inclined sample holders at two different angles (0° and 70°) at a rate of ~1 Å/s under a 

pressure of ~10-6 torr (Fig. 2 (b,d)). 10 and 25 nm thicknesses of the Ge films were used for both deposition 

angles. To simulate defects, a hole pattern array (Fig. (2.a)) was fabricated in lift-off process with OAD, a 

technique that basically combines a typical deposition system, such as an electron beam evaporator or 

thermal evaporator, with a tilted substrate. The oblique angle of incident flux creates atomic shadowing, 

which produces areas that the vapor flux cannot reach directly56.

Figure 2 (a) Schematic illustrations of ultra-thin films with hole pattern array. (b-e) Brightfield 

microscope images of hole-patterned samples with different deposition angles (0, 30, 45, and 70°) at a 

thickness of 15 nm, respectively.
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2.1.3 Preparation of PCNPs for imaging
In this experiment we have investigated two types of PCNPs: (i) titanium nitride (TiN) nanoparticles (NPs) 

and titanium carbide (TiC) nanoparticles (NPs). TiN NPs were synthesized with a thermal plasma method 

in argon and nitrogen plasma using titanium power57 and the TiC NPs were synthesized in argon-hydrogen 

using a mixture of alcohol and titanium dioxide power57. Each of the NPs were dispersed into ethanol and 

spin-coated on quartz substrates. In Fig. 3 we illustrate TEM images of the so synthesized TiN and TiC 

NPs. 

Figure 3 TEM Images of the investigated TiN (left) and TiC (right) NPs

2.2 Imaging Configurations and Methods

2.2.1 s-SNOM imaging setup and acquisition configuration
A diagram of the s-SNOM system used in this experiment is presented in Fig. 4. This architecture was built 

in-house, as an upgrade to an Q-scope 350 Atomic Force Microscope (Quesant, USA), and is configured 

to perform in a pseudoheterodyne detection scheme. In this detection strategy the optical signals of interest 

are extracted from the intense background light using a SR844 RF lock-in amplifier (Stanford Research 

Systems, USA), locked on successive harmonics of the pseudoheterodyned signal58, Fig. 4. In s-SNOM, to 

ensure consistent image acquisition, the probe needs to remain in a fixed position with respect to the 

excitation beam for this latter to remain focused on the tip apex while near-field data is collected. In the 

developed configuration this was achieved by replacing the original xy probe scanning system of the Q-

scope 350, with an xy sample scanning system consisting in a MCLS03113 piezoceramic stage 

(MadCityLabs, USA). For s-SNOM excitation we used a 638 nm semiconductor laser (Omicron, Germany), 

with 60 μW power (measured after the objective); the focal spot of the circularly polarized beam was 

aligned with the position of the probe through a long working distance objective (50x, 0.42 N.A.). In the 
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case of s-SNOM the tip’s radius of curvature dictates the maximal attainable resolution on the xy-plane. 

The MikroMasch™ NSC19/Ti-Pt probe used in our experiments (Innovative Solutions Bulgaria Ltd) has a 

radius of curvature in the tip’s apex <35 nm, a tip height of 20-25 μm and a full tip cone angle <30. Optical 

near-field signals were collected using the same objective used for excitation and were directed onto a 

photodiode connected to the SR844 RF lock-in amplifier, locked on two successive harmonics of the signal, 

which facilitates the extraction of optical signals of interest from the intense background.  This home-made 

system was previously demonstrated in various experiments focused on the characterization of materials 

and biological samples. 26, 29, 59-60.

Figure 4. Homebuilt s-SNOM experimental setup. (a) The s-SNOM setup is based on a 

pseudoheterodyne detection configuration, consisting in a modified Michelson interferometer with one 

interferometer arm focused onto the tip and the other one reflected off a harmonic oscillating reference 

mirror. The reference beam interferes with the scattered light originated from the near-field of the sample 

and the interference signal contains the near-field information at frequencies n⋅fo±m⋅M, where fo is the 

probe oscillation frequency, M is the mirror oscillation frequency and n, m are integers. The s-SNOM 

signal is collected using a lock-in amplifier locked at the n⋅fo±m⋅M spectral harmonics.
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2.2.2 Mapping the dielectric function with s-SNOM
For mapping the complex dielectric function of the three considered materials, we processed s-SNOM 

images in association with the Oscillating Point Dipole (OPD) model, which defines the dependency of the 

scattered light intensity on the electric permittivity. In the method introduced to achieve this purpose by 

D.E. Tranca et al.31, a reference material (the substrate, or some other known material present in the field-

of-view) is required to enable permittivity mapping of the materials/objects of interest. In the present work 

we employed an improved way for precisely defining the location of the reference material in the s-SNOM 

images. While in our previous approach31 the reference material was selected based on a user-defined 

threshold height from the topography map collected by Atomic Force Microscopy (AFM), in the present 

work the reference material is selected based on a region-of-interest (ROI) defined by user in the topography 

map. The ROI area can be modified by the user and it can be rectangular, square, circle or ellipse. This 

improvement increases the measurement sensitivity due to a more precise assignation of the reference 

material location. 

Another improvement of the method is related to the employed algorithm. Previously, the 

theoretical amplitudes and phases were calculated for a large pre-defined complex electric permittivity 

matrix, which was afterwards used to perform a calibration step using the experimental amplitudes and 

phases for the reference material31. In the current approach, the computational time was improved by 

calculating only the theoretical magnitudes of two successive harmonic components of the theoretical s-

SNOM signal’s spectrum, without calculating anymore the theoretical amplitudes and phases, which would 

require two additional computational steps. The corresponding experimental magnitudes of the same 

spectral components are easily obtained from the original s-SNOM images. After the calibration, the s-

SNOM images were converted into complex permittivity maps pixel-by-pixel. 

2.2.2 In-situ AFM analysis of the DEX-PARG film
A Keysight 5500 AFM system was used to investigate how the morphology of the three DEX-PARG 

bilayers (representing the PMCs shell) evolves in real-time when immersed in papain at 37 °C. Specifically, 

the bilayers were deposited onto silicon slides, immersed in papain solution and subjected to imaging at 

room temperature conditions. Afterwards, the temperature was raised at 37°C (controlled by a Peltier 

junction) and monitored by a type-K thermocouple. The bilayers were again subjected to imaging after 2h 

of degradative reaction. The conducted AFM measurements were performed in non-contact mode. In this 

workmode, after immersing the scanner inside the solution, the resonant frequency was reduced with a 

factor of ~3 and fine tuning was performed to identify the proper working condition of the cantilever.
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3. Results & Discussions
The purpose of this experiment was to exploit s-SNOM’s capabilities for determining the complex 

permittivity of nanostructured materials (or connected optical parameters) in the frame of precise 

applications focused on three distinct types of advanced materials: microcapsules assembled with layer-by-

layer strategies for drug-delivery, ultra-thin optical coatings with tunable color properties, and plasmonic 

ceramic nanoparticles. The results obtained in the case of the three considered advanced materials are 

discussed in the following. 

3.1 Complex permittivity mapping of PMCs
The potential usefulness of these PMCs for drug-delivery has been discussed in detail in previous works 34, 

61-63. Imaging methods are very important to design and develop efficient strategies to functionalize PMCs, 

and light microscopy techniques have been demonstrated as valuable tools for elucidating various PMC-

related aspects64. In our previous work we qualitatively showed that s-SNOM has the potential to resolve 

optical details not available with diffraction limited techniques60. In the current experiment, we have 

focused our attention on the quantitative s-SNOM imaging of a specific class of PMCs, namely 

biopolymeric capsules that can self-degrade in a controlled fashion upon the interaction of an entrapped 

proteolytic enzyme with the PMC walls. This experiment extends previous recent work34, where it was 

shown by confocal microscopy and AFM how enzymes loaded inside such microcapsules disrupt the 

microcapsules shell. The investigation and evaluation of the degradative process plays a pivotal role for the 

design of efficient delivery systems, however considering the dimensions of the microcapsules, and the 

scale at which degradation cues occur, this process is impossible to be optically investigated in detail with 

diffraction limited techniques. In the current experiment s-SNOM was used to investigate modifications in 

the complex permittivity of PMCs’ surface, at different time points during the degradation process. These 

modifications are linked to a change in the composition/consistency of the PMCs’ walls and have a direct 

impact over their efficiency as agents for controlled drug-release. s-SNOM was thus used to monitor how 

the degradation process evolves in time at optical resolutions beyond the diffraction barrier.  In Fig. 5 we 

present images collected on self-degrading PMCs at different time points (1, 6 and 12h), and of control 

PMC capsules, without entrapped enzyme.
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Figure 5. Complex permittivity and topography maps of dextran and polyarginine PMCs a) without 
entrapped enzymes, degraded by papain after b) 1h, c) 6h and d) 12h. Complex permittivity maps are 
calculated based on s-SNOM data, topography maps are collected with AFM.

Papain was chosen as degrading enzyme due to its wide use in different applications, spanning from food 

to pharmaceutical industries65. Moreover, it should be taken into account that papain, being a proteolytic 

enzyme, degrades only the polypeptidic component of the multilayer (PARG), leaving intact the 
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polysaccharide DEX. Recently Boi et al. demonstrated the release of polymeric nanoparticles from 

DEX/PARG microcapsules loaded with papain34. Namely, they demonstrated that after 2 hours of 

degradative reaction nanoparticles start to be released. Moreover, they demonstrated by confocal 

microscopy that after 12 hours of degradation PMCs were still present, but their spherical shape was lost, 

and large cracks and frayed edges were present. The results of the current experiment show that such cracks 

and frayed edges become noticeable after only 6 h of degradation and confirm that the PMCs are not 

destroyed upon 12 h degradation. Moreover, complex permittivity mapping with s-SNOM provides 

additional optical cues of how the PMCs structure is modified along the degradation process. Namely, 

control PMCs (Fig. 5a) showed a homogeneous εr indicating that the composition of the external layer of 

the PMCs remains consistent. As presented in more detail in Section 2, the imaged PMCs were made of 

dextran and polyarginine, where the last (exposed) layer is polyarginine. It is important to mention though 

that a net separation between the different layers does not exist, as the consecutive layers intertwine when 

deposited66-67. Moreover, it should be noted that PMCs fragments were visible into the control sample. This 

fact has already been reported into the literature specifically for biopolymeric capsules, which could break 

due to osmotic pressure caused by the dissolution of the core68. After 1 h of degradation, complex 

permittivity mapping showed a change in contrast in some areas of the PMCs, which could be ascribed to 

the initial degradation of the polyarginine component of the shell. As relates to topography, no evident 

changes were registered. As degradation proceeds, a change of εr/εi contrast can be observed, Fig. 5, which 

indicates that the progressive degradation of polyarginine results into the reorganization of the surface 

layers. The degradation process was also characterized in real-time at 37 °C by AFM.  Specifically, the 

DEX/PARG three bilayers, representing the PMCs shell, were deposited onto silicon slides and their real-

time papain degradation was characterized by AFM in liquid at 37°C. Images of the samples were acquired 

after 2 hours of degradation reaction. In Fig. 6, we compare the DEX/PARG film in air and after the 

immersion in ultrapure water.

Figure 6. Topography of the DEX-PARG film: (a) and (c) topography of the pristine film;  (b) and (d) 

report data after the immersion in ultrapure water.
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The pristine sample is reported in Fig. 6 (a), (c), the former being a 3D representation of the surface to 

appreciate the film roughness. The morphology is in close agreement with the literature63. After the 

immersion, the film homogeneity is stable for hours suggesting that no damages occur on the film. 

Interestingly, we note that the sample topography is changed: in fact, grains increase their size due to a 

hydration after the immersion inside water.  The situation significantly evolves if papain is added and the 

sample is kept at 37 °C, as reported in Fig. 7.

Figure 7 Topography of the DEX-PARG film. (a) and (c) refer to the film immersed in papain solution at 

room temperature, while (b) and (d) report data when the papain solution is kept at 37 °C.

When papain is added in the solution, and the sample is kept at room temperature, no significant changes 

in the DEX/PARG topography are observed (Fig. 7 (a), (c)). We can observe however that the film 

roughness is slightly reduced with respect to the previous case (see Fig. 6), which occurs due to ineffective 

activation of the enzymatic reaction at room temperature.  Conversely, if the temperature is raised up to 37 

°C and the sample is kept at this value for about 2 h, by AFM we can observe a significant alteration of the 

surface morphology. In particular, depression areas [darker regions in Fig. 7 (b), (d)] suggest that the 

DEX/PARG film is damaged due to the enzymatic effect of the papain in warm solution. These results 

confirm, on a smaller area, the degradation observed by the s-SNOM. Overall, the film integrity was not 

lost, supporting the continuous reorganization of the multilayer structure. This phenomenon was already 

reported into the literature for planar LbL films. Namely, Ren et al. showed that, upon enzymatic 

degradation, despite changes of the films’ surface, these maintain their integrity66. This could be ascribed 

to a progressive erosion rather than a bulk deconstruction of the whole films. As already observed by Boi 

et al.34 by confocal microscopy, our results confirmed that after 12 h of degradative reaction the PMCs were 

maintained. Moreover, the observed topography was similar to the one registered after 6 hours. As relates 
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to the complex permittivity contrast, the PMCs were found to be more homogeneous, which could indicate 

that polyarginine degradation and consequent rearrangement of the layers reached an overall stability. 

Overall, the AFM and s-SNOM observation, together with the confocal microscopy results already 

published, allowed us to interpret the degradation mechanism. We can conclude that the different 

information obtained by using different microscopies could help in the interpretation of a complex 

mechanism, such as the proteolytic degradation of biopolymeric structures.

3.2 Permittivity and reflectance mapping of UT-OC
In a recent method Yoo et al.35 introduced an efficient way of improving the color tunability and color 

purity of highly absorbent thin-films using porosity35. Namely, this methods relies on controlling the 

porosity of the deposited film using OAD, to achieve UT-OCs exhibiting different effective refractive 

indexes, which consequently allows the synthesis of UT-OCs with distinct optical characteristics. The 

architecture of the investigated Ti/Au/Ge optical coatings, schematically illustrated in Fig. 2, is similar to 

that proposed in the abovementioned study35, where it was shown that  modifications in the thickness of the 

topmost layer of this UT-OC and the angle at which it is deposited result in various reflectance/color 

characteristics, making the control of these properties very easy. Although practical results demonstrate the 

variation of the effective refractive index with the porosity by the calculation based on the volume averaging 

theory69, the permittivity/refractive index of the fabricated ultra-thin porous samples is hard to measure 

with conventional methods such as ellipsometry at high lateral resolution. Furthermore, associated optical 

parameters whose assessment is important for determining the quality of the end product (e.g. reflectance), 

are difficult to map at nanoscale with conventional techniques. In Fig. 8 we demonstrate that quantitative 

s-SNOM imaging has the potential to act as a solution to this problem as it can be used to map the dielectric 

function of ultra-thin porous films, and intrinsic optical properties, at resolutions similar to AFM. For this 

we imaged four instances of Ti/Au/Ge optical coatings: instances with the (topmost) Ge layer of 10 nm and 

25 nm under deposition angles of 0° and 70°. In each of the synthesized specimens, holes of 5 µm in 

diameter, reaching the Si substrate, have been fabricated in a patterned array to better illustrate the capacity 

of s-SNOM to assess defects in such UT-OC that reflect in complex permittivity inhomogeneities (and 

connected optical parameters) across their surface. In Fig. 8, we show s-SNOM’s capacity to illustrate in a 

quantitative manner permittivity/reflectance variation across the four specimens produced this way. The 

reflectance maps have been derived from the specimens’ complex refractive index as shown in Eq. 1, and 

discussed in35:

𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 =
𝑟12 + 𝑟23𝑒2𝑖𝛽

1 + 𝑟12𝑟23𝑒2𝑖𝛽,    (𝐸𝑞.1)
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Where  , with  and . Exact values of the complex 𝑟𝑝𝑞 = (𝑛𝑝 ― 𝑛𝑞)/(𝑛𝑝 + 𝑛𝑞) 𝑛𝑝 = 𝑛𝑝 +𝑖𝑘𝑝 𝛽 = (2𝜋/𝜆)𝑛2ℎ

refractive index were extracted from s-SNOM data as shown in32. 

The Reflectance maps shown in Fig. 8 demonstrate that s-SNOM can be regarded as a very 

important tool for the quality verification and validation of UT-OCs. It can quantitatively map their optical 

properties at subdiffraction lateral resolutions that do not depend on the excitation wavelength but solely 

on the dimension of the tip used for scanning. The results presented in Fig. 8, show that each thickness-

deposition angle combination of the topmost Ge layer results in different optical properties of the Ti/Au/Ge 

UT-OCs in terms of reflectance. The reflectance variations induced by distinct depositions angles for the 

Ti/Au/Ge UT-OCs possessing 10 nm Ge layers are lower compared to those observed in the UT-OC 

instances that were with synthesized with a 25 nm Ge layer; these results are in agreement with previous 

work 35. Interestingly, we can observe that in the case of the defects that were intentionally induced with 

the lift-off process described in Section 2.1.2, the correspondence between the topography and the 

reflectance maps is not exact. The reflectance of the films seems to be affected not only in the defect area 

noticeable in the topography map, but also in close proximity (especially visible in Fig. 8c), which brings 

an additional insight compared to the case in which these defects would have been solely characterized with 

AFM. This suggests that local reflectance mapping with s-SNOM at nanoscale resolutions can provide 

complementary information over other nanoscale capable techniques in terms of UT-OC quality assessment 

and defect characterization. Achievable resolutions can reach 1 nm with ultra-sharp s-SNOM probes70, a 

scale impossible to address locally with other optical instruments capable of refractive index mapping. 

Furthermore, considering recent progress in other related methods, e.g. Tip Enhanced Raman Scattering, 

where sub-nanometer resolutions where demonstrated4 in breakthrough experiments carried out over the 

past decade, we are inclined to believe that it will not be long before similar resolutions will also be 

available/possible for s-SNOM. 

Considering the huge potential of these new generation UT-OCs materials for the mobile and 

wearable devices markets (as a result of their capacity to reproduce a wide palette of colors) we argue that 

s-SNOM’s capacity to map their optical properties at nanoscale (and, soon probably even beyond) is indeed 

very valuable. Such s-SNOM approaches can be used to determine the homogeneity of optical properties 

of UT-OCs and identify defects (or features of interest) not observable with diffraction limited techniques. 

The fact that s-SNOM and AFM images can be collected simultaneously, is also an important asset of s-

SNOM imaging as this approach allows placing optical data in a well understood topographic context. 

Furthermore, in-tandem s-SNOM and AFM imaging allows a correlative analysis of the the relationships 

that take place between the UT-OCs’ morphological structure and their optical properties, which is also of 

interest in many applications.  
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Fig. 8 Permittivity, reflectance and topography maps of Ti/Au/Ge UT-OCs. a) and b) depict samples 
with a 10 nm Ge layer deposited under a deposition angle of 0° and 70°, respectively. c) and d) depict 
samples with a 25 nm Ge layer deposited under a deposition angle of 0° and 70°, respectively. 
Permittivity and reflectance maps are calculated based on s-SNOM data; topography maps are collected 
with AFM.

3.3 Complex permittivity mapping of PCNPs
We investigate with quantitative s-SNOM the complex permittivity of two PCNPs: TiC and TiN NPs. 

Similar to the situation of metals, the plasmon resonances of nitride- and carbide-based nanomaterials are 
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sensitive to their nanoscale geometry and their permittivities. Evaluating the latter is thus vital for accurately 

designing such nanostructures, and for assessing their performance. Nitrides and carbides nanostructures 

can be fabricated through various techniques. For the top-down fabrication processes which start from thin 

film, the permittivity of the thin film can be obtained by an ellipsometer (with low lateral resolution, 

though). On the other hand, in the case of bottom-up processes, measuring the exact complex permittivity 

of resulted nanostructures, such as nanoparticles or nanorods, is often quite difficult.  In Fig. 9, we 

demonstrate s-SNOM’s potential to act as a solution to this problem and provide quantitative information 

on the complex permittivity of distinct CPNP’s structures. We present complex permittivity maps 

calculated on TiN and TiC NPs, that have been synthesized as detailed in the Methods section. The sizes 

of the NPs obtained from the s-SNOM are comparable to the TEM images shown in Fig. 3. To explain the 

dimension of the TiN and TiC structures that can be noticed in the images of Fig. 9, we refer to previous 

studies conducted with the help of dynamic light scattering (DLS) which demonstrated that TiN/TiC NPs 

tend to aggregate in liquids. Fig. 9a) shows negative values for the εr of TiN NPs at the measured 

wavelength (638 nm), which indicates metallic properties; we find important to observe that clustering does 

not result in formations with positive εr. The εi values of the imaged TiN NPs clusters take values >1, and 

it can be noticed that both εi  and εr measured based on s-SNOM data take different values depending on 

the size of the imaged NP clusters. Hence, we can argue that s-SNOM can be used to measure the actual 

permittivity and dielectric loss factor of distinct PCNPs structures 36, and eventually to measure the strength 

of the plasmon resonances that occur in such structures at different illumination wavelengths.  Such 

capabilities of s-SNOM are demonstrated also in the case of TiC NPs, Fig. 9b. Their performance in 

applications for photocatalysis and photothermal heating are directly dependent on their size and dielectric 

function36, properties easy to assess with the AFM/s-SNOM tandem as shown in Fig. 9b), and in Fig. 10; 

in this latter figure we emphasize on the potential of s-SNOM to quantitatively map the complex 

permittivity of PCNP clusters depicting a segmented s-SNOM/AFM data set, and mean permittivities for 

segmented structures of a particular size. In the AFM topography images in Figs 9b) and Fig 10 we can 

observe that the TiC nanoparticles aggregated and formed clusters, with sizes up to the order of microns. 

The existing differences in the complex permittivities of the observable TiC structures could be due to slight 

variations between the particles and the strength of the scattering. Considering that a precise understanding 

and assessment of the complex permittivity/optical characteristics and behavior of PCNPs at nanoscale 

resolutions is key for optimizing their performance in applications addressing various fields, we argue that 

s-SNOM represents an important tool for their study.
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Fig. 9. Complex permittivity and topography maps of a) TiN and b) TiC NP clusters.

 

Fig. 10. Segmented topography and complex permittivity maps of TiC NP clusters in a 10x10 μm2 
imaged area. Segmentations masks were computed on the AFM image for TiC formations with an area 
of particular size s, where 0.1 μm2<s<0.2 μm2 and were imposed on the complex permittivity maps 
derived from s-SNOM data. Mean εr/εi values are provided for the segmented TiC NP structures.  

4. Conclusions
In this experiment we have performed complex permittivity mapping with s-SNOM on three distinct types 

of nanostructured materials:  microcapsules assembled with layer-by-layer strategies for drug-delivery, 

ultra-thin optical coatings with tunable color properties, and ceramic plasmonic nanoparticles.  The results 

show that imaging approaches that combine s-SNOM optical data and the OPD model to extract quantitative 

information over the complex permittivity and associated optical properties, have the potential to be of great 
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help for characterizing these advanced materials (and similar ones). In the case of the investigated PMCs 

assembled from consecutively deposited charged dextran and polyarginine layers, we observed that 

complex permittivity mapping with s-SNOM can provide optical cues on how the PMC structure is 

modified in the case of a model relevant for controlled enzyme-degradation. For Ti/Au/Ge ultra-thin films 

we have shown that s-SNOM imaging is useful for assessing the optical homogeneity/quality of such 

coatings, as optical parameters that can be derived from the real and imaginary parts of the dielectric 

function, e.g. reflectance, are also available with this technique. In the case of TiN and TiC NPs, an exact 

assessment of the complex permittivity for distinct instances, or clusters, is important for evaluating their 

behavior and performance. Our experiment demonstrated that measuring these properties is possible with 

quantitative s-SNOM, which represent an important tool in the quest for understanding in detail the optical 

properties of these emerging advanced materials. While the conducted experiments employed illumination 

with a single wavelength, the discussed method for mapping the complex permittivity at nanoscale 

resolutions depending solely on the size of the tip, can be used in association with broadband/tunable lasers 

for spectroscopic investigations over the dielectric function. Overall, the presented results are meant to 

facilitate the penetration of complex permittivity mapping with s-SNOM in nanomaterials science, 

nanomedicine and nanophotonics and pave the way for novel characterization approaches and applications.     
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in a set of precise applications focused on three distinct types of high-interest advanced nanostructured 

materials: (i) polyelectrolyte microcapsules for drug delivery assembled with layer-by-layer strategies, (ii) 

ultra-thin optical coatings with tunable color properties, and (ii) plasmonic ceramic nanoparticles.  
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Figure 1 Process of fabrication of enzyme-loaded polyelectrolyte microcapsules. 
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Figure 2 (a) Schematic illustrations of ultra-thin films with hole pattern array. (b-e) Brightfield microscope 
images of hole-patterned samples with different deposition angles (0, 30, 45, and 70°) at a thickness of 15 

nm, respectively. 
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Figure 3 TEM Images of the investigated TiN (left) and TiC (right) NPs 
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Figure 4. Home built s-SNOM experimental setup. (a) The s-SNOM setup is based on a pseudoheterodyne 
detection configuration, consisting in a modified Michelson interferometer with one interferometer arm 

focused onto the tip and the other one reflected off a harmonic oscillating reference mirror. The reference 
beam interferes with the scattered light originated from the near-field of the sample and the interference 

signal contains the near-field information at frequencies n⋅fo±m⋅M, where fo is the probe oscillation 
frequency, M is the mirror oscillation frequency and n, m are integers. The s-SNOM signal is collected using 

a lock-in amplifier locked at the n⋅fo±m⋅M spectral harmonics. 

Page 28 of 34

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 5. Complex permittivity and topography maps of dextran and polyarginine PMCs a) without entrapped 
enzymes, degraded by papain after b) 1h, c) 6h and d) 12h. Complex permittivity maps are calculated 

based on s-SNOM data, topography maps are collected with AFM. 
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Figure 6. Topography of the DEX-PARG film: (a) and (c) topography of the pristine film;  (b) and (d) report 
data after the immersion in ultrapure water. 
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Figure 7 Topography of the DEX-PARG film. (a) and (c) refer to the film immersed in papain solution at room 
temperature, while (b) and (d) report data when the papain solution is kept at 37 °C. 
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Fig. 8 Permittivity, reflectance and topography maps of Ti/Au/Ge UT-OCs. a) and b) depict samples with a 
10 nm Ge layer deposited under a deposition angle of 0° and 70°, respectively. c) and d) depict samples 
with a 25 nm Ge layer deposited under a deposition angle of 0° and 70°, respectively. Permittivity and 

reflectance maps are calculated based on s-SNOM data; topography maps are collected with AFM. 
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Fig. 9. Complex permittivity and topography maps of a) TiN and b) TiC NP clusters. 
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Fig. 10. Segmented topography and complex permittivity maps of TiC NP clusters in a 10x10 μm2 imaged 
area. Segmentations masks were computed on the AFM image for TiC formations with an area of particular 
size s, where 0.1 μm^2 <s < 0.2 μm^2 and were imposed on the complex permittivity maps derived from 

s-SNOM data. Mean εr/εi values are provided for the segmented TiC NP structures.   
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