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Preface 

 

Over the last few decades tremendous progress has been seen in the efforts to observe, understand 

and control light-matter interactions at the nanoscale using nanofabrication and high temporal, 

spectral and spatial resolution techniques. With today’s research and industry aiming for ever smaller 

objects and feature sizes, there is an increasing demand for spectroscopic methods to investigate 

processes, objects, and material properties with unprecedented resolution as well as chemical 

specificity. The new insights are important for issues such as understanding life at a (sub-) cellular 

level, light-matter-interaction, light-to-energy conversion, devices and materials engineering. The 

interdisciplinary approach of nanospectroscopy encompasses the fields of physics, (bio-)chemistry, 

biology, medicine, nanotechnology, and materials science. 

 

This conference and the accompanying COST Action are dedicated to UV/vis/NIR/Raman 

nanospectroscopic techniques and their application to tailored materials and nanostructures 

(organic/inorganic, semiconducting, metallic, hybrid, bio) to gain deeper understanding of nanoscale 

processes. The conference brings together renowned experts and early stage researchers in the field. 

We are pleased that over 200 scientists from more than 25 countries participate in this conference. 

About 33 posters, 6 invited and 54 contributed talks cover a wide range of topics from methods 

development and nanofabrication to fundamental investigations and applications of 

nanospectroscopy. This week of knowledge exchange and in-depth discussion offers an excellent 

opportunity for defining the state-of-the- art and identifying future directions in the field. 

 

We would like to express our gratitude to National Research Council of Italy for supporting and 

hosting this conference, to the European Cooperation in Science and Technology (COST), THE 

European Science Foundation and the EU RTD Framework Program for support through COST 

ACTION mp1302 Nanospectroscopy, to our sponsors for their contributions to the success of the 

conference, and to the local organizing team for their time and commitment. We would also like to 

take this opportunity to thank all the invited speakers for their ready agreement to take part in this 

conference and to thank all attendants for their interest and their contributions. 

 

The Conference Chair 

 

 
Antonio Cricenti 

 

Rome, March 2016 
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About COST 

 

COST – EUROPEAN COOPERATION IN SCIENCE AND TECHNOLOGY is an 

intergovernmental framework aimed at facilitating the collaboration and networking of scientists and 

researchers at European level. It was established in 1971 by 19 member countries and currently 

includes 35 member countries across Europe, and Israel as a cooperating state. 

COST funds pan-European, bottom-up networks of scientists and researchers across all science 

and technology fields. These networks, called “COST Actions2, promote international coordination 

of nationally-funded research. 

By fostering the networking of researchers at an international level, COST enables break-through 

scientific developments leading to new concepts and products, thereby contributing to strengthening 

Europe’s research and innovation capacities. 

COST’s mission focuses in particular on: 

 Building capacity by connecting high quality scientific communities throughout Europe and 

worldwide; 

 Providing networking opportunities for early career investigators; 

 Increasing the impact of research on policy makers, regulatory bodies and national decision 

makers as well as the private sector. 

Through its inclusiveness, COST supports the integration of research communities, leverages 

national research investments and addresses issues of global relevance. 

Every year thousands of European scientists benefit from being involved in COST Actions, 

allowing the pooling of national research funding to achieve common goals. 

As a precursor of advanced multidisciplinary research, COST anticipates and complements the 

activities of EU Framework Program, constituting a “bridge” towards the scientific communities of 

emerging countries. In particular, COST Actions are also open to participation by non-European  

scientists coming from neighbor countries (for example Albania, Algeria, Armenia, Azerbaijan, 

Belarus, Egypt, Georgia, Jordan, Lebanon, Libya, Moldova, Montenegro, Morocco the Palestinian 

Authority, Russia, Syria, Tunisia and Ukraine) and from a number of international partner countries. 

COST’s budget for networking activities has traditionally been provided by successive EU RTD 

Framework Program. COST is currently executed by the European Science Foundation (ESF) 

THROUGH THE cost Office on a mandate by the European Commission, and the framework is 

governed by a Committee of  Senior Officials (CSO) representing all its 35 member countries. 

 

More information about COST is available at www.cost.eu . 

  

http://www.cost.eu/
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Introduction 

We present a fully implemented Raman and Scanning Near-field Optical Microscopy (SNOM) in their spectroscopic 

mode for tissue imaging and early cancer diagnostics. Raman spectroscopy (RS) is a non-invasive optical label-free tool 

increasingly used to get molecular fingerprints of biological tissues. It is able to provide bioanalytical information on 

any molecule with high specificity. Technological advances over the last decade have created a new and faster Raman 

imaging microscope instrument, providing morphological tissue investigation of large areas, coupled with point-by-

point spectral analysis of biochemical composition. This option is important not only for discrimination between 

healthy and pathological tissues, but especially for pre-cancerous tissue state earlier detection and understanding. Our 

results of Raman mapping of Thyroid and Lung tissues have shown that the Raman imaging microscope can operate at 

a few micron resolution, in order to distinguish between healthy and malignant tissues.  

For early diagnosis of cancer and the development of diagnostic imaging, a SNOM has been coupled with an infrared 

light source, based on Free Electron Laser at the ALICE facility in Daresbury. The potential of IR spectroscopy to 

characterise cancerous tissues has long been recognised. Studies of various cancers by many groups have established 

that regions of malignant tissue can be easily identified on the basis of its IR spectrum. The oesophageal 

adenocarcinoma, the cancer with the fastest rise in incidence in the Western world, requires an instrument providing 

specific chemical images at sub-cellular level of oesophagus tissue. This approach demonstrates the potential of the IR 

spectroscopy for yielding an accurate diagnostic test for oesophageal and other types of cancers.  

 

Results and Discussion 

Carcinomas are complex biochemical systems and in the past their diagnosis was based on morphological differences 

between malignant cells and their benign counterpart. Recently the paradigm has changed and great interest is focused 

now on the biochemical profile of tumours in view of the availability of new drugs that specifically target neoplastic 

cells. This new paradigm requires biochemical analysis of each tumour in order to establish the correct personalized 

oncological “target therapy”. Understanding the mechanism of molecular alterations of a specific tumour is a critical 

issue to prognosticate its behaviour and to predict the response to personalized therapy.  

There are many recent studies strongly suggesting that RS can be used as a clinical tool for cancer diagnosis, improving 

clinical accuracy in decision-making [1-3]. In vivo RS clinical applications are extremely challenging and nowadays 

remain limited mainly by the time-consuming spectral measurements. However, recent advances in optical technologies 

and instrumentation and rapidly growing clinical translational purpose RS investigations, has lead to several in vivo 

applications of RS in biomedicine [4-6]. With this regard, the aim of the present research is to demonstrate that Raman 

spectroscopy with the increased acquisition speed is able to reliably discriminate between healthy and carcinoma 

tissues, based on its biochemical profile. Several patients with the same diagnosis were enrolled for RS studies. The 

collected Raman data were processed applying the statistical multivariate map data analysis, used for complex systems 

with high internal variability: principal component analysis and linear discriminant analysis, both validated through the 

Hypothesis test. Particular attention has been dedicated to the biochemical profile study of the collected Raman spectra. 

For each tissue section several Raman maps containing up to 30 000 spectra per map were analysed. The average map 

spectra, according to the tissue type (healthy or pathological), have been analysed and compared as well. 

In Figure 1, a Raman map of Thyroid tissue is shown, containing both healthy and papillary carcinoma zones. False 

colours evidence healthy tissues (blue) and carcinoma (red-yellow-green). Each colour corresponds to a certain kind of 

spectrum, and hence to a certain chemical composition. Papillary structures can be well observed.  

 

 

mailto:giulietta.rau@ism.cnr.it
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Figure 1: Raman map of Thyroid tissue, evidencing papillary structures of papillary carcinoma  (green-yellow-red). Healthy tissue 

corresponds to blue zone. 

 

In Figure 2, a Raman map of Lung tissue is presented. Carcinoma zone is evidenced with red-yellow-green colours, 

whereas healthy tissue is in blue. As one can see, the differences between the spectra corresponding to healthy and 

pathologic tissue zones are significant.   

 

 
Figure 2: Raman map of Lung tissue. In red-yellow-green colour carcinoma zone is evidenced, while healthy tissue is in blue. The 

upper spectrum corresponds to healthy tissue zone, while the lower one – to the pathologic tissue. 

 

 

The SNOM employed in this work was developed on the IR FEL at Vanderbilt  and established on the IR FEL on the 

ALICE energy recovery linear accelerator at Daresbury [7]. Preliminary results of IR-SNOM on oesophageal 

adenocarcinoma have shown that the system can operate at nanometer resolution and has been able to distinguish 

between healthy and malignant tissues [8]. The optical fibre has been driven in particular areas of the oesophageal 

tissue and topographical and optical images have been collected simultaneously at different wavelengths. Figure 3 

shows a videocamera view of the oesophageal tissue (specimen) and of the optical fibre (tip) approaching the desired 

area. 
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Figure 3: Videocamera view of the oesophageal tissue (specimen) and of the optical fiber (tip) approaching the desired area. 

 

 

 

 
 

Figure 4: IR-SNOM image maps showing the location of intense DNA (red), intense protein/glycoprotein (blue) and of strong 

overlap of DNA and protein/glycoprotein (orange). 

 

Figure 4 

show the location of intense DNA (red), intense protein/glycoprotein (blue) and of strong overlap of DNA and 

protein/glycoprotein (orange). As clearly visible, Cancer sample shows a large spread of intense signal from DNA 

whereas Benign sample shows a lower overall density of DNA, which is more dispersed and exhibits more localised 

centres. 
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Conclusions and perspectives 

The combination of Raman and Scanning Near-field Optical Microscopy (SNOM) approaches, in their spectroscopic 

mode, can be an important tool for tissue imaging and early cancer diagnostics. It is expected to produce a major 

advance in imaging of malignant tissues, leading to the development of portable diagnostic devices for hospital use for 

various types of cancer. It is also planned to utilise the powerful combination of high spatial resolution and chemical 

specificity of the mentioned methodologies to study the key components, responsible for cancer formation. 
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Introduction 

In the last few decades, the development of novel spectroscopic techniques, often combining a very high sensitivity 

with huge spatial resolution, allowed the possibility of investigating down-scaled phenomena, as for example 

biochemical and biophysical processes in living systems. Surface Enhanced Raman Spectroscopy (SERS) is one of the 

most established techniques in this framework [1]. SERS is based on the plasmonic resonance of metal nanostructures: 

the collective electronic excitation at the metal surface can indeed be excited by light and give rise to the localization of 

strong electromagnetic fields close to the nanoparticle surface, which can be used for spectroscopy.  

In the past years, SERS has allowed to reach not only the threshold of single molecule vibrational spectroscopy [2], but 

also the implementation of devices in the field of biosensing, capable of detecting specific biomolecules at very low 

concentration by means of Raman spectroscopy [3]. Moreover, the implementation of SERS-labelled nanomaterials, 

such as functionalized metallic nanoparticles, paved the way for the application of these systems in the emerging field 

of nanomedicine [4].  

Much interest has lately risen, indeed, around the concept of “theranostics”, i.e. combining diagnostics with therapy, the 

latter to perform selectively on cancer cells without damaging the healthy tissue [4]. Plasmonics-based theranostics is 

often designed combining SERS and photothermal bleaching. One of the open problems in biomedicine is the early 

detection of cancer, i.e. the capability of reveal the presence of the disease when it is not yet advanced.  

Addressing this problem, we designed a biocompatible system based on gold nanoparticles functionalized with the 

Raman active bifunctional linker 4-aminothiophenol and further conjugated with folic acid, a biomolecule with an 

essential role in cell reproduction. Our system can be considered a nanobiovector, as it is capable of targeting a specific 

kind of cell and locate on the folate receptors, on the cell membrane [5]. Folic acid receptors are generally 

overexpressed in many types of cancer cells, as these reproduce more frequently then ordinary ones [6]. The presence of 

folate receptors on the membrane strongly depends on the physiology of the cell line considered. In this presentation, 

we will show that the high specificity of our system allowed us not only to target cancer cells, but also to be able to 

distinguish different cell lines based on their level of expression of folate receptors [5].  
 

Results and Discussion 

After briefly presenting the system characterization, we will illustrate the interaction of our nanobiovector with different 

cell cultures.  

SERS mapping, performed on different cells, allowed us to detect our nanovector bound to the cell membrane and, 

therefore, to map the presence of the folate receptors even at subcellular level.  

We developed a SERS screening protocol, which allowed us to estimate the density of folate receptors on different cell 

types. For this experiment we chose three cell lines, showing a different expression of folic acid receptors [6,7]. As 

expected, the detected SERS signal was higher on cancer cells (HeLa, human cervical cancer, and Pc-3, human 

prostatic cancer) than on healthy ones (HaCaT, human keratinocytes). Moreover, the values of SERS intensity 

measured on the different cell lines were clearly distributed in three distinct statistical populations, that we were able to 

fit with lognormal statistical distributions, as shown in Figure 1. As previously explained, the different response of these 

cell lines to the treatment with the nanovector is related to the level of expression of folate binding proteins on the cell 

membrane. For this reason, HeLa cells (indicated as “cancer 2” in Figure 1) show a higher signal than Pc-3 cells 

(“cancer 1”).  
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Figure 1: Sketch of the experiment, which consists in the treatment of three different cell lines (one healthy, two cancerous) with the 

folate-functionalized nanovector. By measuring the average SERS signal on the cells, it is possible to discriminate between healthy 

and cancer cells and to distinguish three different populations, namely HaCaT (healthy), Pc-3 (cancer 1) and HeLa (cancer 2) cells. 
 

 
 

Conclusions and Outlook 

Biofunctionalized gold nanoparticles covered with folic acid allowed the selective targeting of two types of cancer cell 

with different efficiency, giving information on the level of folate receptors on the cell membrane. The results suggest 

the possibility to combine the nanovector plasmonic properties with opportune functionalizations, with the aim of 

performing SERS-based biophysical investigations, as for example to map the molecular receptors on cell membranes. 
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Introduction 

Metal nanoparticles have attracted great scientific and technological interest in many application fields, mainly due to 

their ability to sustain Localized Surface Plasmon Polaritons (LSPP). Linear optical properties and LSPP resonances of 

metallic nanoparticles or nano-antennas have been well described, since decades, in the literature by extinction and/or 

scattering spectroscopies and by radiation patterns in direct or in Fourier space. However, much less is known on their 

non-linear optical properties, and on the role of LSPP resonances in the enhancement of these effects. Two-photon 

photoluminescence (TPPL) and second harmonic generation (SHG) are both prominent examples of nonlinear effects 

observed on metallic nanoparticles. Compared to the TPPL process, a third-order process which intrinsically relies on a 

high local optical field, SHG additionally requires materials with a high second order susceptibility and an inversion 

symmetry breaking. Such selection rules have to be considered in addition to the ‘plasmonic molecular hybridization’ 

model, in order to understand the SHG and the TPPL efficiencies in metallic dimers.   
 

 
Figure 1: (a) SEM image of a Au-Al dimer. (b) Nonlinear spectra of a Au-Al hetero-dimer where both the gold and aluminum 

nanoparticle have a diameter of 160 nm. The gap distance is about 20 nm. The incident wavelength is 774 nm and the incident 

polarization is oriented along either the short axis (black curve) or the long axis (red curve) of the dimer. (c) and (d) Scattering 

spectra recorded on single Au-Al dimers with polarization oriented along the short (c) or the long (d) axis of the  

dimers. Each spectrum has been normalized by the lamp spectrum. The diameter of the gold nanoparticle is 160 nm and the diameter 

of the aluminum nanoparticle varies between 124 and 187 nm. The gap is fixed at 20 nm. 

Results and Discussion 

In this study, we focused on the linear and nonlinear optical characterization of Au-Al heterodimers (Fig1). These 

metallic dimers have been fabricated by a two-step electron-beam lithography process where the diameters of the Au 

and Al nanoparticles have been independently varied, as well as the gap distance. The linear optical properties (single 

dimer scattering spectra) and the non-linear optical properties (SHG and TPPL spectra) have been compared to 

understand the main physical phenomena involved.  
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Introduction 
The design of coupled colloidal nanoparticles (NPs) to achieve small-aggregates is a challenging task. In fact, 

colloids are inherently quasi-stable systems, and the controlled assembly of nanoparticles to build up small 

clusters of NPs aggregates with a well defined composition such as dimers relies on the delicate balance between 

repulsive forces ensuring colloidal stability and the attractive interactions required for NPs assembly leading in fine 

to aggregation. [1] 
The considerable effort that has been devoted by the scientific community to devise robust assembly and quenching 

strategies in solution highlights the challenge of mastering NPs aggregation to form stable dimers in solution. 

Most of the reported optical studies of nanoparticles dimers are performed on dry samples obtained by drop-casting 

the colloidal solution during the assembly process and thus freezing the aggregation at the desired stage. This 

simple quenching approach allows the investigation of single and well defined assembled particles. Conversely, 

freezing the assembly process in solution remains the critical step to yield stable and controlled small NPs clusters 

in solution. [2-4] 
 

Results and Discussion 
In this work, we developped a facile and reproducible strategy to assemble gold nanorods (GNRs) into dimers by 

using bifunctional linker acting as the coupling agent and the Raman reporter (Figure 1). The progression of the 

assembly was monitored by UV−vis absorption spectroscopy revealing the gradual decrease over time of the 

longitudinal LSP mode of GNRs while a new red shifted peak rises concomitantly. The latter pointed to end to end 

assembled GNRs, and the amplitude of this red shift (ca. 150 nm) suggested that the particles were strongly 

coupled with a small gap distance (1 nm or less). 
 

 
 

Figure 1: (A) GNRs dimerization strategy. (B) Extinction spectra of the gold nanorods dimers assembly in solution. The 
different spectra are recorded over time following the addition of the bifunctional molecular linker. 

 
Taking advantage of the stability of GNRs dimers after addition of silver to freeze the assembly process, 

solution-based surface-enhanced Raman scattering (SERS) studies were performed to assess the enhancement 

for coupled GNRs in comparison to monomers. Besides, the selected molecular linker used to initiate the assembly, 

features an excellent Raman cross section that was exploited to probe the enhancement in the interparticle gap 

(Figure2).

mailto:boubekeur@univ-paris-diderot.fr
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(A)                                                         (B)                                         (C) 
 

Figure 2: (A) Solution-based SERS spectra recorded with 785 nm laser excitation for GNRs for isolated GNRs (black line) 

and after GNRs dimerization (red line). Mapping of Electric field intensity for (B) isolated and (C) two coupled GNR 

monomer (excitation at 785 nm with polarization along the main axis of the rod) 
 

The combination of SERS studies with electrodynamic calculations (Discrete Dipole Approximation method) 

revealed that the enhancement factor for dimers in comparison to monomers increased by two-orders of magnitude. 
 

Conclusions 

We demonstrate how the control of kinetic and thermodynamic processes is a fundamental prerequisite to 

master the assembly and form stable gold nanorods dimers in solution. When encapsulated in solution immediately 

after assembly termination, the coupled particles are stable for at least 5 months. The benefit of the resulting 

coupled gold nanorods in terms of stability and field enhancement was assessed by surface enhanced Raman 

spectroscopy and extinction spectroscopy opening new perspectives to this challenging field. 
 
 

References: 

[1]    L. Guerrini and D. Graham, Chem. Soc. Rev., 2012, 41, 7085-7107. 
[2]    M. Grzelczak, A. Sanchez-Iglesias, H. H. Mezerji, S. Bals, J. Perez-Juste and L. M. Liz-Marzan, Nano Lett., 2012, 12, 

4380-4384. 
[3]    A. F. Stewart, A. Lee, A. Ahmed, S. Ip, E. Kumacheva and G. C. Walker, ACS Nano, 2014, 8, 5462-5467. 
[4]    Haidar, I.; Aubard, J.; Levi, G.; Lau Truong, S.; Mouton, L.; Neuville, D.; Felidj, N.; Boubekeur-Lecaque, L. J. Phys. 

Chem. C 2015, 119, 23149-23158 

 

 

 

  



 
 

15 
 

Experimental studies and electromagnetic modeling of localized plasmon surface 

on a new SERS platform 
 

M.Edely
1
, N.Delorme

1
, G.Louarn

2
, L.Douillard

3
, J-F.Bardeau

*1
  

1
 Institut des Molécules et Matériaux du Mans - UMR CNRS 6283- PRES LUNAM - Université du Maine, Avenue 

Olivier Messiaen, F-72085 Le Mans Cedex 9, France 
2
 Institut des Matériaux Jean Rouxel, Université de Nantes, BP 32229, F-44322 Nantes, France 

3
 Nanophotonics Laboratory, Service de Physique de l'État Condensé, IRAMIS, CEA, UMR CNRS 3680 F-91191 Gif-

sur-Yvette Cedex, France 

*e-mail: Jean-Francois.Bardeau@univ-lemans.fr 

 

Keywords: SERS, gold, lithography, nanostructuration,  

 

Introduction 

Since the first observation of Surface Enhanced Raman Scattering (SERS) in 1974 [1], a variety of methods have been 

developed to control physically the arrangement of metallic nanostructures onto a surface in order to enhance Raman 

signals. It is now generally believed that the magnitude of the SERS enhancement factor is mainly driven by the 

enhanced local electromagnetic field in nanostructured metal surfaces [2]. Previous studies revealed that gaps between 

adjacent nanoparticles or roughness give rise to strong enhancement effects, often referred as ‘hot spots’. Therefore, one 

way to produce highly efficient SERS substrates is to develop a reproducible system of interacting metal nanostructures 

capable of high field enhancement. 

 

Results and Discussion 

In 2014, we patented a force-assisted Atomic Force Microscopy lithographic method [3] allowing fabricating a metallic 

substrate locally decorated with various nanostructures of dots, lines, grids, concentric circle,.(Figure 1) 
 

 
Figure 1: AFM image of a substrate decorated with different nanostructure geometries 

 

It will be shown that this method provides a relatively simple approach to realize reproducible patterns with controlled 

geometry that can be used  for the study of the influence of the pattern geometry on  the SERS effect,  (Figure 2). 
 

 

 
 

Figure 2 : Lithographically designed substrate with different periodic nanostructured gold surfaces 

 

Whereas electric field enhancement regions (Hot spot) are characterized with PhotoEmission Electron Microscopy 

(PEEM) (Figure 3), SERS effect is demonstrated  by performing  Raman measurements using several standard 

molecules (Crystal Violet and Thiophenol) (Figure 4). 
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Figure 3 : PEEM picture of nanstructured gold surface (  = 624 nm)  

 

 
 

 
Figure 4 : Raman spectra of crystal violet molecules adsorbed on nanostructured substrate after incubation in a 10-6 M solution. 

 

In order to investigate the relationship between optical properties and the pattern geometry localized surface plasmon 

resonance (LSPR) and surface-enhanced Raman scattering (SERS) gains are simulated using COMSOL Multiphysics®.  
 

 
Figure 5 : Elocal/Eincident calculation on a real nanostructure profile 

 

Conclusion 

Correlations between PEEM measurements, Raman exaltation and local field calculations are presented in relation with 

the geometrical parameters of the nanostructures patterns. 
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Introduction 
Plasmonic nanostructures have been thoroughly investigated in recent years [1]. By preparing hybrid systems of 
such structures and organic molecules, the optical properties of the hybrid systems can be tuned [2, 3]. These 

include the enhancement of spontaneous emission and light absorption [2-4]. These properties are related to 

localized plasmon resonances (LSPR) [2-4]. Beside the plasmonic resonances of single structures also collective 

modes can occur when arranging these structures in chains or gratings with separations of the single structures in the 

range of optical wavelengths [5,6]. A special type of such collective resonances are parallel lattice resonances which 

occur when the electric field vector of the incident light is parallel to the wave vector which is added through diffraction 

by the grating [7]. These modes have been just recently investigated in 2-D gratings [7,8]. 

We fabricated 1-D plasmonic nanogratings with different geometries of the single structures, which show parallel 

grating modes. The optical properties of these systems were investigated by white light extinction spectroscopy with 

angle-resolved illumination. The plasmonic systems are combined with the small-molecule organic semiconductor 

diindenoperylene (DIP) for investigation of enhanced absorption and fluorescence emission in this hybrid system. 
 

Results and Discussion 
Two types of plasmonic systems were investigated, planar Au gratings with line widths in the range of 100 nm and 
heights of 20-30 nm and wedge-shaped gratings with a width at the base of ~100 nm and a height of ~120 nm (Figure 
1b). For the investigation of the optical properties of these systems white light extinction spectroscopy was used 
with TM- and TE-polarized incident light for different illumination angles from 0-20°. The planar gratings were 
combined with the small-molecule organic semiconductor diindenoperylene. The DIP-film with a thickness of ~20 
nm is evaporated under ultra-high vacuum conditions. For this system extinction and fluorescence measurements were 
performed. The results of the optical properties of the plasmonic systems and the hybrid systems are compared to 
simulations with the finite element method. 
The results for the characterization of the bare plasmonic grating systems show LSPR and grating induced modes 

(Figure 1a). For nanogratings with wedge-shaped structures beside the in-plane localized plasmon resonance, also out-

of-plane localized modes occur for oblique illumination (Figure 1a), similar to modes that have been observed for 

plasmonic nanocones [9].  The localized modes and the collective modes in this system show an avoided crossing 

behaviour, which also have been observed for in-plane LSPRs and orthogonal lattice resonances in 2-D plasmonic 

gratings [10]. 

The results of the optical characterization of the hybrid system consisting of the plasmonic system and the organic film 

indicate an enhanced absorption in the DIP-Film. Additionally the fluorescence properties of this hybrid system 

were investigated. These results show an enhanced and polarized emission which correlates with the optical properties 

of the plasmonic grating. 

The data of the optical characterization of the planar and wedge-shaped plasmonic gratings by white light 

extinction geometry will be shown together with results of simulations of the plasmonic systems.  Additionally data 

of the extinction measurements and of the fluorescence measurements for the hybrid systems will be presented. 

 

Conclusions and Outlook 
In this work, the optical properties of 1-D plasmonic nanogratings and hybrid systems of the nanogratings and an 
organic semiconductor were investigated. Planar nanogratings and wedge-shaped systems were fabricated and 
optically characterized by white light extinction spectroscopy. The planar plasmonic system was combined with a 
small-molecule organic semiconductor. The results of the optical characterization of this system indicate an 
enhanced absorption in the DIP. Additionally enhanced and polarized fluorescence of the organic semiconductor in 
the hybrid system was observed. The absorption and emission properties of the hybrid systems are related to LSPRs 
of the single structures or collective modes in the plasmonic nanogratings. 

mailto:gollmer@uni-tuebingen.de
mailto:fleischer@uni-tuebingen.de
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Figure 1: a) Extinction spectra of a wedge-shaped gold nanograting (period 350 nm) for different illumination angles. Several 
different modes can be observed. b) SEM image of a Au wedge-shaped nanograting (viewing angle 80°). c) Fluorescence spectra 
of a DIP-film on a planar nanograting (period 400 nm) and a pure DIP-film. Additionally the very low fluorescence signal of the 
substrate and the bare Au grating is shown. [11, 12] 

 
In further experiments the enhancement mechanisms through localized plasmon modes or lattice resonances will be 

investigated. This way enhanced absorption or emission in hybrid systems for specific wavelengths in the visible may be 

achieved by using parallel lattice resonances. The optical properties of the 1-D plasmonic nanogratings in such a 

system can be spectrally tuned by the grating geometry without changing the geometry of the single structures. 
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Graphene and related 2D carbon materials have become very important from the point of view of 

applications in sensing, optoelectronics, and alike.(1) Due to its two-dimensionality and consequent optical 

properties graphene is a very good energy acceptor.(2) The factors that strongly influence the efficiency of 

fluorescence resonance energy transfer are: a distance between a donor and an acceptor, and structural properties of 

graphene.(3) It is also well-known that optical properties of emitters can be strongly influenced in the presence of 

metallic nanostructures. 

 In this work we use confocal microscopy and time-resolved fluorescence spectroscopy to study energy 

transfer in three-component system containing natural photosynthetic complexes, silver nanowires and graphene. 

We found that the fluorescence of photosynthetic complexes, primarily enhanced by silver nanowires due to 

plasmonic interactions (4), can be efficiently quenched by graphene. We focus on determining factors influencing 

the efficiency of this process. The ability to describe excitation energy dependence of the energy transfer efficiency 

is provided by broad absorption of photosynthetic complexes, spanning over the whole visible range. Energy 

transfer was also studied for varied graphene morphologies and arrangement of all components.  

 

 

 
Figure 1: Transmission images and fluorescence of PCP-silver nanowires bioconjugates on a glass and graphene. 

 

 
 The results, which indicate pronounced energy transfer in our structures that strongly depends on the 

mutual orientation of donor and acceptor, as well as the number of graphene layers, show considerable potential for 

using graphene as a component of biologically functional hybrid nanostructures. 
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Introduction 

The natural light harvesting complexes (LHCs) of plants and photosynthetic bacteria are one of the most 

fascinating functional molecular assemblies. Their main purpose is strong absorption of light followed by fast 

energy transfer to neighboring LHCs and the photochemical reaction centre where an electron transfer process leads 

to charge separation[1]. The effectiveness of these processes relies on two fundamental physicochemical principles. 

First self-organization of dye molecules, preferentially of chlorophyll derivatives mediated by proteins, into 

precisely ordered structures of large spatial size to obtain extraordinarily high cross-sections for light absorption. 

Second, extremely fast energy migration of the absorbed light within the LHC can ensure that the excitation energy 

is extremely fast available at any place where it is needed for photo-induced energy or electron transfer (PET) 

processes.  

  The self-association of dyes in solution or at the solid-liquid interface is a frequently encountered 

phenomenon in dye chemistry owing to strong intermolecular van der Waals-like attractive forces between the 

molecules. The aggregates in solution exhibit distinct changes in the absorption band as compared to the 

monomeric species. In order to achieve a high degree of molecular order, it was tried to build artificial light 

harvesting systems by adsorbing dye molecules on solid substrates. In such heterogeneous systems, the underlying 

crystal lattice of the solid substrate acts as a matrix for stable fixation and precise stacking of the dye molecules by 

epitaxial growth. 

 

H- and J-aggregation of cyanine dyes 

Cyanine dyes is the non-systematic  name of a synthetic dye family belonging to polymethine group of 

compounds, synthesized to build up artificial light harvesting systems. They consist of two nitrogen centers, one of 

which is positively charged and is linked by a conjugated chain of an odd number of carbon atoms to the other 

nitrogen[2]. Two nitrogens are joined by a polymethine chain, each of them being the independent part of 

a heteroaromatic moiety, such as  pyrrole, imidazole, thiazole, pyridine, quinoline, indole, benzothiazole. They have 

the wide application in many fields of science and practice. Firstly, they are used to increase the sensitivity range 

of photographic emulsions, and also to label proteins, antibodies, peptides, nucleic acid probes, and any kind of 

other biomolecules to be used in a variety of fluorescence detection techniques. The structural formula of the 

cationic thiacyanine dyes is presented in Fig.1. 

  
 

Figure 1 General structure formula of polymethine thiacyanine days: n- number of methyl groups, 

X- =  Br-, Cl-, ClO4
-, and various anions 

 

An outstanding feature of cyanine dyes is the very high ground state polarizability of the π-electrons along 

the polymethine group in the ground state, which gives rise to strong dispersion forces (van der Waals forces) 

between two cyanine molecules in solution [28, 29]. International Journal of Photoenergy Volume 2006, Article ID 

20363, Pages 1–21). One of the main features of cyanine dyes is their ability for spontaneous self-organization into 

highly ordered aggregates of various structures and morphologies (International Journal of Photoenergy, Volume 

2006, Article ID 20363).. They can be organized in a parallel way (plane‐to plane stacking) to form a sandwich‐
type arrangement (H‐dimmer) or in a head‐to‐tail arrangement (end‐to end stacking) to form  J‐dimmer. This 

organization enables the high polarizability of the π-electrons along the polymethine group in the ground state and 

the  efficient exciton coupling including the  fast exciton energy migration. Extensive studies on J - and H - 

aggregates have resulted in the proposal that these aggregates exist as a one - dimensional assembly in solution that 

could be in brickwork,  ladder, or staircase type of arrangement [3](Fig.2).  They have the high polarizability of the 

π-electrons along the polymethine group in the ground state   and are characterized by the efficient exciton coupling 

and fast exciton energy migration over thousands of molecules within a few picoseconds.  

https://en.wikipedia.org/wiki/Polymethine
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Polymethine
https://en.wikipedia.org/wiki/Aromaticity
https://en.wikipedia.org/wiki/Moiety_(chemistry)
https://en.wikipedia.org/wiki/Photo_emulsion
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Figure 2. Schematic representation of the different arrangement of  

 

 

 The dye molecule is regarded as a point dipole and the excitonic state of the dye aggregate splits into two 

levels through the interaction of transition dipoles.  An electron transition to the upper state in parallel aggregates 

having parallel transition moments and to a lower state in a head - to - tail arrangement with perpendicular 

transition moments  leads to hypsochromic (red) and bathochromic (blue) shifts of the absorption spectra, 

respectively[3] (Fig.3).  

 
 

Figure 3. Schematic representation of the relationship between chromophore arrangement and spectral shift 

 

H- and J‐aggregation is strongly dependent on dye concentration, ionic strength, pH, dielectric constant, 

metal ions, nanoparticles, polymers, and also on solid surface. However, the molecules show novel properties, such 

as linear and nonlinear optical response, photoelectric, photorefractive, photochromism, superradiance, 

superfluorescence, electroluminescence, photoluminescence, attenuated total reflection which have the applications 

in major fields of science. As an example of concentration dependent self organization of cyanine dyes, Fig.4 shows 

the absorption spectra of thiacarbocyanine (TCC), the dye which forms both H- and J- aggregates which are 

dependent on its concentration in solution.  

 

 
Figure 4. Absorption spectra of thiacarbocyanine (TCC) 

 

 J-aggregation of  thiacyanine dyes on nanoparticles surface 
Noble metal nanostructures consisting of Au or AgNPs have been studied extensively because of their 

unique optical properties arising from localized surface plasmon resonance in the visible region. Modification of 

their surface by thiacyanine dyes leads to changes in their electronic properties[4-7]. The modulation of the 

chromophore’s optical characteristics is obtained due to the electronic coupling of the dye exciton to the 

polarization of the metal NPs. However, thiacyanine dyes form J-aggregates on the surface of silver and gold 
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nanoparticles (NPs) which strongly depend on particle size and surface capping, as well on the dyes structure. Self-

organization of these molecules mediated by NPs is especially interesting because of the application of dye – NPs 

assemblies for nanoelectronics, medical diagnostics, drug delivery, chemical sensing and catalysis. The hybrid J-

aggregate –NPs assemblies are usually characterized by UV-vis spectrophotometry, TEM, AFM, DLS, FTIR, 

Raman spectroscopy, fluorescence measurements and DFT calculations.  

In our studies, we focused mainly on the J-aggregation of the anionic thyacyanine dye 3,3’-disulfopropyl-

5,5’-dichlorothiacyanine sodium salt (TC) on the surface of citrate and borate capped Au and AgNPs which were 

obtained by the reduction of Au(III) or Ag(III) solution by Na-citrate or NaBH4. TEM and AFM measurements 

confirmed that NPs were spherical in shape with the particle size diameter from 6 – 30 nm. Their negative surface 

charge was confirmed by zeta potential and particle mobility measurements, suggesting their surface covering by 

citrate or borate anions. The initial Au and Ag colloid dispersions exhibit an intense surface plasmon resonance 

(SPR) peak at ~520 nm and ~387 nm, respectively. Their positions are sensitive on the size and shape of the NPs as 

well as on the dielectric constant of the medium.  

The formation of the TC dye J-aggregates on the surface of the NPs was followed by the appearing of a 

characteristic deep in the case of AuNPs or new peak in the case of AgNPs, both at 481 nm (Fig. 5) due to a 

coupling of J-aggregate excitons and polarizations in NPs. The position of the deep and the peak is very close to the 

position of J – band of the pure dye (464 nm)[4,8]. However, the stability and intensity of the absorbance is 

strongly dependent on TC, NPs and KCl concentrations, time as well as on NPs type. Moreover, the spectral deep 

appeared only by AuNPs with 6 nm particle diameter[4], which were obtained by borhydride reduction of Au(III) 

salt.  
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Fig. 5. Absorption spectra of Au (left) and Ag colloidal dispersion in the presence 

 of  TC; concentrations from 0 - 1.67×10
-5

 M[ 

 

The TEM study of NPs in the presence of TC dye confirmed aggregation tendency (Fig. 6), visible also in 

the slightly change of the plasmon  position in the absorption spectra of dye – NPs assembly[4]. The reason for this 

behavior is attributed to TC molecules adsorbed on NPs surface in J-aggregate forms, which are involved in the 

interlinking of NPs. However, the question aroused how partially negative SO3
-
 groups of TC dye will overcome 

the electrostatic barrier imposed by negatively charged citrate anions or borate anions which are tightly bound to 

the NPs surface. 

 
(a) Bare Au nanoparticles 

 
(b) TC coated Au nanoparticles 

Figure 6.  TEM analysis of (a) bare Au nanoparticles and (b) TC-coated Au nanoparticles. 

Using the simple model which considered NPs surface as a single atom, interacting with different parts of 

the dye molecule anion, DFT calculations were performed to elucidate the mode of TC binding to the NPs surface. 

It must also be taken into account that TC J-aggregation on AgNPs occurs only in the presence of K
+
 ions in 

significant excess. The precise surface model, consisting of 18-atom metal cluster was used for calculation. The 

conclusion was made that TC dye is, from the thermodynamical point of view, most likely to interact with Au and 
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AgNPs via oxygen atom from SO3
-
 groups. The attractive interaction between adsorbed citrate or borate anions and 

K
+
 ions provides a thermodynamical driving force to drive at least one K

+
 ion per adsorbed anion out of its 

hydratation sphere and deposit it onto the AgNP surface. As the consequence, the interaction between K
+
 ions and 

adsorbed citrate inevitably weakens citrate adsorption on the AgNPs surface, thus favoring replacement of anion by 

TC dye. 

In the elucidation of dyes binding on the surface of NPs, they are usually considered as macromolecules 

with several binding sites and dye is considered as a ligand. The dye - NPs assemblies usually exert concentration-

dependent fluorescence quenching properties[6,7,9], Fig.7. The analysis of the Stern–Volmer relation, accounting 

for both static and dynamic quenching, suggests that NPs quench the fluorescence with an extraordinarily high 

Stern–Volmer constant (KSV) in the range of 10
8
M

-1
 in many cases. Additionally, the kinetics of J-aggregation of 

dyes in the presence of NPs was studied using a stopped–flow technique. Kinetic measurements performed as a 

function of the dye and NPs concentration, yielded sigmoid kinetic curves[5,8]. The concentration dependence of 

the parameters of the kinetic curves indicated that J-aggregate formation on the NPs surface occurred via a two-step 

process; the first was adsorption of the initial dye layer, followed by the growth of consecutive layers[4,8].  
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Figure 7.   Concentration dependent fluorescence quenching of TC induced by increase of AgNPs 

concentration(right) and Stern Volmer graph for this process 

 

Conclusions and/or Outlook 

The interaction of Au and AgNPs with the thiacyanine dyes is very well characterized by application of 

various nanospecroscopic methods, such as UV Vis spectroscopy, fluorescence spectroscopy, TEM, AFM, DLS, 

FTIR, Raman spectroscopy and other techniques. However, the mechanism of interaction can be elucidated by 

application of the methods considering NPs as macromolecule and dye as ligand. DFT calculations usually clarify 

and the nature of dye binding to NPs surface. Moreover, NPs with different capping agents and with a wider range 

of diameters will be synthetized, for future use in medical diagnostics, catalysis, drug delivery, nanoelectronics and 

for chemical sensing.  
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Introduction 

Metal nanoparticles interact with light through their free conduction electrons. At optical wavelengths, the electrons 

act as a plasma and the collective charge-density oscillations driven by the radiation are called plasmons. Surface 

plasmon resonances lead to a very strong optical near-field that can be further enhanced by electromagnetic 

coupling of two nanoparticles separated only by a fraction of the optical near-field range. Strong coupling affects 

the charge distribution at the resonance wavelengths and leads to plasmon hybridization [1]. 

 

Results and Discussion 

We approach this strong coupling regime experimentally and present results from lithographically fabricated gold 

particle-pairs with controlled vertical gap widths in the range of 1-20 nm [2]. Measured extinction spectra of 

coupled particle pairs are compared to the results of simulations done with the boundary element method [3]. 

Special emphasis is put on the dispersion relations of the coupled system of two particles with respect to previous 

work for single particles [4].  

An example for the measured extinction spectra for gold disks of diameter 100 nm and height 30 nm as well as for 

coupled gold disks separated by a 10 nm SiO2 layer is given in Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Optical extinction spectra of single gold disks and pairs of particles separated by a 10 nm dielectric layer.  

The insets show the simulated surface charge distribution at the peaks. 
 

 

 
Conclusions and Outlook 

As the inter-particle distance can be controlled very well for this structure, it is well-suited to study the enhanced 

interaction with fluorophores embedded in the spacer layer, and first results from dye molecules in the gap region 

are presented.  
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Introduction 
inorganic  nanotubes  (INT)  and  inorganic  fullerene-like  (IF)  nanoparticles  (NP)  of  WS2   are  appealing  as 

hydrogen storage media because of their extremely high surface area and layered structure, where potentially many 
sites can either chemi- or physisorb hydrogen. An attempt to test WS2 INT and IF as possible candidates for 

hydrogen storage material can be of significant industrial potential. Plasma activated hydrogenation was proposed as a 
method to improve hydrogen absorption concentration. This enhancement in the hydrogen absorption concentration 
could be attributed to more effective interaction of activated vs. molecular hydrogen with NP substrate surface and due 
to higher energy and momentum of the H2  in the plasma environment. In addition, plasma originated hydrogen ions 

and electrons may interact with the WS2 NP producing new or modify existing defects and pores, and so contribute to 

hydrogen binding, diffusion and higher stability. The main goal of this work is to study chemical configuration of the 
absorbed hydrogen and to elaborate on its thermal stability inside the WS2  NP. Micro-Raman spectroscopy was 

extensively used to evaluate chemical configuration of 
hydrogenated compounds due to its capability to detect chemical bonds involving hydrogen atoms.

1,2 
It is highly 

sensitive and allows to discover molecular hydrogen inside amorphous and crystalline solids.
2  

In addition, we used 
deuterium plasma instead of hydrogen in several experiments to unambiguously prove that the measured features are 
due to the hydrogenation by plasma and not due to residual water or hydrogen retained from the 
synthesis of WS2  NP. Transmission electron microscopy (TEM) and electron diffraction (ED) analysis of NP after 

plasma treatment was used to accurately examine the pristine changes on the individual NPs’ surface and in their 
interlayer distances. 

 
Results and Discussion 
To  determine  the  chemical  configuration  of  the  absorbed  hydrogen,  micro-Raman  measurements  were 
performed. The laser induced heating accounted for a significant problem, as it could result in immediate 
desorption of hydrogen from the irradiated sample area and oxidation of WS2. In order to prevent or diminish these 

disturbances, the lower laser power was used. The micro-Raman scattering for all samples was measured in the  spectral  

range  of  0-4400  cm
-1

. A  narrower  region  of  3400-4300  cm
-1   

for  the  hydrogenated  and  non- hydrogenated NP 

was measured. In Figure 1 (lines 1,2) the spectra for INT-WS2  are presented. A small peak centered at ~4150 cm
-1 

was observed for the hydrogenated samples only. This feature was previously attributed to the H–H stretching mode in 

H2 molecules,
2-4 

and, therefore, its appearance in our spectra reveals that indeed hydrogen absorption took place and 

is present in the molecular  form. One should take into account a very small Raman cross section of this H-H. We may 
suppose that H2 molecules were adsorbed on the surface of the NT, in the hollow core or being intercalated between 

the layers in the WS2 NP. To finally prove that the Raman feature measured at 4150 cm
-1 

is indeed due to 

physisorbed H2 molecules, the sample was heated in vacuum to 450 ºC for up to 2 h. The intensity of the H2  mode 
peak gradually decreased until disappeared, as shown in Figure 1 (line 3). To determine the presence of 
chemisorbed hydrogen (H-S bonding) the Raman scattering in the 1500- 

3000 cm
-1 

region was performed. However, the features which could be attributed to H-S bonds
5 

never appeared so 

indicating that no chemisorbed hydrogen was present in the WS2 NP. Nevertheless, to unambiguously prove that 

micro-Raman spectroscopy is indeed capable to reveal molecular hydrogen in WS2, deuterium gas in the RF 

plasma was used instead. To determine the chemical configuration of so absorbed deuterium, micro-Raman 

measurements were performed in the spectral range of 2500-4000 cm
-1

, as showed in Figure 2. Indeed, a small peak, 

now centered at ~2970 cm
-1 

was observed (Figure 2, line 1). This feature was previously attributed to the D–D 

stretching mode in D2,
3 

and, therefore, its appearance in our spectra proves that deuterium is present in the molecular 
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form as was in the case of hydrogen. No features related to D-S bonds were observed.
6 

Furthermore, RF plasma 

deuterated WS2 samples (IF and INT) were heated in vacuum to 450 ºC for up to 2 h. As seen from Figure 2, line (2), 

the intensity of the ~2970 cm
-1  

peak decreased to nearly zero. High resolution ED pattern measured by TEM on 

the individual NP shows that the interlayer distance of the RF plasma hydrogenated samples increased from 0.62 

nm for the unexposed NP to 0.63-0.64 nm for the hydrogenated NP, as presented in Figure 3. The intercalation of 

hydrogen between the WS2 layers could be the native explanation for thisexpansion, however the DFT 

calculations, shown in the next paragraph, did not confirm this assumption but are rather indicative on adsorption of 

hydrogen on the surface and its effect on the distance between the inner lying WS2 layers. 
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Figure 1. Micro-Raman spectra (1) of 
the RF-plasma hydrogenated and (2) 
non-hydrogenated WS2 NP, (3) 

annealed.

Figure 2. Micro-Raman 
spectra of (1) deuterated and 
(2) vacuum-annealed WS2 NP. 

Figure 3. Electron diffraction pattern of the reference 

(left) and deuterated (right) WS2 IF-NP.
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DFT calculations have been performed to model the adsorption of hydrogen on planar and curved layered WS2 

nanostructures.
7  

The H2  adsorption energies and distances have been monitored as a function of H2  coverage, 

ranging between 0.0625 monolayers (ML) coverage up to full 1 ML coverage. The adsorption energies are positive; 
that is, molecular adsorption is favourable. As the H2  coverage increases, adsorption energies tend to decrease and 

adsorption distances tend to increase, although these changes are small. A relevant result is that the H2 adsorption on 

the topmost layer of the WS2 multilayers  induces a small increase of the distance between the topmost and the 

second WS2 layers, and this decoupling is enhanced by increasing the H2 coverage: this agrees with the increase of 

the interlayer distance observed in the ED measurements shown above. The calculations indicate that H2 can be 

adsorbed on the surface of the NP and on the outermost and innermost walls of the NT, but cannot be intercalated 
between layers. This conclusion has been obtained by simulating the intercalation of the trilayer with increasing 
amounts of molecular hydrogen; more specifically, H2  molecules were placed in between the first and second 

layers of the trilayer (Figure 4). The energy of intercalation is negative in all cases; that is, intercalation is 
unfavourable due to the energy needed to largely expand the interlayer distances. 

 

 
Figure 4. Optimal structures for intercalation of H2 between the first and the second layers of the WS2 trilayer: 0.0625 ML 

H2 (left panel); 0.25 ML H2 (central panel), two layers of H2 adsorbed on top of a WS2 layer. 
 

Conclusions and Outlook 
As revealed by the micro-Raman measurements, hydrogenation by the RF plasma results in physisorption only 
of hydrogen with yet no evidence of H-S bonds. The operational parameters of the micro-Raman spectroscopy 

were optimized to decrease local heating while maintain sufficient signal intensity to observe the low cross 

section features. As revealed by the DFT calculations, the physisorbed hydrogen molecules are not intercalated 

between the layers of the NP but adsorbed, probably as two or three layers, on the very surface of the NP. 

Additional study is required for better understanding of possible atomic intercalation. For this purpose, we 

suggest to use tip-enhanced Raman spectroscopy trying to measure hydrogen in the individual NP: the accuracy 

of the determination of hydrogen chemical configuration in WS2 NP will be greatly improved. 
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Introduction 

Enhanced light absorption by metal nanoparticles due to the excitation of localized surface plasmon resonances generates 

light triggerable nanosources of heat attractive for medical therapy and in nano-chemistry. Optical phase analysis,
1
 based 

on the refractive index variation of a liquid medium surrounding the metal nanostructures, allows the accurate and local 

measurement of the temperature increase around the nanostructures upon laser illumination and the retrieval of the 

absorption cross section.  

 

Results and Discussion 

The plasmon resonance of (arrays of) gold nanodisks with diameters ranging from 100 nm to 200 nm fabricated by 

electron beam lithography can be clearly tracked by the temperature increase at the metal surface. However, maximal 

heating is obtained for exciting wavelengths slightly (~15 nm) red shifted with respect to the extinction maximum (Fig. 1). 

Numerical simulations using the discrete dipole approximation support these experimental findings. The observed shift is 

tentatively related to the actual near-field probing of the temperature as opposed to the far-field optical extinction and the 

energy shift between the electromagnetic field intensity associated with the plasmon excitation in the near and far field 

regimes.
2,3

 Influence of the absolute absorption cross section at resonance for different particle sizes on the overall heating 

will also be discussed.  

 

 
 

Figure 1: (left) The red dots report the temperature measured upon illumination of the same array of gold nano-cylinders (180 nm in 

diameter, 50 nm thickness) with laser wavelength varying from 711 nm to 860 nm under constant power (15 mW). The optical 

extinction spectrum relative to the same array is shown in black. (Right) Measured temperature (black squares) and optical extinction 

(red circles) as a function of di exc = 711 nm, P = 14 mW. 

 
Outlook 

Preliminary results on aluminium nanodisks, displaying multipolar plasmon resonances in the wavelength range 500 nm 

to 900 nm are also presented. Gold and aluminium have very different bulk dielectric properties affecting plasmon 

lifetime and de-phasing mechanisms.
4
 In particular, aluminium presents a sharp inter-band transition centred at 820 nm, 

which when overlapping to the surface plasmon absorption may provide an additional non-radiative decay channel. 
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Introduction 

The quest for novel plasmonic materials has been a lively area of research over the last few years[1]. In the mid-infrared 

(mid-IR) spectral region, in particular, localized plasmon resonances in nanoparticles and nanoantennas hold promise 

for enhanced IR spectroscopies, with key applications in biology, medicine, and security. In this frame, the 

development of a CMOS-compatible plasmonic platform in the mid-IR could have disruptive effects for future 

technologies, allowing for integrated and cost-effective sensing devices [2].  

 

Results and Discussion 

We report on the growth, fabrication and optical characterization of heavily-doped Ge antennas integrated on a Si 

substrate and we exploit them for the sensing of solid-phase and liquid-phase analytes. 

Epitaxial Ge is grown on Si by plasma-enhanced chemical vapour deposition, exploiting P as the dopant and achieving 

plasma frequencies above 1000 cm
-1

, as demonstrated by infrared reflectance measurements.  Antennas were fabricated 

by electron-beam lithography and reactive ion etching techniques, displaying localized plasmon resonances in the 

important 8 to 13 µm molecular fingerprint region.  

We target the sensing of a thin polydimethylsiloxane (PDMS) layer (thickness of about 40 nm) and demonstrate an 

enhancement of two orders of magnitude in the collected signal on gap antennas, as derived from a comparison with the 

results of detailed numerical simulations. We also apply the developed antennas to the sensing of an explosives 

simulant, chloroethyl methyl sulfide (CEMS). Our results represent a first experimental benchmark for group-IV mid-

IR plasmonics and confirm that future CMOS integration of cost-effective sensing platforms could largely benefit from 

plasmonic enhancement in heavily-doped Ge-based devices. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: a) The simulated near-field intensity enhancement associated to the localized plasmon resonances (R1 and R2); b) A SEM 

image of the antennas; c) The measured experimental and simulated extinction spectra. 

 

Conclusions and/or Outlook 

We report on a novel all-group-IV semiconductor material platform for mid-IR plasmonics, based on heavily doped Ge 

epitaxially grown on standard Si wafers. We demonstrate localized plasmon resonances in Ge antennas and exploit the 
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fabricated devices for sensing experiments based on the resonant detection of molecular vibrational fingerprints of both 

condensed-phase and liquid-phase analytes. 
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Introduction 
The need for technological progress in bio-diagnostic assays of high complexity requires both fundamentalresearch 

and constructing efforts on nano-scaled assay recognition elements that can provide unique selectivity and design-

enhanced sensitivity features for reliable high-performance analysis. Indeed, high-throughput capabilities require the 

simultaneous detection of various analytes combined with appropriate bioassay components. To design bioassays that 

function as molecular probes, a selective binding event has to be optimized considering the overall physicochemical 

properties which may influence the successful readout of signals. This constitutes the core of the first design steps to 

elaborate multi-purposes bioassay platforms. Nanoparticle induced sensitivity enhancement, and its related application 

to multiplexed capability Surface - Enhanced InfraRed Absorption (SEIRA) assay formats are fitting well these 

purposes. SEIRA constitutes an ideal platform to isolate vibrational spectroscopic signatures of bioassays’ targeted and 

active molecules (as antibodies). 

The potential of diverse targeted bio-labels, here fluorophore-labeled antibody conjugates, chemisorbed onto low-

cost biocompatible gold and silver nano-aggregates SEIRA substrates has been explored for their use in assay 

platforms [1]. Extensive areas of dried sample films were analyzed by synchrotron radiation (SR) FTIR/SEIRA 

microspectroscopy and the resulting complex hyperspectral datasets, containing molecular SEIRA fingerprints, were 

submitted to automated statistical analysis, namely principal components analysis (PCA). Relationships and 

dependencies between chemical functional groups of the various antibody-fluorophore conjugation systems were 

determined for revealing their spectral discrimination capabilities. 

These studies illustrate the potentiality of SEIRA methodology to select, optimize and qualify bio-label molecules, 

but what is more to evaluate, adjust and increase the efficiency of the substrates for ultimately screening in 

biological environment, too. We demonstrate that robust spectral encoding via SEIRA fingerprints opens up new 

opportunities for a fast, reliable, enhanced and multiplexed high-end screening not only in bio- diagnostics but also 

in in vitro biochemical imaging. 

 

 

 

Results and Discussion 
The spectral features of unlabeled and labeled Goat Anti-Mouse antibody (Figure 1a) were investigated by SR-

FTIR with and without Au NP, i.e. within SEIRA and “conventional” technique, respectively. The signature of 

Goat Anti-Mouse IgG exhibits two strong IR bands at 1535 cm
-1 

and 1635 cm
-1 

that refer to the Amide II and 

Amide I bands [2] being characteristic for proteins. In the spectral region from 3300 to 3100 cm
-1 

stretching (str.) 

vibrations of –NH and –OH groups of amino acid residues are detected (e.g. 3278 cm
-1

) that contribute to the 

secondary structure of the antibody. These IR bands are identifiable in other protein-Au bio-conjugates and are 

enhanced in the presence of Au NP. The metallic substrate also induces for some of the bands a modification of 

their spectral shapes as well as their intensities and positions, such as for the Amide I bands of the Goat IgG- FITC 

conjugate (see enhanced modes highlighted in bold). The FTIR spectrum of FITC exhibits bands referring to str. 

vibrations (1643 cm
-1

) of the xanthene ring moiety and external group modes mainly related to C-O bonds, at 1200 

– 1100 cm
-1

. The SEIRA spectrum of FITC displays str. vibrations of the carbonyl groups of FITC (see asterisks 

*) and new bands originating from –C=N and –C=C str. modes. The enhancements observed, i.e. at 2098 – 2029 

cm
-1 

(ν C–O), at 1597 cm
-1 

(arom. C–C) and at 1180 cm
-1 

(ν C–OH) for Au NP-FITC are due to the formation of 

large colloidal Au NA, presumably induced by the drop-coating process. In addition, the Au NA chemisorbed 

FITC molecules orient their dipole moments to be in line with the local electric field of the metal NA, resulting in 

much larger absorptions, which can be exploited for building up complex conjugates of sensitive multiplexed 

assays. Both the Goat Anti-Mouse IgG-FITC and SEIRA spectrum comprise bands (i.e. Amide I at 1643 cm
-1 

and 
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C–C str. at 1597 cm
-1

) which can be assigned typically to FITC (see asterisks *), and bands at ~ 1527 cm
-1 

and a 

shifted band at 3286 cm
-1 

(ν NH) referring to the antibody specific signatures. This fact confirms that SEIRA is 

able to detect with high sensitivity fluorophore molecules in their conjugated states along with their molecular 

orientation. Chemical enhancement is another contribution which may explain the observed spectral differences. 

The FTIR/SEIRA signatures of Mouse Anti-Goat IgG were studied for evaluating its potential as targeting 

counterpart (i.e. antibody) in immunoassays. SEIRA signature of the Mouse IgG antibody shows enhanced modes 

in the spectral region between 1441 cm
-1 

(δas CH3) and 1344 cm
-1 

(ν C=N), in addition to antigen specific bands. 

Figure 1b shows the scores plots (PC1 – PC4) of diverse biolabels and fluorophore-antibody conjugates.  

The datasets of the Goat Anti-Mouse IgG are well separated from the antigen data in PC1 vs PC2. The PCA results 

confirm that in average 85 % of the variance of the spectral datasets, i.e. the discrimination capability up to the third 

order could be explained by the fluorophore FITC. The scores (PC1 vs PC2) of Goat Anti -Mouse IgG are positive 

and lie in the second quadrant of the variance-weighted room. In PC1 vs PC3, the Goat Anti-Mouse IgG antibody 

data are well separated from the unenhanced spectra. The spectral differences observed in the SEIRA spectrum of 

FITC are also reflected by PC1 vs PC2. Likewise and also in PC1 vs PC2, FITC is separated from the FITC-labeled 

antibody.  

Consequently, the simultaneous multivariate analysis of numerous spectral signatures is an efficient method to 

discriminate beforehand the best molecular configuration both for the biolabel and for the enhancing platform in 

order to achieve to establish a functionally specific bioassay. 
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Figure 1: (a) MIR spectra on biolabel components. Vibrations of FITC are highlighted by asterisks *. Enhanced 
vibrations are labeled in bold. (b) PCA from PC1 to PC4. Adapted from [1] and reproduced by permission of the PCCP 

Owner Societies. 
 

Conclusions and Outlook 
The efficiency of the SEIRA technique to probe and unequivocally discriminate the molecular characteristics of 

biolabel components and antibody-fluorophore NP conjugation has been demonstrated. This study supports the 

qualification of SEIRA to the development and characterization of new complex SEIRA-based biolabels for 

multiplexed bioassay applications. It also provides a reliable background and tool for further investigations on tailored 

spectral responses of different antibody-fluorophore NP complexes, either by varying the molecular targeting elements 

or the substrate for triggering specific bio-molecular responses. Our results show that different and specific spectral 

FTIR/SEIRA signatures of both the native antibody Goat Anti-Mouse IgG and the conjugated FITC are preserved and 

enhanced in the proximity of Au NA. PCA enabled a clear discrimination of 

the functionalized systems, which ascertain their potential for multiplexed bioassay and biosensor applications of high 

efficiency with customized responses. 
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Introduction 
The functionalization of scanning probe tips is a research area of great interest aiming to the tailoring of tip 
functionalities in order to probe specific material properties at the nanoscale. Whitin this field, a number of 
sophisticated probe tips  with precise electromagnetic designs have been proposed for the development of 
scanning probe nanospectroscopy techniques based on a tip-sample interaction at the nanoscale, achieving 
unprecedented resolution and sensitivity both in the visible [1] and mid-infreard range [2]. 
In this work we present a new type of functionalized scanning probe tips fabricated out of electron-doped epitaxial 

germanium, transferring the electronic and optical functions of the as-grown epitaxial material to the nanometer tip. 

Heavily-doped germanium allows for the possibility to engineer the tip optical constants in a wide mid-infrared (mid-

IR) frequency range through heterostructuring, doping, and alloying during the material growth process [3, 4]. 

Therefore, it is possible to fabricate scanning probe tips displaying a sharp crossover from a metallic regime, below 

the plasma frequency ωp   of germanium, to a lossy regime, above ωp, where the permittivity of germanium 

becomes positive but the conductivity is still high. Such new mid-IR frequency- dependent behaviour cannot be 

achieved with metal-coated or dielectric tip typically used for aperture-less scanning near-field optical microscopy 

(SNOM) techniques. We have exploited the frequency-dependent behaviour of the n-Ge tips to demonstrate high-

contrast mid-IR nanoimaging of conducting ZnO nanowires (NWs) embedded in a dielectric matrix (PDMS) by 

using a commercial scattering-type SNOM setup. 
 

Results and Discussion 
In Figure 1 (a) and (b) the maps of the s-SNOM near-field signal (demodulated at the third-harmonic of the 
tapping frequency) are shown for two different frequencies of the external laser, respectively below (ω=884 cm-1, 
panel a) and above (ω=1250 cm

-1
, panel b) the plasma frequency ωp  =1080 cm

-1  
of epitaxial germanium. When 

the epitaxial tip sits on the NW at ω=884 cm
-1 

a high near-field signal is detected, as expected from the coupled-
dipole theory describing s-SNOM experiment for a metallic-like tip on a conducting sample. On the contrary, 
above the plasma frequency of germanium, almost no near-field signal is detected when the tip sits on the NW. We 
interpret this result as the quenching of the near-field scattering from the conducting NW due to the establishment of 
a lossy coupled tip-NW system. We also verified that the same mechanism allows for a higher contrast between 
highly- and poorly-conducting portions of single NWs, enabling a better visualization of spatial dishomogeneities of 
the carrier density. 

 
 

Figure 1: s-SNOM maps of a ZnO nanowire embedded in a dielectric matrix obtained with an epitaxial germanium tip at 884 cm-1 

(a) and at 1250 cm-1 (b). 
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Conclusions and Outlook 
In conclusion, we presented a novel functionalization of scanning probe tips using epitaxial germanium as the raw 
material for the tip fabrication. The mid-infrared frequency-dependent properties of the bulk epitaxial n-doped 
germanium have been exploited to perform high-contrast mid-infrared near-field microscopy of ZnO nanowires 
embedded in a conformal dielectric matrix. The nanotechnology process presented here opens new paths for the 
functionalization of scanning probe tips with any type of epitaxial semiconductors. Such novel generation of probes 
would benefit of the wide properties of the epitaxial bulk materials allowing to fabricate optical- and electrical-
active scanning probe tips whose functionalities can be tailored in order to address specific nanoscale material 
properties. 
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Introduction 

Quasi spherical particles of graphitic or amorphous nature with size less than 10 nm have been produced by several 

approaches more or less complex depending on reaction time, cost or number of steps required [1]. Recent research on 

graphene quantum dots (GQDs) properties aimed to emphasize their emerging potential as active layer in optoelectronic 

devices and in electrochemical sensors or biosensors.  

Compared to other carbonaceous nanomaterials, GQDs gave distinctive advantages including charge carriers quantum 

confinement, tunable band gap, strong luminescence and enhanced electronic conductivity. Structural properties 

together with appropriate surface functional groups enables the control of optical properties like optical bandgap, static 

and lifetime features of photoluminescence and quantum yield. 

 

Results and Discussion 

Few nanometers in size aqueous solution-processable GQDs with different surface groups were synthesized through a 

bottom-up approach starting from glucosamine and tris(hydroxymethyl)aminomethane or poly(ethyleneimine) as 

precursors. The performance of GQDs attached on nanoporous titanium oxide in a typical Gratzel solar cell was 

investigated and electrochemical impedance spectra (EIS) were acquired for GQDs and GQDs and MoS2 nanoassembly 

ascertaining the enhanced electronic conductivity. 

 

Conclusions  

For a typical Gratzel solar cell it was demonstrated that carbonaceous material performs a significant role in charge 

separation and collection due to the cascaded alignment of energy levels. Energy transfer from GQD to ruthenium based 

dye also occurred due to the emission and absorption spectra overlap of the dye and the GQDs.  

Previous reported EIS analyses concerning GQDs obtained via graphene oxide revealed their insulating nature. On the 

contrary our results confirmed that the network of GQDs obtained by microwave assisted hydrothermal route supplies 

excellent electronic conductivity. A further decrease in resistance to charge transfer (Rct) was achieved when MoS2 and 

GQDs were mixed, the Rct change being more than two orders of magnitude, illustrating the synergistic interaction 

between GQDs and MoS2 sheets. 
 

Acknowledgements 

This work was supported by a grant of the Romanian National Authority for Scientific Research and Innovation, CNCS 

– UEFISCDI, project number PN-II-RU-TE-2014-4-1095" 

 
References: 

[1] Li H, Kang Z, Liu Y and Lee S T; Carbon nanodots: synthesis, properties and applications; Journal of Materials Chemistry; 22 

(2012) 24230 - 24253 

 

  



 

 39 

First-principles nonequilibrium Green's function approach to time-resolved 

photoabsorption in nanoscale systems 
 

E. Perfetto*
a,b

, A.-M. Uimonen
c
, R. van Leeuwen

c
, G. Stefanucci

a,b 

 

a
 Dipartimento di Fisica, Universita’ di Roma Tor Vergata, Via della Ricerca Scientifica 1, 00133 Rome, Italy 

b 
INFN, Laboratori Nazionali di Frascati, Via E. Fermi 40, 00044 Frascati, Italy 

c
 Department of Physics, Nanoscience Center, University of Jyväskylä, FIN 40014  Jyväskylä, Finland 

*e-mail: enrico.perfetto@roma2.infn.it 

 

Keywords: Ultrafast spectroscopy, Transient photoabsorption 

 

We propose a first-principles nonequilibrium Green's function (NEGF) approach to calculate the time-resolved 

photoabsorption spectrum of nanoscale systems [1]. We can deal with arbitrary shape, intensity, duration and relative 

delay of the pump and probe fields. We present numerical simulations of atomic systems using different approximate 

self-energies and, whenever possible or available, find good agreement with Configuration Interaction (CI) calculations 

and experiments [2]. The NEGF approach offers a first-principle methodology to study systems are out of reach with CI 

and, at the same time, to include dynamical correlation effects that are difficult to describe with other methods [3]. If 

time permits we will also discuss future challenges and reachable goals..  
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Introduction 

The efficient coupling of photons from propagating far-fields to nanoscale volumes is a fundamental problem in 

quantum optics and at the heart of light-matter interaction. A common model system is the coupling between a point-

like two-level quantum emitter (QE) and the continuum of radiative modes, which can be expressed in terms of the 

frequency-dependent partial local density of states (LDOS) at the QE position. Resonant plasmonic nanoantennas can 

be designed to strongly localize fields into a small volume leading to an LDOS enhanced by a factor of $10^5$ and 

possibly beyond. 

Results and Discussion 

Inspired by antenna geometries retrieved from an evolutionary algorithm [1] a description of power transfer between a 

QE and an optical antenna resembling a three-dimensional mode matching formalism is developed. After introducing a 

second dipole in the far-field, another mode-matching step leads to a set of novel optical antenna design guidelines for 

QE emission enhancement. Accordingly a plasmonic cavity antenna (PCA) geometries is devised and compared to an 

established dipolar two-wire antenna geometry (see Figure 1).  

 
Figure 1: (a) Plasmonic cavity antenna (PCA) design supporting a mode that optimizes mode-matching. The rotational symmetric 

geometry is shown with a 90° cutaway for visualization. The near-field intensity (colour) as well as the current direction 

(green arrows) are overlaid to the quarter cross section. The small orange dot in the centre of the structure marks the focal 

point, where a QE is to be placed. (d) Near-field intensity enhancement spectra at the focal point (blue) as well as at the 

centre of a two wire dipole reference antenna (black), with identical spherical end cap radius. The small insets show a $x$-

$y$-plane cross section of both geometries. 

Conclusions and Outlook 

Double mode-matching can explain the enhanced performance of complex shaped optical antenna geometries, e.g. 

structures resulting from evolutionary optimization and will in the future open a way to understand and tailor the 

coupling of single emitters to complex structured metal substrates in surface enhanced spectroscopies such as SERS. 
 

References: 

[1] T. Feichtner, O. Selig, and B. Hecht, Plasmonic nanoantenna design and fabrication based on evolutionary optimization; 

arXiv1511.05438v1 . 

a) b
) 



 

 41 

Mode-matching in multiresonant plasmonic nanoantennas for enhanced second 

harmonic generation 
 

M. Celebrano
1
, X. Wu

2,3
, M. Baselli

1
, S. Großmann

2
, P. Biagioni

1
, A. Locatelli

4
, C. De Angelis

4
, G. Cerullo

1,5
,R. 

Osellame
5
, B. Hecht

2
, L. Duò

1
, F. Ciccacci

1
, & M. Finazzi1

1 

 

1
Physics Department, Politecnico Milano, P.zza Leonardo Da Vinci 32, 20133 Milano, Italy. 

2
Nano-Optics & Biophotonics Group - Department of Physics - Experimental Physics 5, University of Würzburg, Am 

Hubland, 97074 Würzburg, Germany. 
3
Present Address: Ultrafast Nanooptics Group – Department of Physics – Experimental Physics III, University of 

Bayreuth, Universitätsstraße 30, 95447 Bayreuth, Germany. 
4
Department of Information Engineering, University of Brescia, Via Branze 38, 25123 Brescia, Italy. 

5
IFN-CNR - Physics Department, Politecnico Milano, P.zza Leonardo Da Vinci 32, 20133 Milano, Italy. 

e-mail: michele.celebrano@polimi.it 

 

Keywords: Nonlinear Optics, Plasmonics, Nanostructures, Nonlinear properties of matter, Nano-optics 

 

Introduction 

Second Harmonic Generation (SHG) is well known to be a powerful imaging tool for background-free and non-

damaging live tissues investigation. Field enhancements in plasmonic nanostructures are often exploited to effectively 

compensate for the lack of phase-matching in confined volumes with the aim of obtaining brighter nanoscale nonlinear 

probes. Recently, a nanoantenna design featuring a double resonance at both the excitation and the emission 

wavelengths has been realized to improve SHG [1]. However, the high degree of symmetry in plasmonic materials at 

the atomic scale and in nanoantenna designs have so far limited SHG efficiency [2]. 

 

Results and Discussion 

Here we report on especially engineered gold single-crystalline nanoantennas (see Figure inset) working in 

at both the excitation and SH wavelength, (ii) a significant spatial overlap of the localized fields at the wavelengths of 

interest and (iii) a broken-symmetry geometry to achieve dipole-allowed SHG. The effective combination of these key 

features in a single plasmonic antenna, characterized by the absence of local defects, allows optimizing SHG efficiency 

in a well-controlled fashion.  
Once the antenna geometry is properly tuned to display a double resonance matching simultaneously the laser excitation 

(1560 nm) and the SHG wavelength (see dashed line in Figure), it demonstrates a SHG nonlinear coefficient 

, where 𝑃̂𝑆𝐻  and 𝑃̂𝐹𝑊  are the SH and excitation peak powers, respectively. This 

figure of merit is well above the ones retrieved by other SHG studies on broken-symmetry plasmonic structures [3, 4], 

achieving an extremely high conversion efficiency  [5]. 

Figure 1: Superposition of the main nanoantenna modes with the excitation and emission lines. The measured SHG emission 

spectrum (blue line) and the excitation laser band (red line) show excellent overlap with the doubly-resonant antenna 

calculated spectrum (light-grey line). Inset: sketch of the devised nanostructure. Sub-inset: SEM image of the gap-region 

revealing a gap-size of about 17 nm. 
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Conclusions and/or Outlook 

We evaluated the sensing performances of our devices by theoretically estimating the figure of merit FOM* = 

I/I n of our nonlinear plasmonic devices. The nanostructure showing the best conversion efficiency features a 

FOM* = 40, which is about 4 times higher than the one of other individual plasmonic structures already applied to 

sensing. These results shed light on the optimization of nanoscale SHG via metal nanoantennas, paving the way to a 

new class of tunable molecular sensing devices and nanoscale coherent light sources based on nonlinear plasmonic 

platforms. 
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One of the most important challenges in modern quantum optical applications is the demonstration of 

efficient,  scalable,  on-chip  single  photon  sources,  which  can 

operate at room temperature. In this talk I will present how we 

demonstrate   a   room-temperature   single-photon   source   [1] based 

on a single colloidal nanocrystal quantum dot positioned inside  a 

circular  bulls-eye  shaped  [2] hybrid  metal-dielectric nanoantenna  

[3]. Experimental  results  show that 20% of the photons are emitted 

into a very low numerical aperture (NA < 

0.25),  a 20-fold  improvement  over  a free  standing  quantum dot,  

and  with  a  probability  of  more  than  70%  for  a  single photon 

emission.  With an NA = 0.65 more than 35% of the single photon 

emission is collected. The single photon purity is limited only by 

emission from the metal, an obstacle that can be bypassed with 

careful design and fabrication. The concept presented   here  can  be  

extended   to  many  other  types  of quantum emitters. Such a device 

paves a promising route for a high purity, high efficiency, on-chip 

single photon source operating at room temperature. 
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Introduction 
Placing emitters in the vicinity of metallic nanostructures, results in coupling mechanisms. By means of single 

molecule spectroscopy the influence by e.g. scanning near field tips [1-2], single gold nanoparticles [3-4], 

discs [5] or bowtie antennas [6] has been studied. However, the interaction is still not fully understood to the 

extent that the optical properties of the hybrid structures can be controlled and tuned. We have chosen spherical 

CdSe/ZnS quantum dots (QDs) since they can be equally well excited in all three dimensions [7] in contrast to 

single-molecules with a fixed transition dipole moment axis. Besides the orientation of the emitter, the most crucial 

point is to reproduce and successively repeat experiments to achieve reasonable statistics. Therefore, we have 

developed a self-aligning technique to place QDs within the hot spot of a gold-nanocone for a whole nanocone-

array at once [8]. In this way, we are able to show in this work how a gold-nanocone can alter the optical 

properties of a single QD. Prior to the investigations of the coupled system, we also characterized the optical 

properties of the gold-nanocones and single QDs separately. 
 

Results and Discussion 
Comparing the results obtained from single QDs on glass and QDs placed on gold-nanocones, we observe a 

change in the fluorescence intermittency behaviour, a shift of the emission wavelength, fluorescence enhancement 

and  decreased  fluorescence life  time. [9]  Figure 1 shows a typical confocal image and the corresponding spectra 

obtained by raster scanning a hybrid sample through a focused radially polarized laser mode (RPM). (A detailed 

description of the setup and laser modes can be found in reference [9].) It can clearly be seen, that cone 1 has no 

QD attached, as in the confocal image no blinking is indicated, and in the spectrum only a background of residual 

resist appears. The hybrid structures 2-4 show blinking behaviour in the confocal image along with a higher 

intensity, while hybrid 3 exhibits less blinking. Looking at the spectra, cone 3 obviously has more than one QD 

attached, resulting in a broader non uniform spectrum. Hybrids 2 and 4 show narrow spectral bands with a full 

width at half maximum (FWHM) similar to spectra of single QDs on glass. However, the signal of hybrid 4 is 

weaker compared to hybrid 2. This difference can be explained by the efficiency of the coupling between QD and 

cone. The hybrid structure has been designed in such a way, that the out-of-plane resonance of the gold-nanocones 

corresponds to the nominal emission wavelength of the QDs at 650 nm in solution. Hence, QDs emitting at 

different wavelengths couple less efficiently to the gold-nanocone, resulting in a lower signal. 

 

 

 
Figure 1: Spectra from different hybrid structures (left) and the corresponding confocal image (right) excited with a focused488 

nm RPM. The individual cones are labelled 1-4, where the differences between cones with and without QDs, as well as cones 

with more than one QD can clearly be recognized. 

 

These findings have been confirmed by acquiring data sets from 78 single QDs on glass and 51 single QDs on gold-

nanocones. To determine whether indeed only one single QD is observed, spectral analysis and intensity trajectories 

were used. The spectrally integrated intensities of the hybrids are in average about one order of magnitude higher 
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than those of QDs on glass. Also the distribution of the spectral maxima exhibits a shift towards the plasmonic 

mode of the gold nanocones. The largest signal intensities are found at 650 nm, while the QDs on glass show 

maxima distributed around 640 nm. 

Additionally, the measured life times differ dramatically. For QDs on glass we observed life times between 8 and 

12 ns, while the hybrids show decay times as short as 120 ps to 230 ps. Shortening of the life times is usually 

observed for quenching processes, but as the fluorescence signal is clearly enhanced, it is obvious that the coupling 

within the hybrid structure contributes also to the shortening of the life-time, indicating that the emission rate of the 

QD is enhanced by the presence of the gold-nanocone tip. 

 

Conclusion and outlook 

In summary, efficient coupling between QDs and  gold-nanocones has  been achieved, altering the optical 

properties according to the characteristics of the cones. The hybrid structures show different fluorescence 

intermittency behaviour, fluorescence intensity and lifetimes compared to QDs on glass. Further experiments 

including more statistics, gold-nanocones with different plasmon resonances compared to the QD emission and 

polarization dependent measurements are planned to get a deeper insight into the coupling mechanism. 
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Introduction 

Nanoscale titanium dioxide (TiO2) is one of the most widely investigated oxide semiconductor materials in 

many fields, such as environmental cleanup, catalysis, hydrogen production and photovoltaics, due to its excellent 

performances. However, applications of TiO2 related to its optical properties are limited by the fact that its band gap 

energy corresponds to electromagnetic radiation in the UV region. Thus, one of the goals for improvement of the 

performance of TiO2 nanomaterials is to increase their optical activity by shifting the onset of the response from the UV 

to the visible region [1].  

One way to achieve this goal is to synthesize hybrid functional core-shell nanostructures based on the TiO2 and 

noble metals. It has been already shown that Au or Ag nanoparticles (AuNPs or AgNPs), which exhibit strong optical 

responses resulting from the surface plasmon resonance, deposited on the surface of TiO2 particles enhance the 

photocatalytic efficiency under visible light. The AuNPs or AgNPs act as an electron traps, promoting interfacial charge 

transfer and therefore delaying recombination of the electron–hole pair [2]. Similar effect can be achieved, when 

AuNPs or AgNPs will be covered by TiO2 shell.  

In this work we present results of studies on fabrication of metal-dielectric hybrid nanostructures, composed of 

gold and silver cores coated with a titania shell. The fabricated hybrid nanostructures were characterized using scanning 

electron microscopy (SEM), UV-Vis spectroscopy and tunable resistive pulse sensing (TRPS) method. 

Results and Discussion 

Metal colloids, which served as cores, were synthesized by reduction of AgNO3 or HAuCl4 with 

hydroxylamine hydrochloride or sodium citrate, respectively. The conditions of these well-known methods were 

adjusted in order to achieve mean diameters of Au and Ag particles in the range of 100 nm. Ag@TiO2 and Au@TiO2 

core-shell structures were synthesized via sol-gel method using tetrabutyl titanate (TBT) as a precursor for TiO2 shell 

[3]. This step of the fabrication of the final core-shell structures has been the most difficult to achieve due to the fact 

that organic titanates undergo much faster hydrolysis compared to organic silanes commonly used for the coating of Au 

and Ag particles. Thus, in order to carry out controlled coating of  metal particles with titania shell and prevent 

formation of free titania particles special methodology for this synthesis was developed. The thickness of TiO2 shell can 

be adjusted by changing concentration of  TBT solution. 

The morphology of fabricated Ag, Au, Ag@TiO2 and Au@TiO2 particles were characterized by SEM 

microscopy (Figure 1). Analysis of SEM images provides information about shape and size of investigated 

nanostructures. However, such obtained information about the size and size distribution of analysed nanostructures is 

rather limited due to the fact that usually small number of particles is included in statistical analysis. In order to provide 

higher quality statistical data regarding size and size distribution of fabricated nanostructures we additionally have 

analysed them using TRPS method. The TRPS method is based on Coulter principle, which states that particles passing 

through an aperture of defined size, concurrent with an electric current, produce a change in impedance that is 

proportional to the volume of the particle passing through an aperture [4]. The great advantage of TRPS method is that 

it monitors particles one-by-one and provides population statistics based on thousands of individual measurements. 

TRPS gives results closely resembling these obtained by using transmission electron microscopy, however time of 

analysis is much shorter and greater number of particles is analysed.  

The optical properties of fabricated structures were characterized using UV-Vis spectroscopy. The UV-Vis 

spectra clearly indicate presence of the plasmon absorption bands corresponding to gold and silver particles. In both 

cases, in comparison to their spectra in aqueous solutions red shifts of the maxima of absorption are observed. This 

behaviour results from the change in the surrounding environment of the noble metal particles and associate with it 

increase of the host matrix dielectric constant being direct consequence of the increase in refractive index [5]. The 

observed red shift is smaller for Au particles (20 nm) than for Ag nanoparticles  (40 nm).   
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Figure 1: SEM image and TRPS histogram of Au@TiO2 structures with 73 nm thick titania shell (mode value). 
 

 

Outlook 

The simple route to fabrication of Au@TiO2 and Ag@TiO2 core-shell nanostructures has been developed. This method 

allows for fabrication of titania shells in the range of 30-70 nm (mode values) for AuNPs and AgNPs. In addition, 

applicability of the Tunable Resistive Pulse Sensing for investigation of size and size distributions of core-shell 

nanostructures was demonstrated.   
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Introduction 
Colloidal semiconductor nanocrystals (NCs) are solution-processable functional  materials with growing 

applicative potential in several technologies such as light emitting diodes, lasers, luminescent solar concentrators, 

photovoltaics, sensing and bioimaging. A particular interest in NCs arises from their tunable optical properties 

achieved through composition, size  control,  doping,  strain  effects, and wave-function-engineering. In  this 

context heterostructured NCs present valuable advantages, among which the possibility of dual-color light 

emission as a result of radiative recombination of excitons localized in different compositional domains, such as the 

core and the shell regions [1-3]. This has been recently demonstrated in CdSe/CdS NCs, featuring a quantum 

confined CdSe core embedded into an ultra-thick CdS shell, so-called dot-in-bulk (DiB) NCs, emitting red and 

green light [2]. Despite various indications that the properties of DiB-NCs and the ability to emit two-color light are 

linked to the core/shell structure interface, its role is still not fully unraveled. 

In this work we performed ultrafast pump-probe measurements, with 100-fs time resolution and  gain experiments 

on two different dual emitting CdSe/CdS DiB-NCs, synthesized following similar synthetic routes [2,4] and 

differing from each other exclusively for their crystal structure: the firsts have a zincblende (ZB) CdSe core 

overcoated with a polytypic ZB/wurtzite (WZ) CdS shell (ZW-NCs), the seconds have a WZ CdSe core embedded 

in a homogeneous WZ CdS shell (WW-NCs). Data indicate that a Coulomb blockade effect is active only in the 

first structure. This mechanism leads to suppressed Auger recombination in the core and to a longshell exciton 

lifetime at high excitation fluence. Furthermore, in turns, it enables amplified spontaneous emissionfrom shell states 

using nanosecond pulsed excitation sources, which is instead not realizable with systems with homogeneous shell 

structure. 
 

Results and Discussion 
Dual emission in DiB NCs has been originally ascribed to the combination of an electrostatic repulsion effect 

(dynamic Coulomb blockade) that prevents the simultaneous localization of multiple holes in the core region, and 

by the presence of a thin interfacial potential barrier between the core and the shell regions that slows down the 

capture rate of photogenerated shell holes in the core [2]. In Figure 1 a,b we show the scheme of the DiB- NCs 

with and without the barrier. The NCs was produced using two variations of the ‘fast’ synthesis route [2,4]. 

mailto:zavelani@polimi.it
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Figure 1: (a,b) Band alignment diagrams for WW-NCs and ZW-NCs respectively. 
 

We performed ultrafast pump-probe measurements with the pump at high photon energies (3.1 eV, higher than 

the CdS bandgap), with different pump fluences (Φexc), and the probe over all the visible spectrum . We 

collected the probe differential transmission ( T/T) at different pump-probe time delays. Measurements 

provide insight into the dynamics of excitons in the two material systems. T/T spectra are dominated by an 

intense photobleaching (PB) band at ~2.4 eV, associated to shell states. The PB decay (Figure 2 a,b) in the 

single exciton regime is dominated, in both systems, by the slow (>100 ns) radiative recombination of core-

bound excitons that, in quasi type II heterostructures, share the electron with the CdS shell. Upon increasing the 

Φexc the PB dynamics of the two systems have different behaviours. In ZW-NCs for <N> greater than 1 the PB 

show a faster decay as a result of the increasing fraction of the NCs that, in addition to a core exciton, also 

contain a shell exciton, but remains essentially unchanged for different Φexc   (for <N> lower than about 10), 

with a long time constant (>1ns). This is consistent with the activation of the Coulomb blockade mechanism 

which hinders further holes relaxation in the core, hampers Auger recombination in the core, and gives rise to a 

PB signal related only to recombination of shell states. In contrast in WW-NCs the PB decay becomes faster 

monotonically with increasing Φexc , with time constants <1ns. In this case the Coulomb blockade mechanism 

is not active and therefore the occupancy of core states grows with increasing Φexc, leading to progressively 

increasing recombination of core excitons and in case to more efficient Auger recombination for core 

multiexcitons, that rapidly depletes the conduction band of photoexcited electrons. The initial faster PB decay 

appearing at very high pump fluencies (<N>>10) in ZW-NCs is finally most likely associated to activated 

Auger recombination for partial population of shell excitons, probably favored by coupling to surface states. 

The difference in hole relaxation dynamics also affects optical gain properties of the two DiB-NC systems which 

we evaluate by comparing their behaviors in amplified spontaneous emission (ASE) measurements using close- 

packed NC films fabricated by dip-casting, collecting the emission after different pulsed excitations. Under 

150 fs  pumping (at  3.1eV) in  both  DiB  samples, the  emission spectra show two  peaks corresponding to 

photoluminescence (PL) of core and shell states, with intensity increasing linearly with Φexc for low Φexc; at 

high Φexc  the green band associated to shell PL show a clear line narrowing (ASE) and the output emission 

grows superlinearly as  a result of amplified spontaneous emission. Shell-based excitons quickly recombine via 
amplified emission before holes relax into the core. A profound difference in optical gain properties of WW- and 

ZW-DiB NCs is observed under nanosecond pulsed excitation (5 ns at 3.5 eV): actually we could not achieve the 
ASE regime with WW-NCs, while it could be readily realized with ZW-NCs (Figure 2c). This different 
behavior is directly linked to the difference in the lifetimes of shell localized holes which in WW-NCs is much 
shorter than the ns pulse duration hindering the population inversion and the avalanche process, while in ZW- 
NCs is longer due to the Coulomb blockade effect enabling thus ASE also with ns pulse excitation. 
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Figure 2: (a,b) ( T/T) PB dynamics at 2.4 probe energy for different excitation fluences, for WW-NCs and ZW-NCs 

respectively; (c) emission spectra of ZW-NC film under ns pulsed excitation, for different excitation fluences. 

 

Conclusions 
In conclusion, we compared CdSe/CdS DiB NCs differing exclusively for their crystal structure (ZW- and WW- 
NCs) in order to unveil the effect of the interfacial core/shell barrier in the dual-color emission properties. Our 

results demonstrate that dual emission can be obtained in both polytipic and homogeneous shell DiB-NCs. Data 

also indicate that the Coulomb blockade mechanisms for photogenerated shell holes is only active in structures 

with polytipic WZ-NCs and that it hinders the formation of multi-excitons in the NC core and core exciton 

Auger recombination. Moreover it allows for achieving ASE from shell states using simple nanosecond pulsed 

excitation sources, while ASE is obtained only with fs pulsed sources in homogenous WW-NCs. 
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Introduction 

Metallic nanostructures exhibit fascinating linear and nonlinear optical properties once they are excited by 

appropriate incident light. Localized Surface Plasmons (LSPs) generated by a collective oscillation of electrons in 

the conduction band offer the possibility of enhancing and concentrating the electrical field in a subwavelength 

volume enabling the nanostructures to act similarly to antennas in the microwave or radiowave regime 
[1-2]

. The 

influences of LSP resonances on the linear optical properties of plasmonic nanoantennas, such as the scattering, the 

absorption, and the one-photon photoluminescence have been rigorously and systematically investigated
 [3-4]

. 

However, nonlinear optical processes in plasmonic nanoantennas, such as two-photon photoluminescence (TPL) 

and second harmonic generation (SHG), are still not fully understood. 

 

Results and Discussion 

A comprehensive study of TPL and SHG from separated and connected gold nanodimers fabricated using an 

electron-beam-lithographic technique was conducted here. In particular, the influence of the gap size and nanodisc 

diameter on their nonlinear optical response is addressed in detail. Analyzing the nonlinear optical spectra and 

performing polarization resolved measurements by rotating the excitation field, using an experimental setup 

combining a femtosecond laser source with a parabolic mirror, we show that SHG and TPL exhibit a different 

behavior despite the fact that these two nonlinear optical processes have the same fundamental intensity 

dependence, as shown in Fig. 1(a). The underlying physical mechanisms explaining the differences are revealed 

using a surface integral equation method for nonlinear computations 
[5-6]

, as shown in Fig. 1(b). The different 

evolutions of SHG and TPL with the nanodimer geometry are due to their distinct physical natures, resulting in 

different coherence properties and specific rules for plasmon enhancement 
[7-8]

.  
 

 
 

Figure 1:(a) Nonlinear spectra under longitudinal excitations and polarization resolved intensities of SHG and TPL for Au-Au 

connected dimers with diameters of 80 nm (red) and 160 nm (blue); (b) corresponding simulations combining near-field 

distributions. 
 

 
Conclusions and Outlook 
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Our results clearly point out that the measurement of electromagnetic hot spots using nonlinear optical processes is 

not direct and that a competition between different enhancement mechanisms in the nonlinear response often occurs. 

Furthermore, these results emphasize that nonlinear light-matter interaction processes probe the internal field 

distribution and provide no direct information about the external fundamental near-field distributions and 
intensities around plasmonic nanostructures, despite the fact that these two distributions are closely related to each 

other. These results provide a new insight into the nonlinear optical properties of coupled plasmonic systems. 
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Introduction 
It is well known that metallic nanoantennas are able to enhance and control light-matter interactions down 
to the nanoscale. Indeed, optical antennas have the ability to concentrate the electric field inside their 
nanogap beating the diffraction limit. The enhancement of the electric field enables the observation of 
nonlinear optical processes. For instance, second harmonic generation (SHG) from metallic nanoantennas [1], 
the process thereby two photons at the fundamental frequency are converted into one photon at the second 
harmonic (SH), has been experimentally reported recently [2]. Recently, multiresonant nanostructures 
(structures supporting one resonance at the fundamental wavelength and one resonance at the SH 
wavelength) have been proposed for increasing the nonlinear conversion down to the nanoscale [3, 4]. 
 
Results and Discussion 
During this presentation, we provide a full understanding of the mechanisms that lead to SHG in 
multiresonant plasmonic structures. By combining experiments on aluminum plasmonic nanostructures 
with surface integral equation simulations, we have investigated the SHG from double resonant 
nanoantennas (DRAs) with a various geometries. Indeed, the long bar L2 of the DRA has been first optimized 
and fixed at 160 nm, while the short bar L1 is incrementally increased from 20 to 200 nm (see Figure 1). We 
clearly observe that the SH intensity is maximum when the short bar exhibits a maximum of scattering in the 
linear regime at 400 nm. The corresponding SH near-field distribution confirms that the near-field of the 
quadrupolar SH sources supported by the long bar L2 excite the dipolar mode of the short bar L1, resonant at 
the same wavelength, Figure 1(b). If the length oft he short bar L1 is further increased, it becomes out of 
resonance and the SH intensity decreases dramatically, emphasizing the role of energy transfer between 
both bars in the nonlinear conversion, Figure 1(c). SHG increases again when the short bar L1 is such that the 
structure becomes symmetric, L1=160 nm in Figure 1(c), and strongly resonant at the fundamental 
wavelength. The agreement between calculations (red line) and experiments (blue line) is excellent, Figure 
1(c).  
 

 
Figure 1: Near-field distributions of the DRA with L1=47nm: (a) Fundamental intensity and (b) SH intensity. (c) Far-field 

SH intensity as a function of the length L1. 
 

In a second part, we will show that SHG can also provide information on the underlying modes supported by 
a given plasmonic nanostructure. Indeed, a combination of modes at the fundamental frequency can generate 
SH waves supported by modes that cannot be excited at the fundamental frequency, the so called dark modes 
[5]. SHG can then be used to measure the radiation pattern of those dark modes. If the fundamental 
frequency matches a resonance of the structure, the high field enhancement will yield a high SHG. 
Additionally, if the SH frequency matches another higher frequency mode, the SH emission will be stronger 
and thus more easily measurable as in the case of the DRAS. Being able to optimize the structure, i. e. that 
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both SHG and fundamental frequencies match resonant modes, is then very important for practical 
applications, as nonlinear plasmonic sensing [6, 7], and the proposed numerical approach is very convenient 
for this purpose. 
 
Conclusions and/or Outlook 
During this presentation, we have reviewed our recent work on the optimization of SHG from plasmonic 
nanostructures, mainly the ones supporting double resonances. This work paves the way to the design of 
efficient nonlinear plasmonic metasurfaces, combining the optimization of the fundamental and SH 
electromagnetic properties, with new nonlinear capabilities [8]. 
 
 
References: 

[1]  Butet J, Brevet P-F, Martin O J F; Optical Second Harmonic Generation in Plasmonic Nanostructures: From Fundamental 

Principles to Advanced Applications; ACS Nano 9 (2015), 10545–10562. 

[2]  Butet J, Duboisset J, Bachelier G, Russier-Antoine I,  Benichou E, Jonin C, Brevet P-F; Optical Second Harmonic 

Generation of Single Metallic Nanoparticles Embedded in a Homogeneous Medium; Nano Lett. 10 (2010), 1717-1721. 

[3]  Thyagarajan K, Rivier S, Lovera A, Martin O J F; Enhanced second-harmonic generation from double resonant plasmonic 

antennae;  Opt. Express 20 (2012), 12860-12865. 

[4]  Thyagarajan K, Butet J,  Martin O J F; Augmenting Second Harmonic Generation Using Fano Resonances in Plasmonic 

Systems; Nano Lett. 13 (2013), 1847-1851. 

[5]  Butet J, Dutta-Gupta S, Martin O J F; Surface Second-Harmonic Generation from Coupled Spherical Plasmonic  

Nanoparticles: Eigenmode Analysis and Symmetry Properties; Phys. Rev. B 89 (2014), 245449. 

[6]  Butet J, Russier-Antoine I, Jonin C, Lascoux N, Benichou E, Brevet P-F; Sensing with Multipolar Second Harmonic 

Generation from Spherical Metallic Nanoparticles; Nano Lett. 12 (2012), 1697-1701. 

[7] Butet J, Martin O J F; Refractive index sensing with Fano resonant plasmonic nanostructures: a symmetry based nonlinear 

approach; Nanoscale 6 (2014), 15262-15270. 

[8] Butet J, Martin O J F; valuation of the nonlinear response of plasmonic metasurfaces: Miller’s rule, nonlinear effective 

susceptibility method, and full-wave computation; J. Opt. Soc. Am. B 33 (2016), A8-A15. 

 

 

 

 

  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
  



     

     

 

 55 

Femtosecond time-resolved optical studies of functionalized metal 
nanoparticle systems. 

 
D. Catone,

1
 P. O'Keeffe,

2
 A. Paladini,

2
 F. Toschi,

2
 S. Turchini,

1
 G. Testa,

3
 A. Cartoni,

2,3
 I. Fratoddi,

3
 I. Venditti,

3
 L. 

Avaldi
2
 

 

1
CNR-ISM, Area della Ricerca di Roma Tor Vergata, 100 Via del Fosso del Cavaliere, Rome, Italy 

2
CNR-ISM, Area della Ricerca di Roma 1, Monterotondo Scalo, Italy 

3
Department of Chemistry, University of Rome La Sapienza, P.le A.Moro 5, 00185 Rome, Italy 

 
Keywords: nanoparticles, femtosecond laser, time-resolved spectroscopy, surface plasmon resonance 

 

The interaction of visible light with gold nanoparticles (AuNPs) has been the subject of intensive study in recent 

decades [1, 2]. Much of this interest has been stimulated by the presence of the surface plasmon resonance (SPR) of 

AuNPs in the visible range arising due to a resonance between the oscillating dipole created by displaced electrons 

in the NPs and the light field impinging on the NPs. In isolated gold NPs this leads to absorption of green light 

(max. 520 nm) and to the photon confinement induced by the SPR that strongly enhances all radiative and non-

radiative processes in the vicinity of the surface of the particles. These properties have led to the widespread 

applicative use of NPs in many fields such as surface enhanced Raman spectroscopy [3], biosensors [4], 

biomedicine [5], and biodiagnostics to name but a few. An interesting up-start of the SPR is that it can be used to 

monitor shape and morphology of AuNPs during synthesis/modification processes. The situation is somewhat more 

complicated in the case of dye-stabilized AuNPs due to the inter-particle coupling effects which lead to a distortion 

of the SPR. Indeed the SPR splits into two with one resonance remaining in the vicinity of that of the isolated 

AuNPs and is generally called the transverse SPR while a second resonance due to an extended excitation spanning 

across multiple particles appears to the lower energies. The precise spectral energy and shape of the extended 

plasmon resonance depends on the inter-particle distance, the particle disposition and the number of particles 

involved. 

The first experimental activities of the new EUROFel Support Laboratory (EFSL) are concentrated on the time 

resolved studies of these plasmonic effects in dye-stabilized AuNPs. The femtosecond EFSL laser system is used to 

optically pump the NP systems and a white light probe is used to record the transient absorption spectrum. The 

femtosecond resolution of these experiments gives us access to the electron-phonon and phonon-phonon coupling 

time scales in these systems. 
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Materials irradiated with multiple femtosecond laser pulses in sub-ablation conditions are observed to develop 

various types of self-assembled morphologies that range from nano-ripples to periodic micro-grooves and quasi-

periodic micro-spikes. We present a physical scenario that comprises: [1] (i) an electromagnetics component that 

describes the surface plasmon wave (SPW) excitation and interference with the incident beam that leads to a 

periodic modulation of the laser field energy density [2-3], (ii) a heat transfer component that accounts for carrier-

lattice thermalisation through particle dynamics and heat conduction and carrier-phonon coupling, and (iii) a 

hydrodynamics component that describes the molten material dynamics and re-solidification process assuming an 

incompressible Newtonian fluid flow that includes recoil pressure and surface tension contributions as well as 

Marangoni effects [4]. We demonstrate the significant role of the hydrodynamical effects in the description of the 

formation of the grooves and spikes which is a process that is not yet understood. The proposed physical 

mechanism could be generally applicable to practically any conductive material structured by ultrashort laser 

pulses, therefore it can be useful for the interpretation of further critical aspects of light matter interaction. 
 

 
Fig. 1. Ripples, Grooves, Spikes: (a) Theoretical and (b) Experimental results. 
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Introduction 

There are many fabrication methods of the nanograin systems where different quality nanostructures can be 

fabricated [1]. It is still challenging to obtain well defined nanoparticles with narrow size distribution, and with 

good stability in the solution. Many efforts have been made to achieve multifunctional materials with a simple 

synthetic procedure and easy processing for subsequent application. Nanoscale spices allows to improve quality and 

efficiency, for example, nanosensors with a sensing possibility going down to a single molecule. Application of the 

laser ablation method in modulation or stimulation of chemical reactions causes simplification of the fabrication 

processes and obtaining of a new class of nanomaterials [2]. Because many sophisticated fabrication procedures 

need to employ very expensive devices like ultrahigh vacuum chambers (MBE, or sputtering, etc.) or other 

techniques like lithograply, it is useful to develop new approaches which are less expensive. Wet chemistry 

combined with laser ablation is one of them. It opens new synthetic capability and access to larger variety of 

materials. It allows to perform synthesis of compounds from bulk source, which in principle can have many 

different compositions, which were not accessible by traditional synthesis. Laser ablation is a method which allow 

to obtain nanoparticles with controlled size distribution and composition, but still many effects (type of solution, 

laser wavelength, pulse parameters, etc.) can influence on the size of nanoparticles and its properties due to surface 

termination and not homogenous core composition.  

 

Results and discussion 

In presented studies bimetallic nanoparticles where obtained via LASiS technique. During preparation, bulk 

bimetallic alloys  with presence of following elements:  Ag, Au, Cu, Fe were used. Molar ratio of Fe:Me alloys was 

always kept 80:20. After synthesis nanoparticles were analyzed with UV-Vis spectrometry, X-ray diffraction and 

transmission electron microscopy. Obtained characterization allows to observe changes in optical response of 

nanoparticles, their size, shape and crystalline structure. 
 

 
Figure. 1: (A) TEM image of Fe-Cu nanoparticles, (B)  UV-Vis spectrum of Fe/Ag nanoparticles. 

 

Conclusions and/or Outlook 

Laser Ablation Synthesis in Solution (LASiS) is one of the option for easy and environment friendly nanostructures 

fabrication technology. 
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Metallic nanoantennas with sub-wavelength dimensions exhibit usually strong plasmon resonances, which 
influence their optical properties dominantly. We have investigated the linear and non-linear optical effects 
from various plasmonic systems like nanoparticles, sharp tips and nanotriangles [1-3] with either confocal 
optical microscopy or scanning near-field optical microscopy (SNOM). The linear optical properties of dimer 
antennas consisting of two Au nanospheres with a small gap in between are very commonly investigated. 
They are known to exhibit strong near field inside a small gap between the two plasmonically coupled single 
nanoobjects. Based on the gap-field generated by the plasmonic coupling, nonlinear effects like second 
harmonic generation (SHG) and two photon photoluminescence (2PPL) can be investigated. We choose 
arrays of Au homo- and hetero-dimers to study the influences of particle size and gap distance on the non-
linear polarisation properties of these dimer structures. Especially the angle resolved 2PPL and the SHG 
signals were measured and their different dependences on the electromagnetic near-field were discussed. 
 
In our recent study, we reported to use SNOM tips studying the plasmonic coupling between a sharp tip apex 
and the different positions of one single Au nanotriangle. We presented SHG and 2PPL spectroscopy and 
microscopy in this Au-Au gap mode with sub 30 nm optical resolution [3]. To achieve a more precise and 
flexible control of the gap distance in the Au-Au dimer antenna especially at small distances of less than 5 nm, 
we will adopt a similar SNOM configuration where a sharp Au tip is positioned in the close proximity of a Au 
surface via sensitive shear-force feedback. By switching between the radial and azimuthal polarized 
doughnut modes, we will compare the dependence of the SHG and 2PPL intensity on the local near-field in 
the Au tip – Au substrate that is less than 5 nm wide. 
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Introduction 
Graphene Plasmons hold promise of wide applications due to low-losses, tenability and extreme 

confinement at the  nanoscale,  and  have  been  investigate  in  all  sorts  of  2D  nanostructures   and  

hybrid  systems  [1].  3D Nanoporous  Graphene  (NPG)  has  recently  been  obtained  with  a  new  

Chemical  Vapor  Deposition  based fabrication  process [2], obtaining graphene samples within a 3D 

conformation  (see Fig.1a) while retaining the unique characteristics of massless Dirac fermions with a 

high electron mobility. 

Results and Discussion 
While NPG is the object of ongoing studies to demonstrate  its application such as energy harvesting 

electrode [3], little is known about its optical properties. In this contribution we will show THz and IR optical 

conductivity measurements.  The optical conductivity  spectra (see Fig.1b) exhibit, beside the typical 

interband absorption of graphene above the threshold of 2EF (chemical potential of the system), i.e. in the 

near-IR and visible part of the spectrum,  a  strong  plasmonic  absorption  at  THz  (for  low-doped  samples)  

and  Mid-IR  (for  EF=250  meV) frequency.  We will demonstrate  that these plasmonic  excitations  strongly 

depend on the chemical doping and pore-size of the NPG 3D structure, following the behavior of 2D Dirac-

plasmons like in 2D graphene [4]. 

 

 
Figure 1: a) SEM image of nanoporous graphene with an average pore size of 200 nm; b) IR absorption spectrum for a doped 

sample showing interband transitions and a plasmonic peak, at high and low frequency,respectively. 

Conclusions 
In conclusion,  this research represents a systematic  optical investigation  of 3D nanoporous  
structures made of monolayer  graphene.  The optical conductivity  of such non-periodic  array of 
graphene  nano- and micro-pores exhibits both single-carrier interband transitions and collective 
plasmonic modes resonating at THz and Mid-IR frequencies. 
The plasmonic excitation depends on the nanostructure geometry and by doping. In fact, the plasmon 
frequency in  these  3D  structures  follows  the  behavior  of  the  2D-plasmon  dispersion  as  a  function  
of  the  pore-size. Furthermore,  by tuning the Fermi Energy by nitrogen-doping,  plasmon-modes  can 
be shifted from 200 to 800 cm-1, with a Fermi Energy dependence typical of Dirac-plasmons. The 
localized nature of plasmon excitations, probably around nanopores, combined with the extremely 
large surface area of NPG and N-NPG, holds promise for plasmonic sensing applications of these exotic 
3D-like graphene structures.

 

References: 

[1]     T. Low and P. Avouris, ACS Nano 8, 1086 (2014) 
[2]     Y. Ito, M. Chen et al., Angewandte Chemie 126, 1 (2014) 
[3]     Y. Ito, M. Chen et al., Angewandte Chemie 54, 2131 (2015)  
[4]     F. D’Apuzzo et al., to be submitted (2016) 

mailto:Science@Sapienza
mailto:marcelli@lnf.infn.it


     

     

 

 60 

DNA-assisted generation of nanoparticle dimers on a glass surface 
 

K. Goekena, R. Gill*a 

 

a Nanobiophysics Group, Faculty of Science and Technology, University of Twente, Enschede, The 
Netherlands 

*e-mail: r.gill@utwente.nl 
 

Keywords: Gold, Nanoparticles, Plasmonics, DNA 

 
Introduction 

Noble metal nanoparticles are a major class of nanostructures that have unique optical properties related to the fact 

that they support plasmon resonances. When two such particles are brought into close proximity from each other, 

interaction between the plasmons of the two particles give rise to a new spectral signature and to the generation of 

an enhanced electromagnetic field in between the two particles. This enhanced field can lead to enhancement of 

light matter interaction and give rise to high signals based on spectroscopies such as surface enhanced Raman 

spectroscopy (SERS) or surface enhanced fluorescence (SEF). While single nanoparticles can be generated by 

diverse chemical synthesis methods, the generation of dimer structures is much more challenging. Several methods 

based on DNA as the template for the preparation of nanoparticle dimers have been suggested in the last decade
1,2

, 

however they usually require relative complex procedures. 

Here we show a novel method for the creation of surface bound nanoparticle dimers based on DNA hybridization
3
. 

This method is relatively straight forward and allow the creation of not only homodimers, but also heterodimers in 

material or size.  
  
Results and Discussion 

In the last few years we have been working on the detection of DNA based on the difference in scattering spectra 

between single nanoparticles and particle dimers (or multimers)
4
. The basic scheme in depicted in Figure 1. We 

attach gold nanoparticles to a glass surface using the electrostatic attraction between amino-silane coated glass 

slides and gold (or silver) nanoparticles. We then add thiolated DNA capture probes that attach to the gold 

nanoparticles. Upon introduction of a target sequence, specific hybridization can occur between the target and the 

capture probe, leaving the other side of the target exposed to the solution. We then introduce a gold nanoparticles in 

the solution that are modified with thiolated DNA label sequences that can specifically hybridize to this second 

exposed part of the target. When target concentration is very large, we get many target DNA strands hybridizing on 

a single nanoparticles, which leads to the creation of nanoparticle multimers upon introduction of the DNA-

modified gold nanoparticles in the solution. This causes the scattering colour of the particles to shift from green to 

orange, as can be captured by a CCD camera on a dark field microscope (see Figure 1, rightmost image). However, 

when the concentration of the target DNA is low, not all surface-bound nanoparticles will have a target strand 

hybridized on them, and those that do have will probably have only a single target strand. Therefore, upon addition 

of the solution of DNA-coated gold nanoparticles, nanoparticle dimers will be generated. This same scheme can be 

used to generate dimers by introduction of a specific concentration of target sequence, From our experimental 

results we found that the hybridization of target sequence at 0.1pM concentration for 2 hours will cause about 10% 

of the surface bound nanoparticles to be hybridized with a single target strand. This makes the change of any single 

surface-bound particles to have 2 or more DNA strands very low, and therefore the change for multimer generation 

very small.  

 

 
Figure 1: Scheme of DNA detection by generation of nanoparticle dimers (and multimers).  

 

We have used this method to generate nanoparticle dimers of different sizes and materials. Figure 2 depicts the 

scattering spectra of single 80nm silver nanoparticles, and dimers of 80nm silver nanoparticles and 40nm gold 

nanoparticles. Although the length of DNA between the two nanoparticles should be the same in all cases, we 
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observe different spectra as there is some polydispersity in the size of the larger surface bound nanoparticles, and 

the exact angle between the two nanoparticles can be different in different dimers.  

 

 
Figure 2: Nanoparticle scattering spectra for single 80nm Ag NPs (Blue lines) and 80Ag-40Au dimers (Red lines) 

 

Conclusions  

We have adapted a method we originally developed to detect and quantify an unknown concentration of a target 

DNA into a method for the generation of surface bound nanoparticle dimers. This method can be used for 

nanoparticles of different materials and different sizes, as long as there is an efficient chemical method to modify 

the nanoparticles with DNA. Although this method allows a relatively good control on the distance between the 

particles, since short double-stranded DNA is relatively stiff, the fact that the exact angle between the nanoparticles 

is not controlled and that there is some polydispersity in nanoparticle size can lead to different spectra from 

different nanoparticle dimers.  
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Exciton polaritons (henceforth, polaritons) are the dressed states of a strongly coupled quantum well (QW) exciton 

and a confined photon. Polaritons are realized mainly in planar semiconductor microcavities, however the strong 

coupling between QW excitons and photons confined in an optical waveguide (WG) mode was recently 

demonstrated [1](Figure 1(a)). WG-polaritons propagate over hundreds of microns from their excitation spot with 

high group velocities. Since these WG-polaritons consist of simple excitons, the ability to control their motion 

comes from manipulating their photonic part in the WG. This constraint also limits the strength of the polariton-

polariton interactions.  

When an electric field (EF) is applied across the growth direction of a QW, a charge separation is induced, the 

excitons become dipolar  and their energy undergoes a quadratic Stark redshift with respect to the magnitude of the 

electric field (EFM)[2] (illustration in Figure 1(b)). Thus, electrical gating should add additional functionality to a 

polaritonic system. By controlling the EFM one can tune the energy of the now dipolar exciton and with it the 

energy of the dipolariton .  In addition, due to the additional dipolar interactions, the inter-particle interaction 

should be much stronger. 

 

                 
 

Figure 1: a) An illustration of the strong interaction between an exciton (dashed X) and a WG mode (dashed WG), the resulted 

modes are the lower and upper polaritons (solid LP,UP respectively). b)  An illustration of the formation of dipolar excitons 

inside a gated QW. The energy of the dipolar exciton is lower due to its interaction with the EF. 

 

Here we demonstrate for the first time the formation of WG-dipolaritons which result from the strong coupling 

between propagating WG-modes and dipolar-excitons in electrically gated (20nm wide) QWs (System schematics 

in FIGURE 2).  

 

 
 

 
 

 
Figure 2: Schematics of our system of interest. Multiple QW are embedded inside a WG which is gated by a thin Ti electrode 

through which we can excite non resonantly. Emitted photons are coupled out via the metallic grating.  
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We show that this scheme allows for a flexible and spatially selective electrical tuning of the WG-dipolariton 

energy landscape using spatially patterned electrical gates and voltage tuning. We also present a scheme for 

selective excitation and control of WG-dipolaritons using metallic sub-wavelength gratings fabricated on top of the 

sample. The grating allow for both excitation and measurement of the propagating WG-dipolariton eigenmodes as 

well as a convenient interface for electrical gating, and extremely long propagation distances of hundreds of 

microns are easily achieved. Finally we show that by increasing the excitation power, we can achieve a blue shift of 

the polariton mode energies up to about 2meV, which we attribute to the dipole-dipole interaction between the WG-

dipolaritons (Figure 3).  
  

 
 
 
 

 
 

 
Figure 3:  Various dispersion mearurements . (c-e)  Polariton dispersions measured for three different EFM.  The entire 

dispersion is red-shifted by ~14meV . (f-h) Polariton dispersions measured for different excitation powers while maintaining 

constant EFM of 2.4V/um. The experimental results were taken from a sample consisting of an  AlGaAs waveguide in which 

twelve 20nm wide GaAs QWs were embedded. 
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Introduction 

The behaviour of a diffraction grating is governed by the so-called grating equation that is a simple 

relationship between incidence θinc and diffracted θdiff angles, wavelength of the impinging light λ and 

grating pitch Λ. 

Under certain conditions,  typically when λ>>Λ, no radiative diffracted  orders exist but only evanescent  
ones, and the system is defined as a sub-wavelength  grating (SWG) [1]. In case a SWG is made of metallic 
stripes or nanoparticles,  a peculiar behaviour emerges where the presence of the grating influences 
spectral position and shape of the excited plasmon modes. 
In this work, we have designed and fabricated an array of Au nano-cylinders  to operate in SWG 
configuration. 

The grating has been characterized  by performing  angular resolved extinction measurements.  Several 

plasmon modes have been excited that are usually not observed at normal incidence. A complete analysis of 

these excited plasmon modes and their origin has been possible by comparing obtained experimental results 

with theory. The appearance  and behaviour  of these  modes  by changing  the incidence  angle  are 

interpreted  by using  a semi- quantitative  approach.  Numerical  simulations  have been performed  on both 

isolated  particles  and arrays  and confirm both the observed behaviour and proposed interpretation. 
 

Results and Discussion 

A 2D array of gold monomers was deposited by electron beam lithography on an ITO (Indium Tin Oxide, 

30nm thick) coated glass. The array consists of Au nano-cylinders  (200nm diameter, 50nm height) with a 

(center-to- center) pitch Λx=Λy=300nm. Figure 1a shows a SEM picture of the fabricated sample. A 

confocal transmission set-up, with angle resolved measurement possibility, was used for the optical 

characterization  of the sample. An illumination  part, a sample  holder  and a collection  part compose  the 

set-up.  All the parts are mounted  on a rotating stage to allow the maximum flexibility during 

measurements (Figure 1b). 

 
 

Figure 1: (a) SEM image of the grating of Au NPs, the scale bar is 1µm. The experimental set up is presented 

in (b). 

For performing angle resolved extinction measurements,  the sample holder was progressively  turned 

along one of the array main axis, thus modifying the direction of the wave-vector impinging on the nano-
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cylinders  array. For each measurement, the incidence angle was equal to the collection one and, for all 

angles, both longitudinal (TE)  and  transverse  (TM)  polarizations  were  considered.  The  experimental  

extinction  spectra  measured  at different  angles  (0°, 15°, 25°, 35°, 52° and 60°), in TE and TM 

polarizations,  are reported  in Figure  2. At normal  incidence,  the TE polarized  light excites  only the 

dipolar  mode (λ=740nm).  This mode is due to the coupling between the incident light and the in-plane 

plasmon oscillation induced along the diameter of the nano- cylinder [2,3] and corresponds to the localized 

surface plasmon mode at the interface between the Au NPs and the surface of the substrate. By increasing 

the incidence angle, this dipolar peak undergoes a red shift for both 

TE and TM polarizations (Fig. 

4a,b). 

 
Figure 2: Extinction  measurements  resolved in angle in TE polarization  (a). At normal incidence,  only 

the dipolar mode is excited while by increasing the incidence angle, the quadrupolar mode is excited as 

well. In the TM polarization (b) only the dipolar mode is also excited. When the incidence angle increases 

the quadrupolar mode and the vertical mode are excited. 

In Figure 2a, we can also observe another plasmon peak at lower wavelengths  (λ~680nm) that appears 

at off- normal incidence. This mode can be identified as a quadrupolar  charge distribution  [3]; it grows 

in amplitude and is slightly blue-shifted by increasing the incidence angle. Figure 2b shows the spectra 

obtained for the same incidence angle values and for a TM polarization of the exciting light. Also this 

time the dipolar mode only is obtained  at  normal  incidence  and  it  has  closely  the  same  spectral  

position  of  that  obtained  with  the  TE polarization; this is because the grating is a square and the pitch is 

the same in both directions. 

More interestingly, a new mode, different than both dipolar and quadrupolar ones, can be noticed in the 

spectra at λ~570nm (Figure 2b). This peak is already visible at θinc=25° and can be attributed to a vertical 

out-of-plane mode corresponding  to the excitation  of a plasmon  oscillation  in the direction  along the 

height  of the nano- cylinders. Indeed, it is reliable to consider that, in the TM mode only, the exciting 

field has a sinθinc  component that is exactly parallel to this direction. Moreover, from the graphs it is visible 

that the amplitude of this mode is directly proportional  to the incidence  angle that matches well with the 

monotonously  increasing  behaviour  of sinθinc  in this angular interval. Both these arguments suggest that 

the observed mode is exactly the vertical one. In  our  knowledge,  this  is  the  first  time  that  this  mode  

has  been  observed  while  performing  this  kind  of measurement. 

Conclusions and/or Outlook 

In this work, angular resolved extinction measurements  have been performed  on a 2D sub-wavelength  

grating made of an array of Au nano-cylinders.  Exploiting  this experimental  approach,  several  plasmon  

modes  have been excited that are usually not observed at normal incidence. The appearance and behaviour of 

these modes is strongly related to the incidence angle. In particular, by increasing the angle, a red-shift of 

the dipolar peak is observed  that  has been  interpreted  by using  a semi-quantitative  approach.  Numerical  

simulations  have  been performed  on  both  isolated  particles  and  arrays  and  confirm  both  the  observed  

behaviour  and  proposed interpretation. 
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Introduction 
Organo-metal halide (OMH) perovskites are probably the most studied materials for solar-cell applications 
during last couple of years. These solution processable semiconductors can give solar cells with 20% efficiency 

and  even lasing. Despite of  the  great progress in  devices, fundamental questions  including the  nature of 

photoluminescence and mechanisms of charge recombination and far from been understood. Although at the first 

approximation OMH perovkites can be seen as direct semiconductors, presence of defects, mechanical softness 

of the material, ion migration, unusual dielectric properties due to the organic molecule in the crystal structure, 

formation of crystals of different sizes and topology makes their optical and electrical properties quite peculiar. 

Here several phenomena we discovered by observation of luminescence of micro- and nanocrystals of 

CH3NH3PbI3 are presented. 

 
Results and Discussion 
We  employed  luminescence  microscopy  and  spectroscopy,  super-resolution  optical  imaging  based  on 
localization of emitting sites (SUPERLUMS - super-resolution luminescence spectroscopy[1]), and electron 

microscopy for the very same sample in order to correlate the sample morphology and properties. We found a 

huge spatial inhomogeneity of the PL intensity and lifetime at the scales from nanometers and above and 

assigned it to a vast distribution of the PL quenching trap concentration.[2,3] The trap concentration can be 

changed by light irradiation which can lead to several orders of magnitude increase of the PL yield.[4] For 

crystals of less than one micrometer in size we observed PL blinking which shows that a single photoconvertible 

trap can control PL of the whole crystal.[3] Super-resolution PL microscopy demonstrated so-called emitting 

sites – small areas (ca 100 nm) having orders of magnitude higher PL yield than the rest of the material. 
 

 

 
Figure 1: Differential super-resolution luminescence optical imaging. (a) The accumulated image (sum of all 500 frameswith 
exposure time of 0.1 s per frame taken every 1.32 s) of a large perovskite polycrystal under continuous excitation of 
0.2W/cm2. (b) The super-resolution image shows localized clusters less than 100 nm in size responsible for light emission 
(emitting sites). (c) Photoluminescence (PL) intensity transient measured locally from the squares marked in (a). The thick 
red lines are scaled PL intensity of the whole crystal, this data was additionally smoothed. Adapted from Ref.2. 

 
We found that luminescence of ~100-nm crystals enhances much faster than that of larger, micrometer-sized 

ones. This crystal-size dependence of the photochemical light-passivation of charge traps responsible for PL 

quenching allowed us to conclude that traps are present in the entire crystal volume, rather than at the surface 

only. Due to this effect, “dark” micrometer sized perovskite crystals can be converted into highly luminescent 

smaller ones just by mechanical grinding.[2] 
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Conclusions and Outlook 

SUPERLUMS – as a very simple realization of super-resolution imaging combined with luminescence 

spectroscopy shown its great potential for application to inhomogeneous semiconducting materials. Besides the 

possibility to create super-resolved images, luminescence blinking effect allowed us to address properties of traps 

in the OMH perosvkite semiconductor and directly monitor their formation. We are looking forward for more 

discoveries in material science by SUPERLUMS and other methods using combination of spectroscopy and super-

resolution in optical imaging. 
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Introduction 

Metallic nanoparticles (NPs) have long been known for their particular optical response exhibiting a strong 

resonance, corresponding to an electromagnetic (EM) field enhancement and called Localized Surface Plasmon 

Resonance (LSPR). A greater enhancement of the EM field can be obtained when two NPs are in close proximity to 

each other, which then act as nanoantennas. The most striking effect for pairs of NPs in interaction is a red-shift of 

the LSPR (for a longitudinal excitation) when the interparticle distance is reduced. Moreover, in the very strong 

coupling regime and for subnanometric spacing, unexpected distortions of the LSPR may appear due to high order 

interactions between individual plasmon modes. 

In order to understand the relation between the optical response and the morphology of the NPs in interaction, we 

have developed a highly sensitive spectrophotometer based on the spatial modulation spectroscopy (SMS) 

technique. This allows the measurement of the absolute extinction of light by a single nano-object over a broad 

spectral range (300 nm-1650 nm). Moreover, the nano-objects can a posteriori be observed by electron microscopy 

(classical or 3D TEM, SEM), thus allowing a direct correlation between their optical response and their exact 

morphology 
1
. 

 

Results and Discussion 
Thanks to the combination of optical measurements and electron microscopy, very small interparticle distances (< 1 

nm) and morphological effects have been explored for pairs of spherical and cubic NPs made of gold or silver. In 

the case of spherical pairs, the electrostatic coupling between close but non-touching particles induces a red-shift of 

the dipolar surface plasmon resonance and the emergence of higher-order plasmon modes. These effects are 

understood on the basis of the generalized Mie theory and a correlation has been established between the main spectral 

features of the optical spectra and the interparticle distance d independently measured by TEM. Nevertheless, the 

morphology of the interparticle region is found to play a key role in the optical response for ultra-small interparticle 

distance. 

Regarding nanocubes (NCs), in addition to the redshift of the resonance with decreasing interparticle 

distance, we observe a clear splitting (or anti-resonance dip) in the main dipolar LSPR. The analysis of the TEM 

images coupled with numerical simulations lead us to conclude that this dip can emerge when the cubes are 

sufficiently rounded and when the interparticle distance is small enough 2
. This phenomenon can be interpreted as a 

Fano resonance due to the coupling between the broad dipolar resonance of the dimer with gap plasmon modes 

confined to the interplanar zone of both cubes in regard (see Figure 1).  

 

 

 
Figure 1: transmission electron microscopy image and extinction cross-sections for a longitudinal (red) and a transversal 

excitation (blue) of a dimer made of gold nanocubes 
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Conclusions and/or Outlook 

We have shown that Fano resonances can develop in highly symmetric systems such as NC dimers of gold or silver. 

The high quality factor of the anti-resonance dip to the local environment could make them very efficient nano-

sensors. 
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Introduction 

Organic-inorganic lead halide perovskites CH3NH3PbI3 have attracted much attention in last several years as very 

promising materials for solar cells, light-emitting diodes and laser devices. Organo-metal halide perovskites possess 

properties of traditional inorganic semiconductors, combined with the great advantage of low-cost solution 

processing. Their exceptional solar energy conversion and emission performance are driven by long carrier 

lifetimes, high carrier mobility, strong broadband optical absorption and high fluorescence quantum yield with 

possibility to tune the emission wavelength. Recent structural and photophysical studies concluded that 

CH3NH3PbI3 has two accessible crystal forms below room temperature: a tetragonal phase from 160 K to room 

temperature and an orthorhombic phase for temperatures T below 160 K. The purpose of this work is to investigate 

effect of crystal-phase transition on luminescence properties of CH3NH3PbI3 perovskites using optical microscopy 

techniques.  

 

Results and Discussion 

We studied CH3NH3PbI3 nanowires (NWs) grown by a surface-initiated solution fabrication method. Scanning 

nm with flat rectangular end facets indicating high-quality single crystal structure. Temperature-depended steady-

state and time-dependent micro-photoluminescence measurements on the individual NWs were performed in 

temperature range of 77 – 295 K. Photoluminescence microscopy combined with spectroscopy allows us to study 

the local variations of photophysical properties in a single NW with high spatial resolution. 

 

Fluorescence microscopy of single CH3NH3PbI3 NWs at different temperatures reveals the coexistence of the 

tetragonal and orthorhombic phases in 120 K < T < 160 K. For the first time, temperature-dependent luminescence 

intensity variation along NW axis induced by crystal phase transition was observed. Emersion of bright areas 

characterized by the red-shifted luminescencespectra at the temperature region of the phase transition may be 

attributed to small inclusions of domains of the room-temperature phase with the narrower band gap, in which a 

large fraction of photoexcited carriers agglomerate. Processes of carrier migration between domains of different 

phases and spatial carrier localization are discussed. 

 

Outlook 

This effect can be potentially beneficial for optoelectronic device applications for emission enhancement in LEDs 

and decrease of the gain threshold in lasers. 
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Introduction 

With the advance of nanomaterial (NM) science and its growing application areas the toxic effects of nanomaterials 

(NMs) on environment and human health has also become a major concern 
[1, 2]

. On the other hand, the 

conventional cytotoxicity assays have been shown to be unreliable with most of the NPs including titanium dioxide 

(TiO2), zinc oxide (ZnO) and quantum dots 
[3]

. Therefore, reliable, faster yet cheaper approaches are investigated. 

At this point, surface-enhanced Raman spectroscopy (SERS) can be used as a powerful tool.  
 

SERS requires almost no sample preparation, bypassing expensive reagents and labor intensive preparation steps. 

Also, by the help of a high-speed encoded stage a mammalian cell of approximately 30×30 µm2 area can be 

scanned with 2 µm steps in 3-4 minutes which makes live single cell imaging possible.  
 

In the current study, we used two cell lines; a human dermal fibroblast (HDF) and a lung carcinoma (A549) to test 

three model nanoparticles (NPs) for their toxicity; ZnO NPs, TiO2 NPs and single-walled carbon nanotubes 

(SWCNTs). As a SERS substrate 60 nm diameter sized AuNPs were used and the results from the SERS 

experiments were compared to WST-1 assay results. Moreover, the obtained SERS data were analysed with 

principal component analysis (PCA) to see whether it is possible to visualize any spectral differences by using 

multivariate statistical tools.  
 

Results and Discussion 

Exemplary results for ZnO NPs were shown in Figure 1. SERS results indicate a clear difference between the non-

incubated control cells and the increasing concentrations of ZnO NP incubation. The most prominent changes were 

highlighted with grey circles in Figure 1a and these changes can be attributed to protein structural deformations 

(magenta and yellow highlighted bands) as well as to membrane related changes (blue highlighted bands).  

 

It is also possible to see cell type dependent differences. In A549 cell line, the cells lose their integrity at higher 

doses compared to HDF cells. This conclusion can also be drawn out by the WST-1 results in Figure 1b. At 5 and 

10 µg/ml concentrations the cell viability is not significantly lower than the control cells.  

 

SERS data were also analysed by PCA to visualize spectral differences between each concentration. In Figure 1c, 

the results for A549 cells were plotted. A better separation from the control samples could be seen starting from 15 

µg/ml concentration which was in agreement with the spectral results and WST-1 assay results. 
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Figure 1: Assessment of ZnO NP toxicity at increasing concentrations by using SERS, WST-1 assay and PCA. a) SERS results 

of HDF (red specra) and A549 (blue spectra) cell lines incubated with increasing concentrations of ZnO NPs. 10% DMSO and 

50 mM H2O2 were used as positive controls. b) WST-1 assay with A549 and HDF cell lines incubated with increasing 

concentrations of ZnO NPs. Control cells that were not incubated with ZnO NPs were set as 100% viable. c) PCA loading plot 

of A549 cell line incubated with increasing concentrations of ZnO NPs. 

 

Conclusions and Outlook 

In our study, we have shown that SERS can be used as a tool to investigate NP cytotoxicity. It is possible to extract 

more cellular information by analysing a SERS spectrum compared to the conventional cytotoxicity assays such as 

WST-1 assay or Annexin V-FITC/PI assay where only one aspect of the cellular conditions can be observed. As an 

improvement to this study, more detailed statistical analyses with better distinction algorithms such as partial least 

squares (PLS) analysis can be used to model NP cytotoxicity and our ongoing efforts are focused on this task with a 

larger set of cell lines and NPs. 
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Introduction 

Mansuripur et al considered theoretically the transfer of the spin of a circularly polarized beam of light to orbital 

angular momentum in retroreflecting structures such as a hollow conical metal structure or a metal wedge [1]. We 

investigated the transfer of photon spin to electron orbital angular momentum in a retroreflecting partially gold 

coated tetrahedral glass tip which we previously used as a SNOM – probe [2]. A schematic view of the tip and the 

experimental configuration is shown in Figure 1. Two faces of the tip are coated with a 20 nm thick film of gold in 

a way that the edge between the metal coated faces is coated with a considerably thinner metal film and the metal 

coating of the edge extends only to a distance of about 30 µm from the tip.  The 2 gold coated faces of the tip are 

connected to electrodes for photoelectrical measurements. The intensity of 0,5 mW of a 655 nm diode laser beam 

was modulated with a 1 kHz signal from a function generator. The polarization of the light beam was adjusted by a 

LC crystal plate phase modulator and the light beam was focused into the tip at an angle of 45° with respect to the 

metal coated edge. A photoinduced electromotive force between the 2 metal coated faces can be measured by 

recording the photovoltage between the electrodes. The voltage between the electrodes of the sample was fed into a 

lock in amplifier and the 1 kHz in phase AC signal was recorded as a function of the polarization of the incident 

beam.  
 

Figure 1 Schematic view of experimental configuration of the partially gold coated tetrahedral tip here with a p –polarized 

incident Gaussian focused beam exciting edge plasmon modes on the z-edge. 

 
Results and Discussion 

Table 1 shows the experimental results of a photoelectric measurement in comparison to a calculated relative 

values for different polarizations of the incident beam. Different voltages in the range of 0,1 to 0,2 µV were 

measured for different polarizations. We interpret the results obtained on our specific metal nanostructures on the 

basis of the coupling of photon spin to electron angular momentum. In this context we use the concept of the spin of 

a circularly polarized beam of light in terms of the classical Maxwell theory of electromagnetic radiation,   
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polarization rcp lcp p s 

experimental value /µV  0,195 +/- 0,01 0,107 +/- 
0,01 

0,157 +/- 
0,01 

0,147 +/- 
0,01 

normalized experimental 
value 

1 0,55 0,805 0,754 

normalized calculated value 1 0,57 0,81 0,81 

Calculated spin transfer/
2

h
     45cos60cos

22
  60cos   45cos   45cos  

Table 1 experimental results for different polarizations of the incident beam, right- left handed 

circular polarized (r-l cp), p- and s- polarized. Comparison to calculated values 

 

where the model of a propagating right (left) handed circularly polarized photon is a wave packet of spin 1 with an 

angular momentum +(-

direction of its polarization [3]. For an estimation of the order of magnitude of an electromotive force which can be 

generated by a transfer of spin to electron orbital momentum we consider the case of normal incidence of a circular 

polarized photon into a retroreflecting nanostructure. Unlike in a normal reflection process, in the retroreflection 

process, the handedness of a circular polarized beam is conserved and consequently, its spin is inverted. Due to the 

conservation of angular momentum, angular momentum is transferred to the retroreflecting mirror. If the 

retroreflection process is entirely due to interaction of light with conduction electrons, the photon spin angular 

momentum will be transferred to the electrons. Assuming a tightly focused optical beam, the interaction area 

co
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We obtain in our measurement a maximum voltage which is by about a factor of 7 smaller than this value. One 

numerical aperture smaller than 1. In order to evaluate the influence of polarization on the electromotive force in 

our specific configuration, we make the assumption that in the retroreflection process, the interaction of the incident 

beam with the conduction electrons can be described by the excitation of edge plasmon modes on the x- y- and z- 

edges of our structure (see Figure 1) [4]. Propagating edge plasmons are mixed longitudinal and transversal waves 

and carry a spin which has an oblique orientation with respect to their propagation direction. The photon spin 

movement in the process of retroreflection of an incident beam in our configuration can be traced by considering 

how the plasmons excited at the x- y- and z- edges by the incident beam converge at the tip and are there 

transmitted from one edge to another [4]. This transmission leads to a change in the photon spin direction leading to 

a transfer of spin to electron orbital angular momentum in the z direction giving rise to the electromotive force. The 

calculated spin to orbital angular momentum transfer is shown inTable 1 

 

Conclusions and Outlook 

The transfer of photon spin of linear and circular polarized light to electron angular momentum can be regarded as a 

current generator, which in our case was recorded by detecting the electromotive force giving rise to the currents. 

The associated current density is especially high at the concave edges and corners of our conical metal tip with a 

radius of curvature of only a few nm thus leading to high and strongly localised magnetic fields. Whereas the 

electromotive force can be regarded as a voltage arising from an optical spin Hall effect, the magnetic fields could 

be regarded as a manifestation of the inverse Faraday effect which can be considered as a nonlinear optical 

magnetization of a diamagnetic material [5].  
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Introduction 

 Over the past few years there has been a growing interest in organo-metal halide perovskites as good candidate 

materials for light-emitters and photovoltaics . These materials are very promising due to their broad absorption 

combined with extremely high power conversion efficiency over ~20 % [1].  

 With respect to the role organo-metal halide perovskites play in photovoltaics, there is still the major hurdle of 

stability under the exposure to sunlight to overcome. To date, most studies on photo-induced degradation of 

methylammonium lead iodide in particular (MAPbI3) focus on the degradation of free-standing perovskite films or 

solar cell devices based on absorption spectroscopy and X-ray diffraction analysis. However, these bulk 

measurements do not reveal the nano-scale mechanistic process involved in the photo-induced degradation. 

 To understand the mechanistic processes of photo-induced degradation, we employ wide-field fluorescence 

microscopy where we simultaneously probe photoluminescence (PL) intensity, spectral and spatial features of 

individual nano-scale objects. We call the method Super-resolution Luminescence Micro-Spectroscopy 

(SuperLuMS) and have previously applied it to characterize photophysical and photochemical processes in 1D J-

aggregates [2] and similar MAPbI3 crystals studied here with a nano-scale precision [3]. 
 

Results and Discussion 

 Individual MAPbI3 nanocrystals  (~400×400×100 nm
3
) were immobilized on a glass substrate and excited with 

514 nm CW laser light having excitation power densities ranging from 0.1-100 W/cm
2
. Movies were recorded with 

100 ms exposure per frame. At excitation powers > 10 W/cm
2
, a steady decrease of the PL intensity of diffraction 

limited MAPbI3 crystals occurred at the time-scale of seconds. In conjunction with this, a PL spectral blue-shift was 

also observed (see Figure 1a-b). We attribute this to an accelerated degradation of the material.  
 

 
Figure 1: SuperLuMs applied to a nanocrystal of MAPbI3. (a) Intensity decline correlated with (b) the spectral evolution over 25 

s. (c) shows the shift of the emission profile from the origin. (d) shows the peak wavelength correlated with intensity. The color-

coding in a,c,d are the same and represent intensity so that a comparison between the different domains can be made easily 

 Further, we studied the spatial fluctuation of emission with nanometer precision by fitting the diffraction limited 

emission profile with a 2D Gaussian surface in every frame to see how the mean position fluctuated in time. In 

Figure 1c we can see the spatial correlation of the emission to intensity, however, it appears non-linear. As 

intensity initially drops significantly, the spectrum remains rather stable and localization shifts are minimal. Only 

when the intensity is low, the majority of spectral (~ 40 nm) and spatial (~ 400 nm) shifts occur. Comparing the 
peak wavelength, λp, and intensity (Figure 1d) we note that the curve is characteristics for other studied crystals. 
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 In addition, we observed that the PL emission from an object blinked ‘off’ and then ‘on’ again after 50 seconds 

(see Figure 2). Comparing λp and Ip for only those frames when emission was ‘on’, we see the same characteristic 

curve as see in Figure 1d (see inset in Figure 2). Thus, we conclude that degradation is ‘paused’ when emission is 

quenched which leads us to understand that free charges are important for the degradation process to occur.  
 

 
Figure 2: Blinking of an object suspends degradation. Intensity initially declines and blinks off after ~20 s. After an additional 

50 s, emission blinks on again twice for about 5 seconds each time. Inset shows the same type of plot as Figure 1d where the 

peak wavelength is correlated to the peak intensity and a similar trend is observed despite of blinking. 
 

 From these observations we prose a model of the mechanistic process of how photo-induced degradation occurs 

in MAPbI3. It is known that the methylammonium ion migrates under the exposure to light in MAPbI3. As 

vacancies form, the lattice structure becomes locally unstable. When enough ions vacate a local region, the ionic 

void causes the bending of the I-Pb-I bond angle. A recent report shows that this bending causes an increased band 

gap [4]. Thus, we attribute the degradation to the perpetual collapse of 3-D MAPbI3 structure to 2-D PbI2 structure. 

It is not a new discovery that MAPbI3 degrades into PbI2, however, no study has been able to observe this in real 

time and describe the process at which it occurs since only initial and final conditions have been studied thus far. 

SuperLuMS provides a possibility to understand this process due to the fact that the spectroscopic characteristics 

can be studied at a nano-scale rather than in an ensemble. 

 

Conclusion 
 We have directly observed photo-induced degradation of MAPbI3 nanocrystals occurring over a time span of 

seconds rather than days or weeks. We observed that the PL intensity gradually decreases accompanied by a 

spectral blue-shift and localization shift of the emission. The gradual spectral change points to the bending of the I-

Pb-I bond angle due to increasing ion vacancies caused by the photo-induced ion migration until the crystal 

structure collapses into non-emissive PbI2. This collapse may initiate in a specific location and propagates 

throughout the crystal which appears as a spatial shift of the emission localization.  
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Introduction 

Surface-enhanced Raman spectroscopies (SERS) are widely used to sensitively detect molecules or markers in 

pharmacology, biology, etc[1]. In many applications, the SERS detections are implemented in a free space 

configuration, leading to quite bulky and costly systems. We study numerically the possibility to realize SERS 

detection directly on a photonic chip. In Figure 1 it is presented that a SERS sensor, which is created by combining 

a gold slot waveguide and a Si3N4 strip waveguide, can be designed to excite enhanced Raman effects and extract 

scattering signals on a chip[2,3]. In this frame, analytes are dripped into the gold slot where enhanced Raman 

scatterings occur, and only the TE mode (Ex >> Ey, Ez) of the Si3N4 strip can couple into the metallic slot due to the 

perpendicularity of Ex to the slot walls. SERS includes two main electromagnetic mechanisms: local field 

enhancement EFLoc in the excitation process of surface plasmon, and radiation enhancement EFRad in the radiation 

process of induced Raman dipoles. In detections, the laser light propagating in the Si3N4 strip will couple into the 

Au slot and excite the intense plasmonic local fields, and then Raman dipoles are induced in molecules there. 

Meanwhile, the radiation of Raman dipoles could excite some plasmon guided modes of the slot and then couple 

into the Si3N4 strip.  

 

 
 

Figure 1: Layout of the SERS sensor structure: (a) Cross profile of the hybrid waveguide, where one 

square Si3N4 strip of side SD is located at a distance Dis under one square gold slot of side Sm 

deposited on the silica substrate. (b) Sensor frame, where a L-length gold slot is located above a 

Si3N4 strip. 
 

Results and Discussion 

Using 3D finite-difference time-domain simulations, the processes, excitation of surface plasmon in the slot and 

radiation of induced Raman dipoles, are analysed to simulate SERS detections in reality. It also demonstrates the 

influence of the geometrical parameters on the electromagnetic fields in the slot and therefore the enhancements. 

Then some methods are proposed to magnify further the enhanced-Raman signals in the sensor. 

Figure 2 shows the two simulations of the excitation of surface plasmon and the radiation of induced Raman 

dipoles. In the excitation process, an impulse of the fundamental TE mode is imported from the left end of the Si3N4 

strip. The distribution of |ELoc| in the excitation is presented in Figure 2 (b) with λ = 778 nm. It is seen that the 

plasmonic electric field is excited in the slot, particularly near the four corners. If analyte is located in the slot, the 

intense field could induce Raman dipoles in molecules with an enhancement factor EFLoc. The EFLoc of the point 

(23 nm, 22 nm, 0.805 μm) in the excitation is plotted with a blue curve in Figure 2 (d). In the radiation simulation, 

one induced Raman dipole is located in the slot and its orientation is perpendicular to the slot walls. Similarly, the 

simulation can give the |ERad| distribution on the x-y output plane with z = 1.3 μm, as shown in Figure 2 (c). On this 

plane, only the component of the fundamental TE mode can couple into the strip. The EFRad of the radiation is 

plotted with a black curve in Figure 2 (d), and the global enhancement factor EF = EFLocEFRad is with a red curve. 

Although the biggest enhancement factor is just 29 in Figure 2 (d), some points with intense ELoc in Figure 2 (b) 

could have more than 10
4
 EF based on the |ELoc|

4
-approximation EF ≈ |ELoc|

4
, where ELoc has been normalized to the 

source.  
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Figure 2: Simulations of the excitation and radiation processes with Sm = 48 nm, Dis = 10 nm, SD = 200 nm and L = 0.61 μm: 

(a) Side view of the sensor. (b) |ELoc| (normalized to the source) distribution on one x-y cross section with z = 0.805 μm in the 

excitation simulation. (c) |ERad| (normalized to the source) distribution on one x-y cross section with z = 1.3 μm in the radiation 

simulation, in which one x-direction induced Raman dipole is located at (23 nm, 22 nm, 0.805 μm). (d) Enhancement factors of 

the position where the induced Raman dipole is located. 

 
The sensor is based on the coupling between the slot waveguide and the strip waveguide. Thus, the influence of the 

geometry on the sensor performance could be inferred via the guided modes and the interaction between 

waveguides. Simulations show that a bigger Sm or a smaller Dis strengthens the coupling between the slot and the 

strip while SD only weakly influences the coupling efficiency. Although a big Sm is beneficial to couple more 

energy into the slot, it makes the electromagnetic confinement worse. On the whole, decreasing the structure 

parameters ( Sm, Dis, SD ) could make the in-slot enhancement stronger.    

To improve the sensor performance, some gold nanospheres can be laid in the sensor slot to create some tiny gaps 

between the sphere and the slot walls. These 1-2 nm gaps can brings the hotspot effect into the sensor and obtain 

very huge enhancement factors. Simulations show that the enhancement factor of the point in Figure 2 (d) increases 

to 10
6
 if one 44nm-diameter gold particle is laid at (0 nm, 22 nm, 0.805 μm) and the point becomes the centre of 

one 2 nm wide gap. The improvement is more than 4 orders of magnitude and the area in the sphere-slotwall gaps 

can be seen as the hotspot area or the probe area of the sensor. 

 

Conclusions and/or Outlook 

It is presented that one SERS nanosensor based on slot-strip hybrid waveguides could enhance Raman signals on a 

photonic chip in principal. It is demonstrated that the hybrid waveguide can transform energy effectively between 

light modes and plasmonic modes, solving the main challenge of extracting scattering signals from micro-sensors. 

The SERS processes, excitation of surface plasmon and radiation of induced Raman dipoles, are analyzed to show 

the corresponding working procedure of the sensor. The geometrical influence on the coupling between waveguides 

is investigated to show the strategy to optimize the electromagnetic field intensity in the metallic slot and the 

enhancements there. Some approaches like in-slot gold spheres are proposed to bring the hotspot effect into the 

sensor and make single molecule detections possible. The integration of this sensor with a micro-laser and a micro-

demultiplexer, will be developed to achieve an on-a-chip and fully integrated SERS detection.  
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Introduction 
Group-III nitrides such as InN, GaN and AlN have received considerable attention for high-power, high-
frequency and high-temperature electronic devices and for optoelectronic applications such as light-emitting and 
laser diodes. In particular in 2014 Akasaki, Amano e Nakamura were awarded for bright and highly efficient 
blue LEDs based on GaN heterostructures with the Nobel Prize in Physics [1]. 
In addition in recent years theoretical and experimental studies of graphene provided a wide range of knowledge 
for a new class of 2D materials and they opened up possibilities for the synthesis of many similar structures [2 -3-
4-5-6]. 
Motivated by this recent developments we present here a sistematic ab-initio study of the electronic and optical 

properties of two-dimensional group III Nitrides (BN, AlN, GaN, InN, TlN). We show that, with increasing 

group-III atomic number, a decrease of the gap from 4.7 eV to a few meV takes place. The electron-hole 

confinement combined with the reduced screening, enhance excitonic effects, which remain sizeable also for the 

small gaps III-V compounds. By exploiting the reduced dimensionality and the chemical trend, we demonstrate 

that it is possible to engineer their electronic and optical response, and suggest that the possible emission range 

of optoelectronic devices based on 2D group-III Nitrides vary from UV to infra-red. 

Results and Discussion 
Our results on the geometry and  on electronic properties are obtained within Density Functional Theory (DFT-
LDA). For BN also GW and BSE calculations were performed. In these compounds gap opening occours, due to 
the different electronegativity of group III elements and Nitrogen, and the electronic gap is often indirect. In Fig 1 
we demonstrate that with the increasing of the group-III atomic number Z, that is with the increasing of the 
covalent radii, the 2D lattice constants increase up to 50%, the gaps decrease up to almost 100%, and the 2D 
dielectric constant increases. As a consequence, the excitonic binding energy also decreases, with an increase of 
the exciton radius, due to the more efficient screening of the electron-hole interaction. 

 

 
 

Figure 1: On the right: imaginary part of the 2D polarizability α2D=(ε-1)L/4π for the III-N sheets compounds 
studied, calculated using DFT-LDA. On the left: lattice constant, energy gap (direct), and excitonic results for the III-

N sheets compounds studied. 

 

As regards the optical properties we have estimated binding energies Eb  and the radii rexc of the excitons 
of this class of materials with a simple analitical model for excitons in two dimensions[7],[8]. The violet 
circles in Fig 2 denote the points where x = rb/2πα2D for the materials under study. It is clear that neither 
the hydrogenoid nor the logarithmic-potential limit are fulfilled in this class of materials and we can note 
that the 2D sheets have an intermediate character between the two extreme behaviours. For BN we 
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verified via a full BSE calculation that our  model provides a good estimate in terms of order of magnitude of the 
binding energies Eb  and excitonic radii rexc . 

 

 
 

Figure 2 Effective electron-hole interaction potential used in the model (black line); logarithmic electron-hole 
attraction in the large polarizability (small exciton radius) limit (red dashed line); 2D hydrogenoid atomic potential 

in the vanishing polarizability (large excitonic radii) limit (blue dashed line). 
 

Conclusions and/or Outlook 
Using a combination of an ab-initio density functional theory for the ground-state properties and the prediction of 
an analytical model for excitons in two dimensions we have calculated the electron and optical properties of 2D 
Nitrides. These materials are predicted to have a honeycomb flat structure with gaps ranging from UV to IR. The 
results demonstrate that 2D sheets possess strongly bond excitons due to the interplay of low dimensionality, 
depressed screening and the presence of a gap. The only exceptions seems to be TlN that has zero gap. 
Confinement effect and reduced 2D screening strongly enhance excitonic effects, creating electron-hole pairs 
with large (~eV) binding energy and tunable optical gap, making these materials good candidates for novel 

optoelectronic devices. 
Furthermore our model for exciton parameters calculations of 2D  systems seems to be a reliable alternative to 
the computationally more demanding methods based on the solution of the BSE. 
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Introduction 

Tip-enhanced Raman spectroscopy (TERS) witnesses its active development since more than 15 years. Based on 

the lightning-rod and plasmonic resonance effects, the generation of strongly confined electromagnetic field within 

a nanogap between a sharp tip apex and a sample surface under laser illumination even makes the visualization of 

single molecules possible [1-3]. Our group has actively contributed to the development of TERS in a variety of 

aspects [4-7], such as low temperature TERS of dye molecules at 10 K [8], and TERS combined with fs- or ps-laser 

excitation [9, 10].  

Results and Discussions 

We have investigated a variety of radiation scenarios from plasmonic nanogaps. To realize a precise control over 

the nanogap distance down to 1 nm, we combined shear-force and tunneling current feedbacks with confocal 

optical microscopes. Both electrical and optical excitation can be applied to the plasmonic nanogap. This allows 

one to study either separately or simultaneously the plasmonic resonance effect and electric DC field on the optical 

radiation [9, 11]. In this talk, we will report our latest progresses of using TERS 1) to determine the nanometer-

sized morphology in organic semiconductor crystalline film and 2) to identify molecular orientation changes within 

monolayer adsorbates on Au (111) crystals, as seen in figure 1.  

Conclusions 

With this work, we content that TERS has past the prove-of-the-concept phase and has grown into an effective 
technique finding wide applications. 

 
 
Figure 1 a) confocal Raman spectroscopic mapping of a pentacene monolayer evaporated on Au (111) crystal.  Scan range: 

50x50 um. The spectra on the left were taken from the blue frame marked area in a), revealing no obvious spectral profile 

differences due to the lack of optical resolution. Integration time: 30 s per spectrum. b) STM image of the sample surface. Scan 

range: 1x1 um. The TERS spectra on the right were taken from the blue frame marked area in b). New peaks and varying peak 

intensities due to the different molecular reorientation are visible in the TER spectra thanks to the high optical resolution and 

sensitivity. Integration time: 1 s per spectrum. The green circles indicate the positions where the spectra were taken. 
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Introduction 

The characterization of electrochemical interfaces with high sensitivity and resolution is crucial to understand and 

optimize, for example, energy conversion and storage schemes like sensitized solar cells or fuel cells. 

Understanding of the interplay between adsorbate and substrate in the presence of an electrolyte can be gained by 

vibrational spectroscopy in combination with conventional electrochemical methods, where the chemical 

fingerprint of the species in the interface is monitored when triggering redox reactions [1]. Electrochemical 

scanning probe techniques (SPM) are used to investigate topographical changes during oxidation and reduction 

with atomic resolution [2]. In tip-enhanced Raman spectroscopy (TERS), the combination of an SPM with a Raman 

system results in a powerful tool that simultaneously provides an in situ chemical fingerprint with sub-monolayer 

sensitivity and high-resolution topography information [3]. Very recently, the implementation of electrochemical 

conditions in TERS setups was demonstrated for the first time [4],[5]. Nonetheless, the operation of TERS under 

electrochemical conditions remains a huge challenge. In order to convert EC-TERS into a reliable tool for the 

investigation of electrified solid/liquid interfaces, further improvement of experimental conditions, like SPM 

sample cell design, tip coating choice of operating potential, as well as of data analysis is urgently required. 

 

Results and Discussion 

We have developed a backscattering EC-TERS setup with side illumination geometry (angle between tip and 
laser of 55 degrees) based on a scanning tunnelling microscope (STM), Figure 1. The side illumination 
configuration allows great substrate versatility because it overcomes the requirement for transparent and 
thin samples of the AFM-based bottom illumination geometry [5]. Classical electrochemical 
monolayer/metal single-crystal interfaces can thus be investigated. As a major drawback, the side 
illumination entails focus distortion due to aberrations originating from the laser beam traveling through 
media of different refractive indices (air, glass window, aqueous electrolyte). Such aberrations can be 
minimized by custom-designing an STM to reduce the distance the beam travels from the objective to the 
tip/sample gap, however, at the cost of STM stability and sample scanning flexibility [4]. In our setup, a 
specially designed liquid cell in combination with a low-cost commercially available electrochemical STM 
(EC-STM) permits us to work with a conventional long-working-distance air objective and detect the near-
field Raman signal from (electrified) solid/liquid interfaces of electronically resonant as well as non-
resonant species in spite of the far-field focus distortion. 
 
 

 
 

Figure 1: Schematics of the EC-TERS setup and electrode configuration. WE: working electrode; CE: counter electrode; RE: 

reference electrode; Vtip: tip potential; Vsample: working electrode potential 
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The development of an EC-TERS setup demands a step-by-step approach. Initially, we converted a conventional 

air-TERS setup into a liquid-TERS setup to explore the near-field generation for various reference molecules at 

solid/liquid interfaces and compare to in-air results. As a first standard, malachite-green isothiocyanate (MGITC), 

which chemisorbs to gold substrates, was chosen as a probe molecule, Figure 2b. In Figure 2a, STM images of the 

sample are presented in air (top) and water (bottom). The coupling with the Raman setup and the liquid cell requires 

a compromise between STM resolution and Raman performance. Since the STM cannot be isolated in a specific 

chamber to avoid vibrations, and the TERS experiment requires the use of long and soft Au tips (1 cm length, 0.25 

mm diameter), the spatial and axial resolution of the (EC-)STM images is limited. While monoatomic Au steps and 

large terraces are seen, individual molecules are not distinguishable. 

MGITC shows a maximum in the absorption spectrum at the excitation wavelength of 633 nm. This additional 

resonance enhancement renders possible resonant-TER (TERR) detection, even at very low adsorbate 

concentrations. In Figure 2c, TERRS data in air (green) and water (blue) of a monolayer of MGITC are shown. 

When the tip is approached to the sample in tunnelling conditions, the molecules on the substrate are located in the 

plasmonic near-field, and enhanced TERR bands are observed (spectra i and iii in Figure 2c). When the tip is 

retracted 20 nm from the surface, the near-field signal is lost and the spectra measured correspond to a conventional 

far-field Raman experiment (spectra ii and iv in Figure 2c). While the intensity in the far-field spectrum of liquid is 

slightly reduced with respect to the signal obtained in air (likely due to the distortion of the focus point), the TERR 

spectra recorded in air and water are of comparable intensity. The enhancement factors for the TERR band at 1375 

cm
-1

 are 5.7·10
3
 for both air and water, based on EF=(Inear-field·Afar-field)/(Ifar-field·Anear-field), and geometrical 

considerations as outlined in [7] and [8]. The position and relative intensities of the Raman bands both in air and 

water show excellent agreement with literature results. These results suggest that for the case of resonant species, 

the TERRS experiments show comparable enhancements in air and water.  

 
Figure 2: (a) STM images of a monolayer of MGITC on a Au(111) substrate in air (top) and water (bottom; (b) chemical 

structure of MGITC; (c) TERR spectra of MGITC in air (i) and water (iii), conventional Raman spectra corresponding to a tip 

retraction of 20 nm in air (ii) and water (iv) 

 
To explore the possibilities of the setup for more generic adsorbate cases, we measured TERS in air and water of a 

monolayer of chemisorbed non-resonant thiophenol (PhS), Figure 3. The main bands of the molecule were detected 

in the TERS configuration in liquid, Figure 3(iii), showing good agreement with the results in air, Figure 3(i), and 

reports in literature [8]. The triplet of peaks at 998, 1022 and 1074 cm
-1 

and the mode at 1473 cm
-1

 are clearly 

detected in air and water, and allow unambiguous identification of PhS. However, the relative intensities of the 

triplet bands are not kept in water, particularly in the case of the ring vibration at 1074 cm
-1 

(νCC+δCH). The mode at 

417 cm
-1

(νCS+νAuS) appears very intense in air, but is almost gone in the liquid case where the signal-to-noise ratio 

is too low to distinguish the band. The performance in liquid in this case cannot be evaluated in terms of 

enhancement factors since bands are not accessible in the far-field due the low Raman scattering cross sections of 

non-resonant PhS. The intensity of the TER bands in liquid is one order of magnitude lower than the ones detected 

in air (using the same power at the exit of the objective), unlike the results obtained for MGITC. As for non-

resonant species, signal enhancement is largely generated through near-field enhancement (without electronic 

resonance contribution), focus distortion and the resulting deteriorated light-gap coupling are expected to have a 

more significant effect on the overall Raman enhancement than in the electronically resonant case of MGITC. The 

number of molecules in the near-field region generating the TERS peaks can be estimated (assuming a flat gold 

terrace, a tip diameter of 40 nm and a defect-free PhS monolayer), based on [9], to be less than 1200. 
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Figure 3: TERS of thiophenol in air (i) and water (iii), and the spectra resulting of a 20 nm retraction of the tip in air (ii) and 

water (iv). 

 

After demonstrating that TERS in water is possible in both the resonant and non-resonant case, the next step is to 

substitute the water for an electrolyte and establish potential control of the sample. The probe molecule chosen for 

this experiment was adenine, a non-resonant DNA base that physisorbs on gold. Due to its importance in biology, 

adenine adsorption in Au electrodes has been extensively studied by TERS in air [10], electrochemical surface 

enhanced Raman [11] and EC-STM [12]. The results reported under electrochemical conditions vary with 

experimental conditions such as pH, electrolyte composition or configuration of the substrate, rendering 

complicated the correlation of the result obtained from different techniques. With our EC-TERS setup we can 

acquire vibrational and topographic information simultaneously, thus providing a concise tool to answer prevailing 

questions about adenine oxidation and its relation with molecular orientation, adsorption and desorption on Au 

electrodes. A bi-potentiostat with four electrodes (tip and sample as working electrodes, Pt wire as a counter 

electrode and a pseudo reference Pt wire) was used as sketched in Figure 1. We worked in constant bias mode 

(Bias=Vsample-Vtip) and ramped the potential of the sample with respect to the reference electrode; the STM adjusts 

accordingly the potential of the tip, which in this case was always 0.4 V lower than the sample potential. In Figure 

4, the TER and corresponding far-field spectra are presented. The main band of the adenine fingerprint, the ring-

breathing mode at 735 cm
-1

, is detected with high intensity at low sample potentials, reaching a maximum at -0.3 V. 

The intensity decreases with increasing potential until 0.4 V, when the band completely disappears. A peak centred 

at 1315 cm
-1

(νCN+δNH), is also visible at negative potentials up to 0V. The changes in the spectra with increasing 

potential are reversible, i.e. the higher intensities are recovered when reducing the potential again after reaching 0.4 

V. This result may suggest that at 0.4 V, when the adenine bands are no longer visible, a desorption of the 

monolayer happened, followed by a re-adsorption when the potential of the substrate were reduced again. The 

origin of the intense Raman bands around 1500 cm
-1

 in the TER spectrum at 0.4V is still under debate and requires 

further experiments; however, their presence demonstrate an effective near-field generation and supports the idea of 

desorption of the monolayer at high potentials. Some studies [11] suggest that the changes in intensity with 

increasing potential have their origin in orientational changes of adenine with respect to the substrate, starting with 

a parallel orientation of the rings with respect to the substrate at low potentials followed by a tilting when 

increasing potentials in different oxidation steps. Simulations of orientational changes and the effect on the Raman 

band intensities are currently under  way in our laboratory. 

 

Conclusions and/or Outlook 

The different steps in the development of an EC-TERS setup, technical challenges and experimental solutions have 

been discussed. We have presented liquid-TERS results of monolayers of resonant (MGITC) and non-resonant 

(PhS) species. The calculated enhancement factors of about 5.7·10
3
 demonstrate a good performance of the TERS 

setup in liquid for resonant adsorbates, with values very similar to the ones in air. . For non-resonant species, 

despite a loss of intensity by a factor of 10 in water with respect to air, near-field detection is possible from a 

monolayer of PhS and the detection of the main bands allows a clear identification of the adsorbate. Finally, the 

electrochemical behaviour of a monolayer of adenine on Au(111) was investigated. The results suggest re-

orientation of the monolayer followed by desorption with increasing sample potential. 

Our EC-TERS development paves the way for powerful in situ chemical nano-characterization of a wide range of 

electrified interfaces. 
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Figure 4: TER spectra of a monolayer of adenine adsorbed at Au(111) in a 0.01M of H2SO4 electrolyte at different sample 

potentials versus Pt pseudo reference electrode. The STM was operating at a constant bias mode (Bias=0.4 V), and therefore 

adjusting the potential of the tip to match the desired sample potential according to the expression Bias=Vsample-Vtip. For each 

pair of spectra in the same colors, the top one corresponds to TERS and the bottom to a retraction of the tip of 20 nm. 
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Introduction 

In tip-enhanced Raman spectroscopy (TERS) and related techniques the super-resolution is achieved due to 

concentrated electric field at the apex of plasmon-active tips [1]. In response to the high electric field, the Raman 

signal from the material directly in contact with the field is enhanced. However, in a presence of a SiO2 film on a Si 

substrate supporting destructive interference we observe a different result. Destructive interference leads to trapping 

of the incident light in the SiO2 film and its multiple rescattering, what is exploited in interference-enhanced Raman 

spectroscopy [2]. By introducing a TERS tip on the SiO2 surface, we induce efficient radiation of Raman photons 

from the underlying Si substrate, which is not in direct contact with the tip. It also provides improved spatial 

resolution characteristic for TERS. Simultaneously, the field at the surface of the SiO2 film excites the tip apex 

locally thus enhancing the photoluminescence (PL) emission from the tip apex. The PL emission in plasmonic 

nanostructures was shown to provide information on the energy of localized surface plasmon resonance (LSPR), in 

our case, the PL and LSPR from the tip [3].  

 

Results and Discussion 

TERS imaging of an atomic force microscopy (AFM) calibration sample made of 119 nm thick SiO2 stripes on a Si 

substrate as performed with a side illumination/collection TERS setup from AIST-NT/Horiba and with a custom 

built TERS system using an Agilent AFM and Horiba LabRam HR800 spectrometer. The resulting image (Figure 

1) shows sub-diffraction resolution comparable to the resolution obtained in AFM.  Contrary to expectations, we 

observe that in the presence of a TERS tip:  

1) the Si Raman signal increases, 

2) some bands in the PL background are selectively enhanced 

above SiO2 stripes as compared to Si substrate.  

These observations cannot be explained by pure near-field signal enhancement characteristic of TERS. An 

important point here is that the 119 nm thickness, which supports destructive interference of the excitation 

wavelengths used (514.7, 532). We attribute the Raman signal enhancement to the antenna effect of the tip, which 

promotes radiation of the electromagnetic field on the SiO2 surface created by destructive interference. The 

enhancement of photoluminescene band around 690 nm is attributed to local excitation of the tip apex by the 

evanescent wave on the surface of SiO2 similar to the case of total internal reflection configuration [4]. 

 

 
 

Figure 1: Left: Photoluminescence background for a gold tip above Si, SiO2, and without substrate (far field). Right: AFM 

topography, respectively with Raman images of the Si intensity (at 520.5 cm-1) for tip up and tip down, and respective cross-

section profiles shown at the bottom. 
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Conclusions and/or Outlook 

The scanning of the structured SiO2 film appears to give information on radiation efficiency of TERS tips and, most 

importantly, its LSPR energy position that is directly correlated to the plasmonic photoluminescence emission. 

Additionally, being a well-tested AFM reference sample, periodic SiO2 stripes on silicon offer robust performance 

over years of use and the chance to determine the tip radius due to sharp edges of the SiO2 stripes. This work 

provides a long-sought solution for all-in-one TERS reference sample for the electromagnetic and geometrical 

characterization of the most critical component in TERS and other tip-enhanced nano-optics: the tip. 
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Introduction 

The capability to visualize and correlate composition, sample properties, and morphology with a resolution at the 

nanoscale makes tip-enhanced Raman spectroscopy (TERS) one of the hottest topics in nanoscale characterization 

since first reported in 2000 [1-3]. Numerical models and previous experimental results showed that the electric field 

enhancement in TERS is a direct consequence of tip-sample geometry, composition, and laser excitation [4]. In this 

work, we demonstrate that the tip-sample interaction makes also a significant contribution to the electric field 

enhancement in TERS with atomic force microscopy (AFM) operated in dynamic mode. The phase shift between 

the cantilever excitation and its oscillation response is sensitive to tip-sample interactions and to variations in 

material properties such as stiffness and adhesion. Careful investigation of the phase contrast and its numerical 

modeling allow us to determine that the tip-sample interaction influences the degree of electric field enhancement 

in TERS. 

 

Results and Discussion 

Au nanoparticles prepared by electron beam lithography on a Si substrate were covered with an ultra-thin layer of 

cobalt phthalocyanine (2 nm) as the Raman probe. TERS imaging in the dynamic AFM mode was performed on 

this sample using a commercial all-metal tip using 638 nm laser excitation. We found a one-to-one correlation 

between phase and TERS images as illustrated in Figure 1, showing the impact of tip-sample interaction. The 

phase contrast above 90º shows that the tip-sample interaction dominated by attractive forces overlaps with the 

same region on the Au nanoparticles with the highest electric field enhancement. Numerical simulation results of 

the cantilever dynamics demonstrate that the electric field of the exciting light also influences the tip-sample 

interaction increasing the phase image contrast in agreement with experimental results. 

 

 
Figure 1: Phase contrast comparison for AFM imaging of a gold nanoparticle with a gold cantilever-tip [5]. The phase image 

correlation with TERS image contrast obtained under 638 nm excitation, the Raman probe was a 2 nm film of CoPc. The TERS 

image shows the spatial distribution of the B1g mode intensity of CoPc at 1535 cm-1. Both images were obtained simultaneously. 

Conclusions and/or Outlook 

This contribution demonstrates that tip-sample interaction must be considered in the interpretation of TERS 

imaging results obtained with dynamic mode AFM. The attractive tip-sample interaction makes a larger increase of 

electric field enhancement. The physical mechanism behind this result, associated with the longer and closer tip-

sample interaction will be discussed. 



     

     

 

 89 

This effect has implications in other scanning probe based nano-optics methods such as scanning near-field optics 

with a tuning fork. By tracking the friction force, the investigation of the tip-sample interaction for AFM in contact 

mode is underway. 
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Development of new instruments for material properties structural and chemical analysis studies  like 

integrated scanning confocal Raman microscopes and scanning probe microscopes where metallised tip could play a 

role of plasmonic antenna dictate a development of a reproducible and reliable probes for reaching high enhancement 

factor and special resolution below optical diffraction limit .  

 Tip enhanced Raman scattering (TERS) has introduced more than decade ago as a promising technique that 

offers both chemical information and nanometre spatial resolution. The main idea of this approach is to probe samples 

using the surface enhanced Raman effects at the tip end of a sharp scanning metal probe. By matching a laser 

wavelength and tip material a nanometre spatial resolution can be achieved by the extreme localized enhancement 

effect. There were several approaches introduced by scientists in the realization of that plasmonic antennas on the as 

scanning probe using scanning tunnelling microscopy effect as feedback mechanism and electrochemically etched 

golden or silver wires; using tuning fork sensor and fix an small piece of electrochemical etched wire to the resonator 

and use share force feedback; or using micro fabricated silicon cantilevers and localizing metallic nanoparticle ; there 

were reports with simple gold or silver sputtering over silicon cantilevers where AFM laser deflectometer feedback 

could be used. All mentioned above types of probes have some advantages and disadvantages for TERS imaging on 

different samples, but until now there were no commercial available cantilevers utilising laser deflectometer as 

feedback [1-4].     

In this report we like to introduce our achievements in fabrication reproducible and reliable TERS probes 

based on soft silicon cantilevers with coating of noble metals alloy of Silver and Gold film over “concord ” shape 

silicon cantilever which produced by traditional batch production process.   

New type of TERS active cantilevers shows high enhancement factor more than 100 times on molecular layer 

of Briliant Crystic blue molecules deposited on atomically flat gold substrate in order to exclude possible surface 

plasmon resonances.  Statistically more than 90% of tips from the batch. The enhancement factor when tip –in tip-out 

for spectra measurements  is one criteria and what about spatial resolution,   The alloy of two metals had demonstrated 

high reliability and that leading to extension life time. The high enhancement factor remain for the tips aged over 30 

days.   We would like to emphasise that one of the main advantage of using soft cantilevers for TERS mapping is the 

ability to operate in contact, noncontact modes with phase lock loop (PLL) feedback of Hybrid Mode. These modes 

allows to keep constant amplitude or distance between tip and sample for good Plasmon coupling which could not be 

the case for traditional tapping mode.  
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Introduction 
Active plasmonics nanomaterials such as nanorod array can be coupled with excitonic systems to give rise to 
hybrid plasmon–exciton modes (Plexcitons) when in the strong coupling regime. Such systems when within the 
strong coupling limit effect changes in the optical processes of an emitter or absorber excitonic system. This 
offers potential to enhance or control exciton processes in excitonic systems such as organic semiconductors 
which offers opportunities for enhanced photonic device designs such as in light harvesting, optical sensing or 
artificial light sources. 
A number of studies have demonstrated plasmon-exciton in the strong coupling limit between an organic 

exciton  semiconductor  and  localized  surface  plasmons  geometries  [1-2].  Studies  have  demonstrated  that 

colloidal  Au  nanoshell-J-aggregate particles  exhibit  strong  coupling between  the  localized  plasmons of  a 

nanoshell and the excitons of molecular J-aggregates adsorbed on its surface [1]. Dynamic tuning of plasmon– 

exciton coupling as been reported for strongly coupled exciton–plasmon states in Au nanodisk arrays coated 

with J-aggregate molecules achieved by changing the incident angle of incoming light, rather than changing the 

geometry of the plasmonic nanomaterial. Using such an angle resolved approach plasmon–exciton coupling of 

variable strengths was achieved [2]. 
Here we demonstrate dynamic strong coupling in self-standing nanorod arrays achieved though angular tuning. 

We report a Fano line shape in the differential reflection spectra associated with the formation of new hybrid 

states, leading to anti-crossing of the upper and lower cavity-polaritons with a Rabi frequency of 125 meV. The 

recreation of a fano like line shape was also found in photoluminescence demonstrating changes in the emission 

spectral profile under dynamic strong coupling in a J-aggragate/Au nanorod hybrid system. 
 

Results and Discussion 
Differential reflectance (ΔR/R) from the J-aggregate nanorod sample for TM polarized light at three different 
indecent angles were recorded (see Figure 1). Concentrating on the wavelength range nm 600-750 nm which 
corresponds to a spectral region where the J-aggregate S1  exciton state absorbs and also where the nanorods 
longitudinal surface plasmon (SP) mode is present. The contour plot shows that there is a dip coinciding with the 
exciton energy replicating a fano resonance line-shape which indicates the presence of strong coupling. In the 
strong coupling regime plexcitons are formed from interaction of the |S1> state of the exciton molecular J- 
aggregate with the longitudinal (|SPL>) surface plasmon modes of the gold nanorod array. The hybrid plexcitons 
possessing two branches (e.g. |S1-SPL>

+  
and |S1-SPL>

-
). The reflection spectrum shows two dips marked 

S1-

SPL>
+ 

and S1-SPL> at 645 nm and 700 nm respectively (which corresponds to Rabi splitting ( ) energy of 150

meV). The S1 Q band from the J-aggregates absorption spectrum is c.a midway between the S1-SPL>+ and 

S1-
SPL> hybrid states. To confirm the presence of strong coupling a dispersion plot was made as a function of the
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single longitudinal SP mode of pristine nanorod with the Plexciton hybrid modes of the J-aggregate/nanorod 
complex with incident angle. The dispersion plot shows a characteristic anti-crossing of the two hybrid peaks 
( S1-SPL>

+ 
and S1-SPL>

-
). This is associated with Rabi splitting of the SP peak, where the molecular 

resonance of the J-aggregate and the longitude mode of the nanorod array overlap characteristic of the strong 
coupling. ` 

 

Photoluminescence (PL) spectra were recorded as a function of incident angle. As angle increases the main peak 

in the PL spectra shifts progressively to the blue. Following substration of the J-aggregate emission ( =0) on 

glass from that of J-aggregate/nanorod at each angle as clear progression can be seen in line with similar spectral 

profiles have been reported for PL from systems in the strong-coupling limit. Such studies reported that the 

modification in the fluorescence profile is associated with the spectral dependence of the radiative and non- 

radiative decay rate of the molecular exciton complex closely follows the plasmon scattering spectrum. This 

indicates that the PL arises from the polaritonic emission, resulting from the Plexciton SP/exciton mixed states.

 
 
 

Figure 1: Contour plot of TM polarised difference reflection spectra as a function of 
angle 

 
Conclusions and/or Outlook 
In summary, we demonstrate here dynamic strong coupling between localised surface plasmon modes in self -
standing nanorods with Frankel excitons in a porphyrin molecular J-aggregate layer though angle tuning. The 
enhanced exciton−plasmon coupling creating a Fano line shape in the differential reflection spectra associated 
with the formation of new plexciton hybrid states, leading to anti-crossing of the upper and lower cavity- 
polaritons with a Rabi frequency of 125 meV. The recreation of a fano like line shape was found in 
photoluminescence demonstrating changes in the emission spectral profile under dynamic strong coupling. This 
study demonstrates that J-aggregate excitons under dynamic strong coupling with plasmon modes can 
controllable alter the emission and absorption spectral profile through control of excitation angle. 
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Introduction 

Point defects in insulators [1,2] are successfully used for radiation detectors [3]. Among them, colour centres (CCs) 

in lithium fluoride (LiF) – in the form of pellet, crystal or thin film – are known for their use in dosimeters [4], 

miniaturised optically-active devices [5] and solid-state lasers [6]. CCs are generated in LiF by different kinds of 

ionising radiation, including ions, extreme-UV light, -rays and X-rays [5,7,8].  

Some kinds of aggregate CCs in LiF, particularly the F2 and F3
+
 ones, are optically active: these latter emit in the 

red and green parts of the visible spectrum, respectively [2]. Moreover, they share an absorption band at ~450 nm, 

therefore can be excited at the same time with blue light [2]. The photoluminescence (PL) intensity emitted by F2 

and F3
+
 CCs, which have formed in LiF because of exposition to radiation, is proportional to their volumetric 

amount and can be conveniently related to the absorbed dose. This fact can be exploited to design and fabricate 

suitable detectors for several kinds of radiation, even for high-resolution X-ray imaging applications [9]. 

In the past recent years, attention has been especially drawn on planar luminescent LiF-film detectors [9-12], which 

allow for a finer tailoring of their characteristics with respect to crystals, besides offering fabrication convenience 

and scalability. Like LiF crystals, LiF-film detectors feature sub-micron spatial resolution [13] across a wide field 

of view (practically limited by the readout optics), large dynamic range (e.g. larger than PMMA), no need of 

development, easiness of handling, absence of sensitivity to visible and UV light (i.e. no special protection cover is 

needed for their conservation). Resolution values down to 80 nm were demonstrated with scanning near-field 

optical microscopy (SNOM) [9]. 

In the present work it is shown how the efficiency of such LiF-film detectors, i.e. the amount of PL that they emit 

after irradiation, can be enhanced by designing a planar structure where the substrate material is suitably selected 

and the film thickness is properly chosen [14] in order to maximise the intensity of the involved electromagnetic 

fields at the CC locations. 

Results and Discussion 

Efficiency amplifications from ~2× up to ~12× have been obtained for LiF-film detectors by using suitably 

designed planar configurations that introduce favourable boundary conditions [14-16]. These latter, obtained with 

selected semiconductor or metal-based substrates and proper LiF-film thickness values, can amplify at the same 

time the local densities of three kinds of electromagnetic fields: (a) the vacuum field, responsible for the rate of 

spontaneous emission from excited CCs; (b) the optical pump field, utilised to excite the CCs; (c) the PL field that 

is emitted by the CCs. A good overlapping of these electromagnetic fields, obtained by designing the device [14] 

by means of our ad-hoc model [17], capable of analytically evaluating PL emission from within multilayer 

structures of whatever solid material (metals included), together with a generally better CC-formation efficiency in 

polycrystalline LiF films with respect to bulks [15], results in a larger PL intensity detectable during the readout of 

the detector. 

The theoretical dependence of readout PL intensity as a function of LiF-film thickness is shown in Figure 1 for two 

kinds of elementary detectors: a LiF film on silica (SiO2) and on silicon (Si) substrates. The detectors were assumed 

to have been exposed to soft X-rays so that a local distribution of CCs had been generated at the external surface of 

LiF. The PL emitted from this CC distribution under normally-directed optical pumping at  = 458 nm is thought of 

being read in an optical system of numerical aperture equal to 0.13 and equipped with red (562-1000 nm) and green 

(499-529 nm) band-pass filters [15]. The plots in Figure 1 were obtained by a 100-repetitions Montecarlo process 

to take into account uncertainties related to the knowledge of the material optical constants and thickness: the black 

lines represents the average curves, while the grey ribbons show the confidence bands of the theoretical estimations. 

It can be noticed from the plots how the reflective properties of Si at the emission wavelengths of F2 and F3
+
 CCs 

helps in getting an efficiency which is almost double of the device with SiO2 substrate. These theoretical values are 

in good agreement with experimental results [15]. 

Even more efficient detectors, up to the above-mentioned ~12× amplification, can be designed by choosing 

materials other than SiO2 and Si for the substrate [14]. 
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Figure 1: Theoretical Montecarlo-based simulation of the PL emitted from CCs at the surface of a LiF 

film on silica (SiO2) and silicon (Si) substrate. See the text for further details. 

 

Conclusions  

Suitable design and choice of materials can sensibly improve the performances of planar luminescent LiF-film 

detectors for ionising radiation. As a matter of fact, boundary conditions can be created to better confine the 

vacuum field together with the emitted PL field and the optical pump utilised to excite the radiating CCs. So far, 

amplification values up to ~12× have been obtained. Work is in progress to further improve this figure still 

maintaining the design simple enough to allow for convenient fabrication and scalability. 
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Introduction 

Here we will present about the use of laser-assisted synthesis for the generation of nanoalloys and other 

nanostructures with plasmonic and magnetic properties useful for SERS and nanomedicine applications. In last 

years, laser-assisted synthesis, and in particular laser ablation synthesis in solution (LASiS), emerged as a reliable, 

versatile and low-cost method to obtain a variety of nanomaterials, such as metals, oxides and semiconductors.  

This lecture will focus in particular on three examples of laser generated nanostructures, which are (i) Au 

Nanocorals, (ii) Fe-doped Au nanoparticles, and (iii) Fe-doped Ag nanotruffles. 

 

Au Nanocorals[1] 

Gold nanoparticles with efficient plasmon absorption in the visible and near infrared (NIR) regions, 

biocompatibility and easy surface functionalization are of interest for photothermal applications. We describe the 

synthesis and photothermal properties of gold “nanocorals” (Au NC) obtained by laser irradiation of Au 

nanospheres (Au NS) dispersed in liquid solution. Au NC are formed in two stages: by photofragmentation of Au 

NS, followed by spontaneous unidirectional assembly of gold nanocrystals. The whole procedure is performed 

without chemicals or templating compounds, hence the Au NC can be coated with thiolated molecules in one step. 

We show that Au NC coated with thiolated polymers are easily dispersed in an aqueous environment or in organic 

solvents and can be included in polymeric matrixes to yield a plasmonic nanocomposite. Au NC dispersions exhibit 

flat broadband plasmon absorption ranging from the visible to the NIR and unitary light-to-heat conversion. 

Besides, in vitro biocompatibility experiments assessed the absence of cytotoxic effects even at a dose as high as 

100 μg mL
−1

. These safe-by-designed Au NC are promising for use in various applications such as photothermal 

cancer therapy, light-triggered drug release, antimicrobial substrates, optical tomography, obscurant materials and 

optical coatings. 

 

Fe-doped Au nanoparticles.[2] 

The integration of multiple functionalities in a single object with nanometric size is crucial for the development of 

efficient tools for nanomedicine applications. Here we show how a synthetic approach based on laser ablation of a 

solid target in a liquid solution gives access to am Au-Fe alloy with the plasmonic properties of gold and the 

magnetic properties of iron. The structure and surface conjugation of the magneto-plasmonic nanoalloy was 

engineered in order to gain the functions of a multimodal contrast agent for magnetic resonance imaging, x-ray 

computed thomography, photoacustic imaging and surface enhanced Raman imaging.  

Besides, we show that the absorption cross section of gold nanoparticles is sensibly increased when iron is included 

in the lattice as a substitutional dopant, i.e. in a gold-iron nanoalloy. Such increase is size and shape dependent, 

with the best performances observed in nanoshells where a 90-190% improvement is found in a size range that is 

crucial for practical applications. Our findings are unexpected according to the common believe and previous 

experimental observations that alloys of Au with transition metals show depressed plasmonic response.  

 

Fe-doped Ag nanotruffles[3] 
The coexistence of Fe and Ag in the same nanostructure is interesting for nanophotonics, nanomedicine, and 

catalysis. However, alloying of Fe and Ag is inhibited for thermodynamic reasons. Here, we describe the synthesis of 
Fe-doped Ag NPs via laser ablation in liquid solution, bypassing thermodynamics constraints. These NPs have an 
innovative structure consisting of a scaffold of face-centered cubic metal Ag alternating with disordered Ag–Fe alloy 
domains, all arranged in a truffle-like morphology. The Fe–Ag NPs exhibit the plasmonic properties of Ag and the 
magnetic response of Fe-containing phases, and the surface of the Fe–Ag NPs can be functionalized in one step with 
thiolated molecules. Taking advantage of the multiple properties of Fe–Ag NPs, the magnetophoretic amplification 
of plasmonic properties is demonstrated with proof-of-concept surface-enhanced Raman scattering and photothermal 
heating experiments. The synthetic approach is of general applicability and virtually permits the preparation of a 
large variety of multi-element NPs in one step. 
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Introduction 
Novel near-field techniques can shade light on important biological and medical issues, as drug-delivery 

effectiveness,  protein concentration in dried cells, lipid membranes function and structure. Here, an AFM-IR 

experiment on fixed He-La cells, over-expressing proteins, is presented. The  FUS  (FUsed in Sarcoma)  protein is 

sited in the cell nucleus in healthy cell,  but migrates in the cytoplasm under stress condition, to form small 

aggregates. These latter are considered to be good candidates for a class of  neuro-degenerative deseases at the 

cellular level [1]. In this framework, infrared  nano-imaging of  proteins within cell's cytoplasm can represent  a 

powerful tool for the study of such  aggregates.  

By using an AFM-IR spectrometer, we performed imaging experiments in the region of the C = O absorption band 

of proteins (amide I) of wild type (WT) and stressed (STR) He-La cells, where over-expression of FUS protein was 

induced, achieving a lateral resolution down to 50 nm. The optical apparatus consists of a quantum-cascade laser 

coupled to an AFM system: the former was lasing with a repetition rate resonant with a mechanical mode of the 

AFM cantilever [2].  Samples were dried in air and fixed on Si substrates . 

Results  
Cell infrared images at the amide I absorption frequency, like that in the left panel of Figure 1, provided evidence 

of a large amount of proteins in the cytoplasm of both WT and STR cells. Nevertheless, in view of the intrinsic 

complexity of the samples, the presence of eventual  anomalous distributions  in the STR cells could not be directly 

identified in the maps.  

Therefore, the images of both kinds have been accurately analyzed by using two different approaches. A classical 

method based on the Pair Correlation (PC)  function was used to obtain the average aggregate extension and their 

amount within the cell's cytoplasm. This also provided an estimate of the percentage increase of aggregates 

formation  by a comparison between WT and STR specimens. The statistical results of the PC methods have been 

further confirmed by digital image analysis. In particular, both methods indicated an increase of  aggregate 

formation in STR specimens, with a lateral dimension ranging between 400 - 600 nanometers.  

 
Figure 1: Left panel: AFM topograghy 

of a dried He-La cell. The white bar 

indicates 4 

image of the same cell at the frequency 

of  the amide I band  (1650 cm-1).    

 
 
 
 

Conclusion  

In the present experiment, we used 

an IR-AFM spectroscopic technique to detect the protein distribution in dried He-La cells, both wild and stressed, 

with a lateral resolution 100 times smaller than the radiation wavelength. The data analysis of the infrared maps, 

performed according two different methods, provided evidence of protein aggregates on the scale of 400 nm in the 

stressed cells [3]. Further information will be achieved in further experiments already planned on a broader spectral 

range. This will allow us to detect the intracellular distribution of other basic components, like nucleic acids  and 

lipids, and their eventual modification under stress.  
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Introduction 

The development of reliable, sensitive and specific biosensors is a very active research field. Among all the 

technique, the Surface Enhance Raman Scaterring (SERS) is one of most sensitive and has been widely used for 

ultrasensitive chemical analysis down to single molecule detection.[1] Its field of applications now includes 

chemical-biochemical analysis, nanostructure characterization and biomedical applications. SERS is based on the 

exploitation of the optical properties of metallic nanoparticles and on the electromagnetic field enhancement 

localised at the vicinity of the nanostructures and created by the excitation of the Localized Surface Plasmon (LSP). 

 

Results and Discussion 

In order to control the LSP resonance position and to optimise the SERS signal, we have used some arrays of 

metallic nanoparticles, made by electron-beam lithography (EBL).[2-3] The nanoparticles were in gold with 

different shapes: cylinders and rods. The optimization of the plasmonic nanostructures to improve their sensing 

properties such as their sensitivity and their easy manipulation is of first importance in order to develop a highly 

sensitive detection system. Several aspects can be considered in order to optimise the sensing performances: size 

and shape of the nanoparticles, nanoparticle coupling, molecular adhesion layer between gold nanostructures and 

glass…[4] 

First, by controlling all these aspects, we are able to produce a highly sensitive sensor. We have determined the 

sensor characteristics such as its detection limit and its selectivity. We have determined that such sensor could be 

highly sensitive by reaching some detection limits lowest than the pico-molar. In this work, we have applied this 

sensor to the detection and the identification of specific proteins and we have been able to detect some specific 

disease biomarkers in body fluids (serum, saliva) paving the way to the potential disease diagnosis.[5] 

Second, a clear connection is established between a specific structure of a protein and its function. In a given 

biological system, a protein exists as multiple modified forms and plays various roles, suggesting numerous 

conformations. In the present work, we studied the Syk protein, a kinase protein involves in the phosphorylation of 

others proteins and we established a link between its activation status and its conformation. 
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Conclusions and/or Outlook 

Using SERS technique, we are able to detect and identify proteins even in complex fluids. Moreover, the spectral 

analysis allows a clear observation of the conformation modifications of the proteins due to their biological 

activity. 
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Introduction 

Mid-infrared (IR) spectroscopy is commonly regarded as the basic tool to identify a wide variety of molecules 

through their vibrational spectrum. Chemical identification at the nanoscale, which is crucial for the study of 

inhomogeneous materials as well as biological matter, can be achieved by combining tuneable or broadband mid-

IR sources to atomic force microscopes (AFM) that provide deeply-subwavelength resolution. Scattering-type 

scanning near-field optical microscopy (s-SNOM), where radiation backscattered by the tip is detected in the far-

field, is already an established technique for mid-IR nanospectroscopy. Recently, a novel resonant AFM-IR 

technique that allows a direct measurement of the absorption coefficient of few molecular layers has been 

introduced. Using a mid-IR pulsed laser with repetition rate matching the frequency of one of the AFM cantilever 

mechanical bending modes, resonant mechanical detection of the modulation of the tip-sample contact interaction 

is obtained [1]. Moreover, high electromagnetic field concentration is obtained through the formation of a nanogap 

between the gold-coated tip in contact-mode and ultraflat gold substrates where single molecular layers are 

dispersed [2]. Such expedients have recently allowed to enhance the sensitivity of the Photo-thermal Induced 

Resonance (PTIR) spectroscopy, making it possible to measure the force exerted by the anharmonic vibrations of 

single molecular layers on the tip, the phenomenon which is at the origin of thermal expansion at the macroscopic 

scale. 

 

Results and Discussion 

Here, we apply the resonant AFM-IR technique to vibrational contrast imaging of cell membranes, unraveling its 

potential for applications to life sciences. Our samples are flakes of purple membrane deposited on ultraflat gold. 

Purple membrane consists of a 4 nm thick lipid bilayer densely filled with single bacteriorhodopsin molecules (bR), 

a protein acting as a proton pump across the cell membrane of Halobacteria. Our experiments are performed using the 

NanoIR-2 system by Anasys Instruments, equipped with a Quantum Cascade Laser tuneable in the 1575-1725 cm
-1

 

spectral range covering the amide-I vibrational band of proteins. In Fig. 1 we show the topography and AFM-IR maps of 

purple membrane flakes. Combining topography and AFM-IR maps at different IR frequencies, we can clearly identify a 

single membrane (SM) layer, a region with two overlapping membranes or a double-membrane (DM), and a lipid droplet 

(LD), as indicated by the arrows in Fig. 1b. The map in Fig. 1c taken at the amide-I peak frequency of 1660 cm
-1

 shows 

strong AFM-IR signal in the areas where proteins are present, and does not show any signal in the thicker lipid droplet 

where no protein is present. In the maps taken at IR frequency away from the amide-I vibration (1724 cm
-1
), the 

membrane flakes are barely distinguishable from the gold substrate. Considering our AFM tip radius of 20 nm and the 

bR density in the purple membrane, we calculate that we probe the photo-expansion of about 16 bR molecules per 

pixel of the map. The signal-to-noise ratio is 5 in a typical map taking 15 minutes per square micron at a 50 nm 

resolution, therefore the resonant AFM-IR technique is sensitive to as few as ~2200 peptide bonds, corresponding 

to about 3 bR molecules, which is comparable to what reported in s-SNOM experiments [3].  

The spectral information acquired by scanning the QCL wavelength with the tip in a specific position is consistent 

with transmission spectroscopy of ensembles of identical membranes in a liquid cell. A close comparison of the 

spectra measured by AFM-IT to those measured oin reflection mode on the same samples is engoing. We are 

employing FT-IR microspectroscopy with synchrotron radiation as a source, in order to reach diffraction limited 

spot-size of the order of the dimension of the single membrane flake [4]. 
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Figure 1: Fig. 1. a) Sketch of the AFM-IR setup. b) Sample topography: the arrows indicate the single membrane (SM), double 

membrane (DM) and lipid droplet (LD). The inset in red shows a profile across a SM-DM step. c), d) AFM-IR map taken at 

1660 cm-1 and 1724 cm-1 respectively (at the amide-I peak IR frequency and away from it). The grey dashed line is the sample 

contour taken from the topography. 
 

 
 

Conclusions and Outlook 

The investigation of local mid-infrared absorption in nanoscale samples and materials is a promising technique for 

chemical identification of structures in biological samples. Photoexpansion and scattering microscopies with laser 

beams coupled to scanning probe tips seem to provide compatible result with similar lateral resolution and 

sensitivity in the case of cell membranes deposited on ultraflat gold substrates. At present, the main limitation of 

both types of microscopy comes from the dry atmosphere in which the membranes are immersed (instead of a 

physiological aqueous solution). The dry atmosphere is required, in both types of microscopy, for underdamped 

cantilever oscillation and for infrared beam propagation. Significant improvements to existing setups are needed to 

overcome this limitation. 
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Introduction 

Metallic nano-objects may exhibit a strong optical response known as Localized Surface Plasmon Resonance 

(LSPR), which depends on their composition, size, shape and immediate environment. Gold nano-objects in 

particular have been developed in a wide variety of sizes and shapes such as spheres, cubes, rods, bipyramids and 

even more exotic lithographed patterns, with clear differences in their signature LSPR. Of particular interest is the 

potential for sensing applications that exploit the LSPR of such objects to probe the local environment. By 

measuring the response of individual objects, minute changes in the LSPR that would otherwise be obfuscated by 

ensemble measurements should be detectable. 

Spatial Modulation Spectroscopy (SMS) has previously been developed by our team [1] to measure the optical 

response of individual nano-objects over a broad spectral range (near-UV to near-IR) in air. An intrinsic aspect of 

the technique is sample mapping, which enables the correlation of an individual object's optical response to its real 

morphology observed by electron microscopy.  Our recent work has focused on the adaptation of an SMS system to 

a liquid environment with an eye towards biosensing applications based on gold nano-bipyramids [2]. Here we 

present our preliminary results with the new setup and our ongoing work. 

 

Results and Discussion 

The submersion of samples in H2O imposes new challenges related to surface chemistry and sample preparation 

and so we have developed a protocol for the preparation of gold nano-bipyramid samples linked to the substrate via 

silanization. Figure 1 presents the transmission spectra in H2O of several individual gold nano-bipyramids from 

one such sample. 

 

Figure 1: Transmission spectra of individual gold nano-bipyramids (~100 nm) on a silanized SiO2 substrate in H2O. The peak 

around 825 nm is due to localized surface plasmon resonance (LSPR). The limited spectral variation shows that the gold nano-

bipyramids are monodisperse. 

 

 
Comparisons of the spectra of the same objects in air and in H2O have shown redshifts of the LSPR peaks as 

expected. When passing from H2O back to air, the corresponding reverse shift is observed but unequal in 

magnitude. This is presumably due to local changes such as residue formation. This effect has not yet been fully 

understood and requires further study. 
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Conclusions and/or Outlook 

Preliminary studies with the liquid SMS setup have shown that mapping and optical characterization of samples in 

H2O work well with the new setup despite the constraints imposed by the use of a liquid cell. The next experiments 

will determine how liquids of different optical indices affect the LSPR of gold nano-bipyramids and these results 

will be compared to numerical simulations. The sample preparation protocol will also be developed further to 

functionalize the gold nano-bipyramids for preliminary sensing applications using the model streptavidin-biotin 

binding system. A pumping system is also planned to enable dynamic measurements of concentration gradients and 

thus determine the threshold of detection of a given analyte or the effect of a gradually changing optical index. 

Once the model system has been shown to work we shall move on to real essays such as the detection of low 

concentrations of the beta-amyloid protein thought to be responsible for Alzheimer's disease. 
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Introduction: 

Two-dimensional transition metal dichalcogenides (TMDCs) such as MoS2 and WSe2 are particularly susceptible to 

charge injection due to their spatial confinement and semiconducting behaviour. Recently, significant efforts have 

been devoted to controlling the electronic properties of MoS2 monolayers by doping, including gate-bias tuning
1
, 

chemical doping
2
, and physical adsorption

3
. Plasmon-induced hot electrons generated by photo-excitation of Au 

nanoparticles can also lead to n-type doping of TMDC monolayers
4
. In this contribution, we report on the localized 

surface plasmons excitation in Au nanoparticles beneath single layers of MoS2 and WSe2. The subsequent changes 

in vibrational, optical, and electrical properties of the TMDC monolayers were investigated via Raman 

spectroscopy, photoluminescence, conductive AFM and Kelvin probe force microscopy in order to evidence the 

effects of charge-transfer. 

 
Figure 1: (a) Schematics (non-scaled) of the Au nanoparticle/2D TMDC system. (b) AFM image of the interface between a 

multilayer MoS2 (left) and the single layer (right) showing array like arrangement of Au nanoparticles (bright spots) spaced by 3 

m. (c) PL spectra of the MoS2 monolayer from regions with and without Au nanoparticles (d) PL image of the 665 nm to 675 

nm band showing higher enhancement in the MoS2 single layer around the Au nanoparticles. 

Monolayers of MoS2 and WSe2 were obtained by mechanical exfoliation. The TMDCs were deposited on a substrate consisting 

of square arrays of Au nanodiscs with 3 m period lithographically defined on ITO/glass.  Figure 1a shows the schematics of 

the sample structure, and Figure 1b, the atomic force microscopy imaging at the multi/single-layer MoS2 interface. The 

TMDC/Au nanoparticle systems were investigated with 532 nm and 638 nm laser excitations, by Raman and photoluminescence 

(PL) spectroscopies. Further evidence obtained from the nanoscale electrical characterization using conductive AFM and Kelvin 

probe force microscopy will be discussed. 
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Results and Discussion:  

Raman and PL imaging of the sample was performed to identify the regions of monolayer MoS2. The presence of 

monolayer was evidenced by atomic force microscopy and by the position and intensity of the PL band
5
 and the 

frequency difference between out-of-plane (A1g, ̴ 404 cm
−1

) and in-plane (E
1

2g, ̴ 385 cm
−1

) phonon modes in the 

Raman spectra
6
. Figure 1c shows the PL spectra from the MoS2 monolayer with and without Au nanoparticles 

when excited with 638 nm laser. The red shift observed in the PL peak for the region on top of Au nanoparticle 

indicates the presence of negatively charged excitons (trions)
7
 and therefore provides evidence of the hot electron 

transfer and its spatial visualization across the Au and MoS2 monolayer interface. 

 

Conclusions: 

We have performed the spectroscopic characterization at the sub-micrometer scale of two main TMDCs deposited 

on Au nanoparticles. In such a system we provide unprecedented evidence of charge-transfer and doping using 

electrical AFM characterization at the nanoscale and Raman and photoluminescence spectroscopies at the sub-

micrometer scale. The study of this arrangement of metal nanoparticles and 2D atomically-thin materials allows us 

to characterize, at the nanoscale, the space within which the localized effect in the monolayer occurs due to 

electron-doping by a single Au nanoparticle under plasmonic excitation. Our findings can be effectively driven 

towards realizing the size and structure of the individual components required for the development of (opto-

)electronic devices such as plasmonic field effect transistors. 
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Introduction 

The optical properties of metal nanoparticles play a fundamental role for their use in a wide range of applications. 

In hyperthermia treatment, for example, the gold nanoshells (NSs, dielectric core + gold shell) pre-embedded in a 

cancer cell absorb energy when exposed to appropriate wavelengths of a laser beam and heat up thus destroying the 

cancer cell. In this process, nevertheless, the healthy tissues (not targeted by the NSs) along the laser path are not 

affected; this is because most biological soft tissues have a relatively low light absorption coefficient in the near-

infrared (NIR) regions, characteristic known as the tissue optical window. Over such window, NIR light transmits 

through the tissues with the scattering-limited attenuation and minimal heating avoiding damages to the healthy 

tissues. As a consequence, the identification of NSs assumed a fundamental role for the further development of 

such cancer treatment. The optical cross-sections and luminescent properties of gold nanoshells compare favorably 

with those of conventional fluorophores or quantum dots. The absorption of a single 20-nm diameter nanoshell can 

correspond to the absorption of 410
4
 molecules of a common dye, like the indocyanine green, used as a 

photosensitizer in photodynamic therapy. But the most important characteristic of gold nanoshells is their 

tunability, in fact the position of the extinction peak correspondent to the plasmon resonance and the selective 

contributions of absorption and scattering to total extinction can be tuned changing only two parameters: the radii 

of the inner core and the outer shell. This tunability is particularly important if we wish to exploit the NIR tissue 

window from 700 to 900nm, where tissues are most transparent to light. The tunability in the NIR of barium 

titanate-gold NS (80nm core+ 40nm gold shell) was recently demonstrated using Mie scattering [1-2] and the 

possibility to identify such NSs inside mouse cells was later evidenced experimentally using an aperture SNOM 

[3]. 

In this paper, we provide numerical demonstration that the SNOM is able to locate NSs inside the cell with a 

particle-aperture distance of about 100nm. This result was obtained developing an analytical and numerical 

approach based on the calculation of the dyadic Green function in near-field approximation. The implications of 

our findings will remarkably affect further investigations on the interaction between NSs and biological systems. 

 

Results and Discussion 

The home-made SNOM used for such study was set operating in air in collection mode with a fixed oblique angle 

of illumination (=45°). Different illumination wavelengths ranging from visible to near infrared were used. Home-

made procedure for tip manufacturing was based on chemical etching process producing tips with an aperture 

diameter of nearly 50nm. After the etching process, the tip are coated by a tiny metallic (evaporated aluminum) 

layer so as to prevent light from coupling into the fibre from anywhere other than at the aperture of the probe. In 

figure 1, we summarize the results experimentally obtained for the identification of gold nanoshells inside mouse 

cells making use of an aperture SNOM [3]. In the central image of figure 1, the overlapping of the topography of 

the mouse cell and the optical map collected by the SNOM shows two dark points evidenced by the arrows. Such 

dark points correspond to a strong reduction of the collected signal by the SNOM. This is due to the high external 

light absorption of the NSs plasmons interacting with the external e.m. field. 
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Figure 1. (Left), 20m20m topography of h9c2 mouse cell recorded with a home-made aperture SNOM; (middle) an 

overlapping of the topography image with the correspondent optical map, the arrows denote the NS identified within the cell; 

(right), strong-absorption points marked by arrows in the overlapping image and denoting the dimensions of the NSs. 

 

The penetration depth of NIR light in animal cells is very high. To have an idea of how thick the cell layer must be 

in order to absorb the light the extinction coefficient of the animal cell (h9c2 mouse cell in our case) is a key 

parameter. The penetration depth, h, as a function of wavelength can be estimated by the relation

  cellh Im/1 . Being the imaginary component of the cell dielectric function negligible, the penetration 

depth can reach to centimeters for a wavelength falling in the NIR range. Our single cell measurements as 

represented in figure 1, showed a topography with a height of nearly 3m so that all the cell is practically 

transparent to external NIR source light.   

The measurements whose results are reported in figure 1, lead to a fundamental question: which is the height of the 

NS inside the cell, we will define this problem as the z-location question. This question is solved making use of an 

analytical and numerical approach based on dyadic Green function.  

 

Conclusions and/or Outlook 

Most biological soft tissues have a relatively low light absorption coefficient in the NIR regions, characteristic 

known as the tissue optical window. Over such window, near infrared light transmits through the tissues with the 

scattering-limited attenuation and minimal heating preventing the healthy tissues to be damaged. In this paper, 

starting from some experimental results previously obtained by our group on the identification of gold NSs inside 

mouse cells, we numerically demonstrate that an aperture SNOM is able to locate such nanoparticles inside cells 

with a depth of about 100nm. This result has been obtained developing a numerical task based on the calculation of 

the dyadic Green function in near-field approximation. This result is particularly significant because it gives an 

accurate knowledge of the depth distance for the analysis of the optical properties inside cells under the near 

infrared transparency window. This feature is due to a combination of two properties: the NIR transparency of 

biological systems and the strong absorption capability of appropriate size gold nanoshells in the near-infrared 

range. Our results can stimulate further developments in the field of thermal treatments of cancers or near-field 

plasmonics investigation of biological systems.  
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Introduction 
Scanning near-field  optical micros copy (SNOM) has made a remarkable  contribution to s tudying optical properties 

of various s urfaces on the nanometer s cale [1]. Noble-metal nanoparticles have received wide attention in res earch 

and application due to their unique properties [2, 3]. In this s tudy, the optical properties of regular s ilver particles 

on glas s s ubs trate produced by nanos phere lithography were characterized  us ing a cus tom-built  SNOM,  which 

gives acces s to the near-field  dis tribution of nanoparticles . In addition, Finite-Element-Method   Simulations  have 

been performed  to es timate a theoretical plas monic enhancement factor (PEF) in both periodic particle geometry 

without s canning probe and SNOM  geometry  with a s canning probe. We found that the wavelength dependent 

PEF differs for different  particle s izes . 
 

Res ults and Dis cus s ion 

The  hexagonally   arranged  s ilver  nanoparticles  were  73±10nm,   140±10n m   and 200±15nm   in  diameter  with 

525±10nm  neares t-neighbour distance from centre to centre. The topography of regular s ilver nanoparticles was 

obtained  by  s canning  in  s hear-force  mode  with  an  aperture  probe  (aluminum   coated,  100 nm  diameter). 

Simultaneous ly, the optical images  were  acquired in illumination  or collection  mode  with a 532nm  continuous 

wave las er s ource as s hown in Fig.1. Although the regular particles are s eparated, their interaction res ults in near- 

field changes in the optical images . The optical information  for s ilver particles s how a reduced trans mitted near- 

field intens ity at the particle pos ition (dark s pot) and a s urrounding field enhancement (bright ring);  in contrast, 

the reflection  image  s hows a high intens ity at the particle  pos ition (bright s pot). In order to get the PEF, the 

trans mis s ion and reflection s ignals were normalized  with the average background values picked from the s ubs trate 

area on the s ame image,  s ince there is no s tandard value for the SNOM res ults normalization .  The trans mis s ion is 

taken into account with 90% and the reflectance of 10% , according to the trans mis s ion and reflection  of the glass 

s ubs trate. 

 
 

 

 
 

Normalization  on the glas s s ubs trate were calculated for two independent meas uring methods (collection 

mode, illumination  mode), and the s ame quantitative abs olute values were obtained, as s hown in Fig 1. The 

enhancements merged to a ring in the middle  of the hexagonal s upers tructure. Regular s ilver nanoparticles 

with different diameters and pitch s izes s howed different  enhanced near field. 
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Figure 1: Left: Sketch of SNOM setup with the results got from a single measurement in illumination mode.  Right: 

Normalization of transmission and reflection images from illumination mode and collection mode SNOM .  Black contour 

lines rep resent top ograp hy . Values above 1 corresp ond to enhancement. 

 

In addition, Finite-Element-Method  (FEM)  Simulations  have been performed  for different particle s izes with 

COMSOL  s oftware. The normalized  enhancement was obs erved around the nanoparticle, as s hown in Fig.2. 
 

 

 

 

 

 

 

 

 

 

 
Figure 2: FEM simulation 2D model and result. Nanop article is 73nm in diameter and located at tip p osition. (a) Simulation 

model for illumination mode; (b) Normalized enhancement. 

 
Conclus ions and outlook 

We found different  regular s ilver nanoparticles produced different amount of plas monic enhancement in 

both experiment  and s imulation  s tudy. Due to their near-field  enhancement, s ilver nanoparticles are promis 

ing for the application in s olar energy convers ion . The light trapping and light s cattering ability makes s ilver 

nanoparticles als o s uitable for abs orption enhancement in ultra-thin s olar cells , which will be our next s tudy. 
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Introduction 

SERS substrate plays a main role for a sensitivity of SERS sensor to sense a specific molecule in environment 

pollutants application. Silver unsure in SERS has attracted an attention among researchers [1] due to a low cost of 

preparation (Jiang et al. 2014), a high and sharp resonance plasmon curve [2] and a strong SERS effect [3]. In this 

work, we studied the structure of synthesized triangular silver nanoplates and the attachment of the nanoplates on a 

silicon surface using 3-aminopropyltrimethoxysilane (APTMS) as a coupling agent. This triangular-shaped 

colloidal silver nanoplates were simply synthesized by a direct chemical reduction approach. Then the nanoplates 

was deposited on the silicon surface by immersing the silicon surface in the colloidal nanoplates using a self-

assembly technique. Depositing the nanoplates on the surface was carried out to determine the coverage of 

triangular nanoplates obtained when adhesion was promoted by a coupling agent. The surface distribution of the 

triangular silver nanoplates was studied by varying the exposure time of the colloidal silver nanoplate to the silicon 

surface. Finally, bisphenol A (BPA) solution was drop-casting on the triangular silver nanoplate film formed to 

measure the SERS using Horiba Raman spectroscopy.  
 

Results and Discussion 

We studied the three characteristic peaks of the unique optical absorbance of triangular silver nanoplates and 

subsequently measured an average edge length of 26 ± 1 nm and a thickness was determined to be 7 ± 2 nm. The 

attachment of the nanoplates to the silicon surface and the coverage of the nanoplates increased with increasing 

deposition time when adhesion was promoted by a coupling agent. A monolayer and high coverage of the 

triangular silver nanoplate thin film was obtained after immersing in the colloidal nanoplate. This silver film 

formed was shown to be a good surface-enhanced Raman scattering (SERS) substrate as it gave an enormous 

Raman enhancement for bisphenol A (BPA). Figure 1 (A) shows the SERS spectrum of 1 mM BPA on the silver 

nanoplate film formed (Figure 1 (B)) after exposing the substrate to the nanoplate suspension for 2 h. The normal 

Raman spectrum for 1 mM BPA on the silicon surface is also provided in Figure 1 (A).  

 

 
 

Figure 1: (A) The SERS spectrum of BPA on the triangular silver nanoplate film and Raman of BPA absorbed on a clean 

silicon surface. * are labels for the silicon peaks; (B) FESEM image of the triangular silver nanoplate on the silicon surface 
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As expected, BPA shows seven major Raman peaks at 642 cm
−1

, 819 cm
−1

, 835 cm
−1

, 1114 cm
−1

, 1183 cm
−1

, 1600 

cm
−1

, and 1614 cm
−1

, clearly indicating the presence of BPA on the substrate [4]. These BPA peaks were strongly 

enhanced when the molecule was absorbed on the silver nanoplate film, clearly demonstrating that these nanoplate 

films are a good SERS substrate and suitable for further investigations for incorporation in a SERS-based sensor.  
 

Conclusions 

Silver nanoplates with a triangular shape were exhibited a unique optical absorbance with two major bands and one 

shoulder, which are attributed to dipole resonance and quadrupole resonance due to the triangular nanoplate’s 

shape. The assembly of the nanoplates on a silicon surface with an APTMS layer was produce a triangular silver 

nanoplate thin film with a high density surface. These thin films are promising for applications in SERS detectors 

as demonstrated by the enhanced signal obtained for bisphenol A absorbed on the silver nanoplate film.  
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Introduction 

Plasmonic antennas play a crucial role for chemical identification of small amounts of analyte, enabling 
relevant technological applications e.g. bio-sensing. In particular it is of high interest to develop mid-IR 
resonating antennas, since molecular vibrations occur in this frequency range (wavelengths from 5 to 15 μm). 

IR spectroscopy studies demonstrated surface-enhanced detection of vibrational fingerprints using arrays of 
plasmonic antennas, where the antenna frequency resonates with a specific molecular vibration [1]. In this case, a 
Fano interference effect is observed in both absorption and scattering spectra measured in the far-field [2, 3]. 
However, by means of near-field techniques, which probe the optical response with a nanoscale resolution [4], a 
deeper insight in the near-field coupling between the molecular vibrations and the plasmonic resonance of a single 
antenna can be obtained. 

In this work, we used mid-IR nanoimaging to visualize the local electromagnetic energy absorption by a thin 
polymer film in the near-field of single gold nanorods. Our near-field platform makes use of the photoexpansion 
effect based on the coupling of a pulsed mid-IR quantum cascade laser (QCL) in the 1575-1725 cm-1 range to an 
atomic force microscope (AFM) probe tip, working in contact-mode (NanoIR2 by Anasys Instruments). 

The sample consist of gold nanorod antennas on a CaF2 substrate, displaying different lengths in the 1-2 μm 
range, corresponding to resonance frequencies lying in our range as calculated by Finite-difference Time-domain 
simulations. After fabrication, we spin-coated a highly diluted polymer (PMMA in ethyl-lactate) and we formed  a 
PMMA encapsulation layer by baking the sample on a hot-plate (10 nm thick above the antennas, 60 nm thick 
elsewhere). 

We perform mid-IR nanoimaging of the encapsulated antennas at 1724 cm-1 (wavelength of 5.8 microns) i.e. 
close to the C=O stretching vibration of PMMA, and at 1660 cm-1, where the PMMA absorption is negligible. The 
incident light polarization was always orthogonal to the incidence plane (s-polarized) and it was either parallel or 
perpendicular to the antenna axis. We used a dielectric tip (silicon) instead of the standard gold-coated tips for 
nanoimaging, so as to avoid perturbation of the antenna field distribution. 

 

 

Results and Discussion 

As shown in Figure 1 strong local absorption signal is obtained at the antenna ends (hotspots). As expected, 

the signal at the hotspots is observed only with polarization parallel to the antenna axis. 

The photoexpansion signal map is clearly related to electric field enhancement, in a way similar to what is 

obtained with scattering-SNOM nanoimaging [4], but it is also related to the amount of energy actually absorbed 

by the molecules, which here are directly probed in the near-field of the antenna. At 1660 cm-1 the 

electromagnetic energy absorption by PMMA is negligible, but the currents in the antenna still produce heating of 

the PMMA layer because of the Joule effect. Therefore, our near-field images taken at 1660cm-1 allow the 

visualization of the regions with maximum current, typically located at the centre of the nanorod. 
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Figure 1: a) Sketch of the encapsulated gold nanorods. b) Topography of one end of a nanorod and c) corresponding IR signal at 
1724 cm-1. 

 
 
 

Conclusions 
Our near-field platform for mid-IR antenna characterization provides nanoscale information on the antenna 

fields and currents, but also allows for the direct measurement of the electromagnetic energy absorption of the 
target molecule by a single antenna. 

The photoexpansion nanoimages can be used for the study of the resonant coupling of antennas with molecule 

vibrations. 
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Introduction 

Nonlinear plasmonics, which is fuelled by new advances in nanofabrication and related characterization, is 

expected to blossom in the coming years [1]. To date however, nonlinear plasmonic effects have been mostly 

studied using nanostructured surfaces and periodically-arranged individual nanoparticles or their ensembles. Metal 

oligomers are emerging plasmonic systems because their optical responses are dictated by the interaction of its 

monomer units. Such properties are intriguing because they support collective modes [2] which could be potentially 

attractive in tailoring light-matter interactions and background-free sensing and spectroscopy on the nanoscale. 

 

It is known already that the collective modes supported by plasmonic oligomers can be accessed in the near- and 

far-field by modifying their structural symmetry and by the use of illumination schemes that depart from traditional 

excitation geometries and homogenous linear polarizations. More recently, it has been shown that tailored beam 

polarizations such as azimuthal and radial allow convenient ways to address the linear optical response of 

individual oligomers [3,4]. In this work, we demonstrate second-harmonic generation (SHG) microscopy 

(excitation wavelength of 1060 nm, pulse duration of 140 fs, repetition rate 80 MHz, numerical aperture of 0.8) of 

metal oligomers using radial and azimuthal polarizations [5]. 

 

Results and Discussion 

Our samples consist of periodically-arranged gold oligomers that were fabricated by electron beam lithography on a 

glass substrate. An individual oligomer consists of eight nanobars (where each nanobar has a length of ~200 nm, 

width of ~100 nm, thickness of ~20 nm) that were carefully designed so that the long axis of the constituent 

nanobars are arranged to mimic the transverse electric field distributions of azimuthal (see Figure 1a) or radial 

polarizations at the beam focus. As depicted in Figure 1b, a significant SHG signal that arises from the excitation of 

the collective mode is detected whenever the oligomers are symmetrically excited by a polarization-matching 

cylindrical vector beam. This excitation sensitivity is further confirmed by the disappearance of the SHG signal 

upon excitation with the complementary cylindrical vector beam.  

 
Figure 1: (a) Scanning electron micrograph of a fabricated oligomer consisting of eight nanobars that are arranged to mimic the 

resulting transverse electric field components of azimuthal polarization at the beam focus. (b) Corresponding SHG microscopy 

images of oligomers which exhibit an azimuthal symmetry using azimuthal and radial input polarizations. 
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Conclusions and/or Outlook 

Our results show that the SHG signal from an individual plasmonic oligomer can be selectively tuned by properly 

matching the structural symmetry of the oligomer and the impinging polarization distribution which has not been 

demonstrated so far. Such capability is expected to have great potential in tailoring light-matter interactions and 

background-free nonlinear optical sensing and spectroscopy on the nanoscale. 
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We investigated optical properties of rhodamine 6G in hybrid nanostructured silica films. Different approaches to 

the preparation of such a films allow to manage the complexation and optical properties of organic dyes 

impregnated into the nanoporous silica skeleton. Nanostructured SiO2 and TiO2 films were prepared via the 

template sol-gel pre-doping technique using as precursor material  tetraethoxysilane or titanium isopropoxide as 

surfactant  Pluronic 123, and dye Rhodamine 6G in different concentration. It was demonstrated that the method of 

deposition as well as the condensation rate of the precursor and the evaporation of the solvent reflects in the 

resulting complexation of the dye and its luminescent properties. The ability of the occluded Pluronic P123 

mesostructures to solubilize organic molecules made these films ideal host matrices for organic dyes and molecular 

assemblies. Controlling the Pluronic P123 concentration we are able to control the aggregation of Rhodamine 

molecules and in such a way to manage optical properties of resulted films [1]. Additionally, optical properties are 

affected by the geometrical restriction of the aggregation and complexation of organic dyes by the structure of 

nanoporous silica skeleton. It was demonstrated earlier, that such films have high nonlinear properties and the 

potential in the use as the photonic layer in an all-optical switching device [2]. 
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Introduction 

Au (III) complexes are attracting growing attention in the field of medicinal inorganic chemistry as candidate 

agents for cancer treatment. Subsequent studies demonstrated profoundly different molecular mechanisms of Pt(II) 

and Au(III) complexes in exerting their cytotoxic effects against cancer cells. Unlike platinum drugs, it was found 

that proteins, rather than DNA, are the main target for the biological actions of gold complexes. Thus it was 

proposed that the molecular basis for the biological action of Au (III) complexes could be the modification of 

surface protein residues and associated loss of protein function. Na
+
/K

+
-ATPase is a heterodimeric transmembrane 

protein which regulates many cellular functions, including those associated with tumor cell growth. Recently, 

published studies have suggested a role for Na
+
 /K

+
 -ATPase in regulation of cell growth and expression of 

particular subunits of Na
+
/K

+
 -ATPase in some kinds of cancers. As a consequence, many studies were directed 

towards the seeking for modulators of Na
+
/K

+
 -ATPase which selectively target these cellular abnormalities. 

 

Results and Discussion 

Recently, we found that some stable Au(III) complexes with promising cytotoxic activities (Aubipy(OH)2, 

Au(OAc)2, AubipyC) induced the non-competitive, reversible inhibition of Na
+ 

/K
+
 -ATPase activity, which was 

prevented and/or recovered in the presence of GSH and L-cysteine
1
. 

To further elucidate the reaction mechanism of purified protein with these promising complexes, fluorescence, DLS 

and zeta potential measurements combined with docking studies were performed. The interaction of Na
+
/K

+
-

ATPase with Au(III) complexes was investigated in conditions of standard enzyme assay. 

Hydrodynamic diameter of the native protein in the absence and presence of complexes obtained by DLS 

measurements is shown on Table 1. Measured hydrodynamic diameter indicated the increase of the average values 

of the particle size diameter in the case of Au(OAc)2 and AubipyC. On the contrary, size diameter decreased in the 

case of Aubipy(OH)2. Besides, the change of zeta potential indicated that the particle charge became more negative 

in the presence of complexes (Table 1). 
 

Tabele 1. DLS and zeta potential values for selected system 
 

 Partical size distribution 
(by number) 

 

Zeta potential 
( mV) 

 
d (nm) % 

Na,K /ATPase 
membrane fragments 

95.28 
2704 

98 
2 

-30 

 
Enzyme + AubipyC 

 

126.3 
1009 

95.6 
4.1 

-11.5 

Enzyme+Aubipy(OH)2 
 

85.76 
377.8 

95.4 
4.6 

-9.4 

Enzyme+Aubipy(OAc)2 
 

147 
683.8 

91.7 
8.3 

-12.4 

 
From these results, the conclusion can be drawn that the great number of positive complex ions is bonded on the 

membrane surface. 
 

The concentration dependent fluorescence quenching of Na,K-ATPase was observed only for AubipyC and 

Au(OAc)2. It is worthy to note that complex Aubipy(OH)2 induced fluorescence quenching of tryptophan in small 

percent probably because it is more polar than other complexes and can not penetrate in hydrophobic environment 

of enzyme. The conclusion can be made that the complexes induced the quenching of tryptophan fluorescence and 
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that the binding sites for Au(OAc)2 and AubipyC differ from the binding site for Au(bipy)(OH)2. Moreover, the 

change of fluorescence intensity of protein was induced by conformational changes, which exerted the tryptophan 

in protein to the more accessible hydrophobic environment. The number of molecules of gold complexes bound to 

protein was calculated from the fluorescence data. Besides, these measurements confirmed the values of binding 

constants similar to those obtained from the inhibition experiments in our previous paper. 
 

Combining these results with docking studies, the conclusion was made that the Au(III) complexes bind to 

transmembrane domain (αM1–αM6 helices), similar to cardiotonic steroids (ouabain, digoxin, and bufalin), widely 

used as highly specific inhibitors of the Na,K-ATPase. 
 

 
Figure 1. The ATPase in a Na+-bounded Na,K-ATPase form (E1 conformation) in presence of Au(III) complexes. 

 

Positively charged complexes (AubipyC and Aubipy(OH)2) bind to cation-binding site, while neutral complex  

(Aupy(OAc)2 ) is deeply inserted into the transmembrane domain. Binding energies for charged complexes are 

higher than the binding energy for neutral complex. Inhibitor binding to E1 form of enzyme probably generates a 

structural movement of intracellular surface area from a solvent-protected state to solvent-exposed, resulting in the 

removal of the N domain from the P domain.  

  

 

 

Conclusions and/or Outlook 

From these results obtained by application of different nanospectroscopy techniques, we can conclude that Au(III) 

complexes are strong inhibitors of Na,K-ATPase activity. By interaction with gold complexes hydrodynamic radii 

of membrane fragments are increased while zeta potential significantly decreases. Because of different polarity, 

Aubipy(OH)2 quenches tryptophan fluorescence in less percent than other complexes pointing to the fact that its 

bonding site is far from tryptophan residues. Docking studies confirmed results obtained from fluorescence 

spectroscopy.   
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We demonstrate enhanced photoluminescence (PL) from an optically pumped bias driven pristine Au-substrate/Au-

tip tunneling junction and a molecular junction (Au-substrate/self assembled molecular monolayer/Au-tip) with 

molecules chemically bound to the Au substrate. [1,2] Analyzing the emission spectra recorded as a function of bias 

voltage for the Au-Au junction we conclude that the enhanced intensity is induced by laser illumination and 

originates from the radiative decay of hot electrons closely above the Fermi level via inelastic tunneling into the 

plasmon modes formed by the tip-substrate gap. The optically pumped molecular junction behaves as a bias-driven 

superluminescent point source, operating at ambient conditions and providing almost three orders of magnitude 

higher electron-to-photon conversion efficiency than electroluminescence induced by inelastic tunneling without 

optical pumping. The enhanced emission can be modelled by rate equations taking into account hole-injection from 

the tip (anode) into the highest occupied orbital of the closest substrate bound molecule (lower level) and radiative 

recombination with an electron from above the Fermi-level (upper level), hence feeding photons back by stimulated 

emission resonant with the gap mode. Our study contributes to the fundamental understanding of quantum 

plasmonics and may lead to new applications in actively controlled photonics devices.  

 

 
 

Figure 1: Sketch of the near-field region (red area) of a STM-TERS experiment, showing the tunneling junction (orange area) 

consisting of a sharp Au-tip and a self assembly monolayer of 2-Mercaptobenzothiazole in the center. 
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Introduction 

Surface plasmonics is considered as a very promising and powerful tool for biochemical sensing due to the high 

dependence of surface plasmons on the dielectric permittivity of the medium in close vicinity to plasmonic 

structures. In order to develop highly sensitive plasmonic substrates, lots of efforts have gone into the development 

of e.g. MIM (metal-insulator-metal) systems that give rise to higher plasmonic resonance intensity, better 

localization of the electromagnetic field, and easier tunability of the plasmonic resonance wavelength, attributed to 

coupling and hybridization of different plasmonic modes [1]. Substrates with gold nanodisc arrays coupled to a 

gold film across a thin insulator spacer are one of our interests. Discs on a gold film plus spacer with different disc 

diameters and array constants are fabricated to investigate how the distribution of the electromagnetic field is 

modified as a function of the geometric dimensions. Firstly, 50 nm gold film and then 4.5 nm SiO2 spacer layer are 

deposited on a glass substrate by thermal and e-beam evaporation, respectively. Then nanodisc arrays are fabricated 

by electron beam lithography (EBL), with disc diameters of 80 nm, 110 nm, 140 nm, 170 nm, and 200 nm, and 

array constants of 300 nm, 450 nm, 600 nm and 1000 nm. Evaporation of 50 nm gold and lift-off follow after EBL. 

The dimensions of the discs are determined under the Scanning Electron Microscope (SEM), and the optical 

properties of the MIM system are characterized by darkfield and extinction spectroscopy with different illumination 

and collecting configurations. Simulations based on the Green’s tensor method [2] are performed to provide an 

insight into the physical processes behind the experimental results. 

 

Results and Discussion 

Shown in Figure 1 (a) is a schematic of the gold nanodiscs on gold film substrate. Figure 1 (b-c) show scanning 

electron microscope images of gold nanodisc arrays of 300 nm array constants and diameters of 140 nm (b) and 200 

nm (c), respectively. The nanodisc dimensions are very close to the designed layout. EBL is chosen to fabricate the 

nanostructures because it can provide very precise control of the sizes, shapes, patterns and locations of 

nanostructures, most importantly with high reproducibility.  

           
Figure 1: (a) schematic of gold nanodiscs on gold film and spacer layer substrate; scanning electron microscopy images of 

substrates with 300 nm array constant and disc diameters of 140 nm (b) and 200 nm (c). 
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Figure. 2 demonstrates sample results of the extinction measurements in both simulations and experiments. Figure 2 (a) 

displays the simulated extinction spectra of a substrate with different diameters and an array constant of 300 nm, under 

illumination with collimated white light under normal incidence. With the help of simulations of the near-field distribution at 
different wavelengths (not shown), different modes (1) to (4) can be assigned to the different resonances [3]. 

Figure 2 (b) shows the corresponding extinction measurement results. In this experiment, the sample is illuminated from the air 

side with a numerical aperture of 0.52, and the numerical aperture for collection is 0.45. By comparing the two sets of spectra, 

we can see that good agreement between simulations and experiments is achieved. 

 
 

Figure 2: (a) Simulated extinction spectra for a substrate with different disc diameters and an array constant of 300 nm; (b) 

experimental extinction spectra for a substrate with the same dimensions as (a). 

 

Conclusions and Outlook 

The substrates with gold nanodiscs coupled to a gold film across a thin spacer layer exhibit great potential for 

sensing by providing a series of plasmonic modes with different physical natures that cover the whole visible 

wavelength regime. Other kinds of MIM systems, such as nanocones over a gold film and vertical dimers will also 

be fabricated and investigated. In the future, LSPR (localized surface plasmon resonance) and SERS (surface 

enhanced Raman spectroscopy) biochemical sensing will be conducted with these substrates. 
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Introduction 

In the last years, there has been growing interest in developing synthetic three-dimensional architectures because of 

the increase of active surface area gained throughout the entire three-dimensional structure. The most challenging 

properties of the assemblies obtained up to now, are a self-sustained arrangement, high porosity [1], structural 

stability, and good electrical conductivity [2]. The most recent applications are in filtration [3], separation [4], 

biological sensing [5], and oil-spill remediation [6] but also in mechanical actuators [7], catalytic supports [8], and 

super capacitors [9]. In this research field, carbon nanotubes (CNTs) are ideal building blocks for constructing 

three-dimensional random meshes from their overlapping. The basic idea is to link the well-known electrical and 

mechanical properties of the CNT one-dimensional structure, with the possibility of manipulating the arrangement 

and orientation of the CNTs during the synthesis process in order to obtain highly disordered interconnected 3D 

architectures. The first results from the research group of Gui and co-workers are very promising [2]. Similarly, we 

obtained three-dimensional carbon nanotube networks following a chemical vapor deposition process different from 

that reported in ref. 2, [10-12]. In particular, we performed a detailed study of the relationship between the observed 

microscopic properties of the CNT material and some potential applications that we tested. 

 

Results and Discussion 

The synthesis process followed to obtain CNT architectures, often referred to as CNT-sponges, is been described in 

detail elsewhere [ref]. The CNT-based products collected from the reaction chamber are light and porous and of 

variable dimension, as shown in Figure 1a. Scanning electron microscopy (SEM) analysis reveals that the material 

is made of randomly self-assembled, long and interconnected tubular nanostructures, with pore sizes from several 

nanometers to a few micrometers, Figure 1b. The high number of interconnections is due to the presence of 

topological defects induced in the carbon sp
2
 lattice during the growth process. [10-12] 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Photograph of a bowl containing pieces of CNT-sponges (a), SEM micrograph showing the entangled structure 

of the network, the red arrows point to junctions between CNTs (b). 
 

The micro-porosity of the synthesized material is responsible of its very low density of about 15 mg/cm
3
, good 

conductivity (electrical resistance of about 40 Ω·cm
−1

) and its capability to sustain high compression loads as 

recently reported for our samples [10]. Furthermore, two interesting properties that originate from the high porosity 

and the interconnected structure are the hydrophobicity and oleophilicity. To characterize the hydrophobicity one 

can measure the advanced static contact angle at room temperature for water droplets of different volumes ranging 

from 5 to 20 μL, as shown in Figure 2, the presence of a composite solid–liquid–air interface explains the high 

value of the measured contact angle (Θ = 175°), that makes this material super hydrophobic. At the same time, the 

CNT-sponge shows a high absorption capacity towards oils (e.g., vegetable and mineral oil), being the contact 

angle significantly less than 90° thus making the material lipophilic [11-12]. Interestingly, the adsorbed oil can be 

removed after the sponge is saturated simply through squeezing it from the sponge or through burning it. 

Investigation on the inner structure of the CNT network before and after oil absorption is still ongoing. 
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Figure 2: Photograph of water droplets of different volumes (a) on the bulk material. Photograph of the starting of the 
oil-adsorption process (b) 

 
Finally, to test the capability of the system to respond to incident light and generate a photocurrent, we cut a 
piece of the CNT-sponge, which has a self-sustainable structure, and used it as the working electrode in a 
standard electrochemical cell. In this manner, it was possible to register a good photo-response of the CNT-
network in the visible and near-ultraviolet range [12]. 
 
Conclusions  

We demonstrate how to synthesize carbon-based three-dimensional networks following a special synthesis process. 

The obtained material is self-supporting and consists of curved and interconnected carbon nanotubes and to lesser 

extent of carbon fibers. We study the relationship between the observed microscopic properties and some potential 

applications. In particular, the porous nature of the network is directly responsible for the hydrophobic and the 

lipophilic behaviour, and the material has a strong affinity for some organic solvents and high sorption rates for 

oils. We also found that the system is able to generate a photocurrent in the visible and near-ultraviolet region. The 

preliminary results obtained enable us to predict that the reported CNT-sponges will be useful for applications in 

pressure-sensor applications and filtration and water treatment as well.  
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Introduction 

Superparamagnetic ferrite nanoparticles (Fe3O4, γ-Fe2O3, α-Fe2O3 and others) possess unique chemical, 

electrical, thermal and magnetic properties (blocking temperature, high saturation filed, large specific area) [1]. 

Addition of optically active element like Ag, Au, Cu on the surface of ferrite nanoparticles, influences on the 

magnetic optical properties. Synthesis of the particles with layer-by-layer growth, allow to tune properties in more 

foreseen way. However, the fabrication of fine nanomaterials, with exact desired properties is a very difficult issue 

due to few reasons. Firstly, chemical procedures has main drawback that clear, homogenous and stable samples are 

difficult to obtain. In addition, inclusion of other metallic elements or oxides layers into nanoparticles structures, 

influences on their magnetic properties and layered morphology. Therefore detailed studies are needed to monitor 

how were obtained fine core-shell nanoparticles with desired magnetic and optical properties. 

 

Results and discussion 

In presented studies, core-shell nanoparticles were fabricated by wet chemical synthesis method in organic 

solvent, and argon environment. As a core, small seeds of magnetite were used. As a second shell layer pure noble 

metals or iron oxide was used [2]. Magnetic and optical properties of nanoparticles were examined due to: type, 

thickness and location of the additional layer (interlayer or surface layer). For characterization obtained 

nanoparticles transmission electron microscopy, X-ray diffraction, infra-red and Mössbauer spectroscopy 

techniques were applied. Their optical properties were observed with UV-Vis spectrometry.  

In the Figure.1 A typical TEM image of magnetite nanoparticles with silver shell is presented. Size of 

presented nanoparticles was estimated to be 15±2 nm, similar pictures were collected for other samples. Figure 1B 

shows example of UV/Vis spectra of core-shell nanoparticles with Ag, Au, and Cu shells.  

 

       
 

Figure 1: (A) TEM image of magnetite nanoparticles with silver outermost layer; (B) UV-Vis spectra of nanoparticles 

with gold, silver, or copper shell. 
 

Conclusions and/or Outlook 

By introduced layer-by-layer deposition core-shell nanoparticles with optically active layer can be 

obtained, what is proven by TEM and UV-Vis analysis (Figure. 1). In presented image, one type of nanoparticles is 

presented but the same particles morphology can be obtained for other compositions [2]. UV-Vis spectroscopy 

allows to monitor the influence of the optical active layer on the overall magneto-optical properties of nanoparticle 

system. 

Mӧssbauer spectroscopy was done in close collaboration with Department of Physics University of Bialystok. The 

work was partially financed by EU founds via project with contract number POPW.01.03.00-20-034/09-00 and by 

NCN founds UMO-2014/13/N/ST5/00568. 
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Introduction 
The anionic cyanine dye, 5,5’-dichloro-3,3’-disulfopropylthiacyanine sodium salt (TC), forms J-aggregates [1], 

the organized molecular assemblies composed of the great number of dye molecules in the presence of noble metal 
nanoparticles (NPs). The aggregation of the dye molecules is usually followed by the change of the absorption and 
fluorescence properties of TC-NPs assembly. Besides the NPs induced quenching of TC fluorescence, the 
absorption spectra are characterized by the appareance of the characteristic sharp maximum or the deap at 481 nm. 
The aim of this work was to apply some nanospectroscopy techniques, such as dinamic light scatering (DLS) and 
atomic force microscopy (AFM) for evaluation of size distributions and electrochemical properties of citrate capped 
AgNPs in the absence and presence of TC which formed J-aggregates on their surface. Besides, a set of simple 
density functional theory (DFT) calculations was performed for clarification of the possible mechanism of  TC 
adsorption  on AgNPs surface resulting in TC J-aggregation. 

 

Results and Discussion 

The particle size, zeta potential, electrophoretic mobility and conductivity are the key parameters for 
quantitative evaluation of particle stability in suspensions. The average NPs diameter (dav) determined by DLS 

measurements represents the hydrodynamic diameter of the particle with hydratation shell. The obtained dav values 

of colloid dispersion containing AgNPs and TC before and after addition of TC dye, together with zeta potential, 

mobility and conductivity are given in Table 1. In comparison with TEM measurements [2], dav values were higher 

and included the added solvent and stabilizer moving with the particle. The addition of TC to the colloid dispersion 
additionally increased the diameter of the particles, as it included additional shell of adsorbed dye molecules at the 

AgNPs surface. The zeta potential measurements gave a mean values which confirmed the increasing of AgNPs – 

TC suspension stability. However, the conductivity of the colloid solution increased significantly, due to the 
replacement of capping ions (citrate and borate) with TC molecules. Besides, the electrophoretic mobility in AgNPs 

– TC assembly is negative, indicating that the particles acquired a net  negative charge. Moreover, it became more 
negative with TC adsorbed on AgNPs. This negative values of electrophoretic mobility suggested that the AgNPs 

suspension in the presence and absence of TC should remain stable for long time, which is also in accordance with 

the spectrophotometric data. 

Table 1 DLS measurements of average particle size diameter (dav), zeta potential, mobility and conductivity of 
AgNPs colloid in the absence and presence of 1.6x10-5 M TC and 1x10-8 AgNPs after equilibration at 25oC 

 

 AgNPs TC AgNPs + TC 

Concentration (M) 2.17x10-9
 1x10-5

 mixture 
dav (nm) 25.85±1.58 - 48.97±3.6 

Zeta potential (mV) -23.3±2.0 - -38.3±3.1 

Conductivity (µS cm-1) 0.082±0.001 0.036±0.001 0.113±0.002 

mobility -1.82±0.15 -0.682±0.404 -3.005±0.244 

 

Figure 1 represents AFM images of AgNPs in the absence and presence of TC. The AgNPs height (z 
direction), at a distance where the tip is repelled or attracted by the forces due to the interaction with the surface, 
was used to determine the diameter of bare and TC – coated nanoparticle. The histograms obtained from the AFM 
images indicate that the average diameters of particles were 20 nm for bare AgNPs and 50 nm for AgNPs in the  
presence of TC. These results are higher than those obtained by TEM, but agree very well with DLS 
measurements. Besides, the borate/citrate capping increased the size of bare as well as TC coated AgNPs. In the 
latter case, the distribution of particle size diameter is broad, with the maximum at about 50 nm. This is the  result 
of the partial agglomeration (aggregation) of TC dye coated AgNPs, which is in accordance with TEM measurements 
[2]. 
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Figure 1:  AFM images of bare (a), and TC coated AgNPs (b) 

 

If comparing previously obtained absorption spectra of TC dye on AgNPs [2], most significant differences are 

visible in the position of exciton indicating the key role of metal boundary in the adsorption process of TC.  

Using the simple model which considered AgNPs surface as a single Ag atom, interacting with different parts of 
the dye molecule anion, obtained results suggested that TC dye is, from the thermodynamical point of view,  

most likely to interact with AgNPs via oxygen atom from SO3 groups, as also was obtained earlier in DFT study 

of adsorption of TC dyes on AuNPs [3] and semiconducting surfaces. In order to discuss possible mechanisms of 

substitution of citrate/borate anions by TC, a more precise surface model, consisting of 18-atom Ag cluster, has 
been established. In Table 2, energies of adsorption processes of pristine citrate and TC anions are given. 

Moreover, as adsorption of borate anions is in principle also possible on the AgNPs surface, two most probable 
types of adsorbed borate species – BO3     and B(OH)4 , are also included. 

 

Table 2: Adsorption energies of investigated anionic species on 18-atom Ag cluster. 
 

species TC dye citrate 
3- 

BO3 

- 

B(OH)4 

Eads / eV -2.48 -7.94 -3.43 -1.74 
 

All species expected on pristine AgNPs, except hydroxyborate, are bound to Ag significantly stronger than 
TC dye. On the other hand, it is the experimental fact that J-agregation of TC dye on AgNPs occurs only when 

K
+ 

ions are added to the system in significant excess. The attractive interaction between adsorbed citrate and K
+ 

ions, provides a thermodynamical driving force to drive at least one K
+ 

ion per adsorbed citrate out of its 

hydratation sphere and deposit it onto the AgNP surface. Moreover, interaction between K
+ 

ions and adsorbed 
citrate inevitably weakens citrate adsorption on the AgNPs surface, thus favoring replacement of citrate by TC 
dye. 

Conclusions and/or Outlook 

The study of particle size distribution of the bare and TC coated AgNPs using DLS and AFM methods 
showed that the particle size diameters agree quite well. However, the particles sizes are larger compared to the 

previous obtained TEM values (10 nm). This difference is the consequence of the capping layer including TC J- 

aggregates on the AgNPs surface. DLS calculations confirmed the TC bonding to AgNPs surface due to the 
interaction of oxygen from SO3 groups with metal. Moreover, K ions in colloidal dispersion thermodinamically 

favored replacement of citrate by TC dye. 
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Introduction 

The field-enhancement of bow tie (BT) shaped nanostructures through localized surface plasmon resonances 

(LSPR) is strong and highly localized. This makes this kind of structures highly interesting as, for example, surface 

enhanced Raman scattering (SERS) substrates [1]. The highest field-enhancement is located between the adjoining 

tips of the two prisms which form the BT. 

The dimers are prepared on a flexible substrate, Polydimethylsiloxan (PDMS), which is elastically stretchable to up 

to 160% under ambient conditions [2]. Also PDMS is transparent for light in the visible range. Direct lithography 

processes on this substrate are challenging due to its insulating and deformable nature, while a transfer process 

proves to be well suited to generate nanostructures on this flexible substrate. 

 

Results and Discussion 

The top- down fabrication process of the BT nanostructures is shown in Figure 1. Starting with an aluminium layer 

on a glass substrate a resist is spin-coated onto the aluminium. The resist is then structured via electron beam 

lithography. A gold film is evaporated after the development of the resist. During the lift-off the unexposed resist is 

dissolved and the superfluous gold can be washed away. The nanostructures remain on the aluminium layer. 

  

 
Step 1: Aluminium 

layer on glass 

substrate. 

 
Step 2: Resist spin-

coated on top. 

 
Step 3: E-beam 

lithography and 

development. 

 
Step 4: Evaporation of 

a gold film. 

 
Step 5: Lift-off. 

 

     
Figure 1: Top- down process. 

 

The lithography pattern of one BT consists of dots with a vertical and horizontal distance, centre to centre, of 

7.5 nm. To acquire a homogenous dose distribution over the exposed area a dot-by-dot proximity effect correction 

is applied: the exposure of each dot is represented by a double Gaussian point exposure distribution [3]. An 

exposure matrix contains the contribution of each dot at each location. The inverse of this matrix times the unit 

vector results in a vector providing a scaling factor for the dose of each dot. After the scaling the dose distribution 

is mostly homogenous. SEM images of two structures on aluminium (Figure 1, Step 5) are shown in Figure 2. 

   

 
Figure 2a: BT with a vertical dimension of 290 nm 

and horizontal dimension of 630 nm. 

 
Figure 2b: BT with a vertical dimension of 165 nm 

and horizontal dimension of 365 nm. 

  
Figure 2: BT nanostructures on aluminium (Step 5, Figure 1) with sub- 10 nm distance between the tips. 
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Figure 3: Transfer process. 

 

Afterwards a transfer process to the flexible substrate can be performed, see Figure 3. A PDMS substrate is placed 

on top of the structures. The bulky PDMS sample sticks to the surface of the aluminium layer via adhesion. The 

sandwich is then placed in an alkaline solution. This solution dissolves the aluminium layer and the BT structures 

stick to the PDMS substrate. Note that the structures are now upside down on the flexible substrate. It is now 

possible to measure transmission dark field spectra of the BT structures. 
 

Outlook 

The distance between the prisms can now be modified by stretching the substrate, potentially in-situ during the 

measurement. Measured dark field spectra will be shown along with FEM simulations of modelled BT structures 

with comparable gap sizes. 
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Step 6: PDMS stamp is placed on 
the structures. 

 

Step 7: Sandwich immersed in 
alkaline solution. 

 

Step 8: Structures transferred to 
the PDMS substrate. 
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Introduction 
The fabrication of sophisticated Quantum Dot devices for optoelectronics, nanophotonics or quantum 

computing requires the capability of producing defect-free, spatially ordered and uniformly sized Quantum Dots 
(QDs). Combined bottom-up and top-down methods are largely used but often introduce defects, which may 
deeply affect QDs' optical properties [1]. Multi-stacked heteroepitaxy of self-assembled QDs provides an efficient 
tool for controlling both the vertical and lateral positioning of QDs and also for increasing the active material 
volume and tuning the optical properties due to the vertical coupling of the structures [2]. In the case of 
InAs/GaAs(001) QD multilayers, we have shown that it is possible to drive the nucleation to form n-fold InAs QD 
chains after the deposition of exactly n layers [3]. 

Optical spectroscopy provides useful information to assess the quality of the QDs and eventually demonstrates 
the quantum nature of the emitter as single photon source. In this work, both the morphology and the optical 
properties of the dots were deeply investigated, demonstrating that the growth conditions allowed for the dot 
alignment with no loss in terms of the optical quality. 

Results and Discussion 
Single and two-layer InAs/GaAs(001) samples were grown in a Molecular Beam Epitaxy chamber under 

critical conditions, leading to the selective growth of self-assembled InAs Quantum Dot chains over mounded 
GaAs surfaces. In the 2-layer samples the QD chains nucleated above the buried chains of the underlying layer 
plus an additional not-stacked chain placed at the onset of the mound, on the side facing the As flux [4] (see 
Figure 1). The new unstacked chain was referred as the morphological QD chain since its origin depends on the 
presence  of elongated step bunching at the onset of the mound slopes. 

 

Figure 1: Representative 5 × 5 𝜇�2  Atomic Force Microscopy topographies of a single layer sample (a) and a   two-layer 

sample (b). Single QD chains are apparent in (a), 2-fold chains are peculiar to (b). The chains are parallel to the [1̅10] 
direction, along which the mounds appear to be stretched. The colour scale is 20 nm. 

 

Changing the thickness of the GaAs spacer layer and the InAs deposition allowed to tune the nucleation in the 
second layer. Particularly, the selection of a single strain-driven stacked chain was made possible by inhibiting the 
nucleation of the morphological QDs at the onset of the mounds (see Figure 2). Finite Element Method 
simulations evidenced the major role of the strain field in favouring the formation of single stacked chains [5]. On 
the other hand, tuning properly the As/In flux ratio contributed to improving the QD ordering along the chains. In 
order to assess the optical quality of the InAs QDs, we measured and analyzed the photoluminescence (PL) of 
single QDs. First looking for the presence of multi-excitonic complexes and then checking if our dots behave as 
single photon emitters. In Figure 3 we report the spectrum of a QD showing a single excitonic line; 
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the measurement of the second order autocorrelation function �2(�) of the emission line is reported in the  right 

panel. The �2(�) was fitted by the function �2(�) = 𝑦0 + 𝐴 (��−|𝑡−�𝑇−𝑡0|⁄𝜏 + ∑𝑁−1 �−|𝑡−�𝑇−𝑡0|⁄𝜏),  where � is 
�≠� 

the delay between the two avalanche photodiode (APD) signals, 𝑦0 and 𝐴 are two constants, 𝑁 is the number of 

peaks, � is  an  index  to  identify  the �-th  peak  (starting  from  zero), � is  the  peak  at  zero  delay, �0  is  the  time  at 

which the first peak occurs, 𝑇 is the period of the laser pulses, 𝜏 is the lifetime of the excited state    and � is the 

value of �2(0). The result of the fit gives �2(0) a value confirming the nature of single photon emitter of the 
observed QD. The lifetime 𝜏  turned  out  to  be 0.7 ± 0.2 �� .  The  same  value  was confirmed by lifetime 
measurements taken with a time-correlated single photon counting setup. These characteristics were found on 
almost all the observed QDs. 

 

Figure 2: 2 × 2 𝜇�2 (left) and 1× 1 𝜇�2 (right) Atomic Force Microscopy topographies of a 2-layer sample where the 

selection of  single stacked chains was achieved. The single chains are around 90 nm far from the left edge of the   mounds, 

where the naked step bunching is clearly visible. 

 

Figure 3: a) PL spectrum of a 2-layer sample showing a single exciton line indicated by the label X. b) Pulsed second 

autocorrelation function measured on the exciton line reported in a)  (black) and its fit (red). The two small peaks, close to   

the t = 0 peak, are false coincidences due to the cross-talk between the APDs and they can be neglected. 

 

Conclusions 

By working at critical growth conditions for dot formation, we were able to induce the formation of InAs QD 

chains over  rippled  GaAs(001) surfaces, parallel to the [1̅10] direction. We grew several  single and  two-layer 

samples, where single and 2-fold chains were observed respectively. The reduction of the GaAs spacer thickness 

and the interruption of the InAs supply allowed to select single stacked chains in the second layer, showing how to 

gain control over the interplay between the strain field of the buried QDs and surface morphology. FEM 

simulations confirmed the major role of the strain in dominating the surface curvature effects. Micro- 

photoluminescence measurements confirmed the nature of single photon emitters of the observed QDs. Thus, we 

can conclude that the optical properties of the QDs are well supported by our growth approach, allowing a 

valuable spatial correlation between the QDs aligned along the chain. 
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Introduction 

In the last decade nonlinear crystals have become a common tool for frequency conversion. One second order 

nonlinear optical process is the so-called second harmonic generation (SHG). The interaction of two photons with a 

nonlinear crystal allows to create one photon with twice the energy. It is however known that the effects of SHG 

from nonlinear crystals are relatively weak. To enhance the process plasmonical nanoantennas are widely exploited. 

At the resonant wavelength of the localized surface plasmons (LSPs) a very strong near-field in the close vicinity of 

the antenna surface is excited, which can lead to an improvement of the nonlinear optical process [1].  

 

Results and Discussion 

We investigate the structuring of nonlinear crystals with gold nanostructures by electron beam lithography. The 

nonlinear crystal which we structure is a novel cyanurate Sr3(O3C3N3)2 (SCY), which exhibits a more efficient 

SHG than conventional crystals [2]. Since direct patterning of the crystal is challenging, transfer processes are 

explored. Figure 1 shows a 60 µm wide SCY crystal structured by gold nanodiscs in the shape of dimers. In this 

case the diameter of the discs is about 70 nm and the separation is about 50 nm. We aim to obtain discs with small 

gap distances and a diameter designed for optimal excitation by a pulsed femtosecond laser.  

 
Figure 1: A structured SCY crystal with gold nanodiscs in the shape of dimers 

 

Conclusion 

Achieving structured SCY with gold nanoparticles in the shape of dimers is a challenge. An overview of the 

method for fabricating gold nanostructures on the surface of nonlinear crystals will be presented. 

 
[1] Dutto, F., Heiss, M., Lovera, A., López-Sánchez, O., Fontcuberta i Morral, A., & Radenovic, A. (2013).    Enhancement of 

second harmonic signal in nanofabricated cones. Nano letters, 13(12), 6048-6054 
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Surface Enhanced Raman Scattering (SERS) from anisotropic nanoantennas (rods, gaps, tips and so on), is strongly 

dependent from the polarization state of both exciting and re-radiated field. The maximum SERS enhancement is expected 

when the exciting beam is linearly polarized along the hot-spot direction [1-4]. For this reason circularly polarized light, 

whose power density is equally split along two orthogonal directions, is probably not the best choice if we want to 

optimize the enhancement factor of our system. Nevertheless exciting a plasmonic linear system with light polarized in 

this way, could be useful to better understand the coupling between the molecule and nanoantennas and the amplification 

processes at the basis of SERS effect. It was demonstrated that SERS radiation scattered from randomly oriented 

molecules adsorbed on near-field coupled gold nanowires (NWs) is always polarized along the wire-to-wire nanocavity 

direction, independently from the incident field polarization [1,4].  

Here we tailor the experiments to the same sample exciting with circularly polarized light at 633 nm (resonant with only 

the nanocavity mode). As expected the unpolarized SERS intensity shows no considerable variation as the sample rotate 

underneath the laser beam (Fig.1a). On the contrary, looking at the polarized SERS Intensity we observe a trend clearly 

proportional to cos
2 (red line in Fig.1b), where  is the angle formed the optical axis of the analyser and the nanocavity 

direction. The maximum of the intensity is for =0, which means that the SERS radiation is polarized along the 

nanocavity direction (Fig.1b) in agreement with experiments performed with linearly polarized light [1]. Finally we 

compare the unpolarized SERS intensity scattered from NWs using the same wavelength and power density but different 

excitation configurations: the first is linearly polarized and parallel to the nanocavity direction and the second is circularly 

polarized. We find that the latter is not exactly the half of the former, as expected at a first glance, but it is slightly more 

intense. Modelling the enhancement process with wavelength-dependent field enhancement tensors we get the relations 

ruling the polarized and unpolarized SERS intensity dependence found experimentally. We also explain the additional 

signal obtained for unpolarized SERS using circular excitation in terms of the beyond E
4
 model. 

 
 
 
 

 
Fig. 1. Unpolarized SERS intensity trend as the sample is rotating under the circularly polarized laser excitation. (b) SERS intensity as a 

function of the angle  between the optical axis of the analyzer and the nanocavity direction. 

 

[1] B. Fazio et al., ACS Nano 5, 5945 (2011). 

[2] C. D’Andrea et al., ACS Nano 7, 3522 (2013). 

[3] C. D’Andrea et al., J. Phys. Chem. C 118, 8571 (2014). 

[4]  A. Foti et al., Nanospectroscopy 1, 26 (2015). 

 
 
 
 
 
 

 

mailto:gucciardi@ipcf.cnr.it


     

     

 

 133 

Characterization of spin-coated thin polymer films by optical spectroscopy 
 

Alexei Meshalkin
1)

, Diana Harea
1)

, Oxana Iaseniuc
1)

, Diana Shepel
2)

, Liudmila Bets
2)

 
 

1) 
Insitute of Applied Physics of Academy of Sciences of Moldova, Chisinau, Moldova 

2) 
Institute of Chemistry of Academy of Sciences of Moldova, Chisinau, Moldova  

5 Academiei str., MD-2028, Chisinau, Moldova, e-mail: dyanaharea@yahoo.com  

 

Keywords: thin polymer films, spin-coating, optical constants, optical spectroscopy. 

 

Introduction:  

Polymer semiconductors are of wide interest for applications in electronics and optoelectronics, including light emitting 

diodes, thin film transistors, photovoltaic cells, and photoresists. Spin-coating is the primary process for the deposition of 

uniform thin and ultra thin films of polymers for these device applications. It is well known that the film thickness and 

refractive index play a critical role in optical applications. In this paper we report the deposition of thin polymer films of 

polyepoxypropylcarbazole (PEPC) by programmable spin-coating and evaluation of both the thickness and the refractive 

index of obtained films.  

 

1. Motivation 

A number of polymer materials have been investigated intensively for their potential applications in linear and 

nonlinear optical devices. Most polymer films under study were deposited by the spinning technique. Layer thicknesses 

between a monolayer and several micrometers are required depending on the research topic. For the optical study or 

application of a polymer thin film, information on thickness and optical constants refractive index and extinction 

coefficient is essential. Typically, the film thickness of spin coated photoresists or waveguide materials is in the range of 

several micrometers. However, spin-coated polymers for electronic or optoelectronic devices typically have a thickness in 

the sub-micron range. For example, the film thickness of conjugated polymers in light emitting diodes or photovoltaic 

cells is generally in the range of 50–200 nm. For such ultrathin films spin coated from dilute polymer solutions, there are 

just few prior studies of the spin-coating process. In this paper, we present the first experimental study of the spin coating 

process for the de position of thin films of carbazole-containing polymer polyepoxypropylcarbazole (PEPC). PEPC is one 

of the studied and widely used organic compound among carbazole containing oligomeric photoconductors [1].  

 

2. Results and Discussion 

PEPC was prepared by polymerization of monomer epoxypropylcarbazole at the presence of 1-3% potassium 

methylate on the anionic mechanism at temperature 80-120˚C within 2-6 hours. For the full drying they were stored in a 

vacuum drying chamber at 50˚С up to constant mass. Molecular weight was from 2000 to 3000.  

The thin films based on synthesized polymer were prepared by spin-coating on a rigid glass substrate with the use of 

spin-coater SGS Spincoater G3P-8. The polymer was dissolved in toluene to form solutions of different concentrations 

(weight fractions of polymer). The concentration of polymer solution in toluene was varied from 2.5% upon to 12.5%.  It 

was established that PEPC sensitized with photosensitizer CHI3 showed high enough levels of photosensitivity to be useful 

in practical applications like recording media for holography [2]. Each polymer solution was spin coated onto a 5 cm glass 

wafer. The spin speeds were varied from 500 up to 7000 rpm, and the spin time was 20 s. The coated film was then dried 

at room temperature (20ºC) for 24 hours to remove the solvent completely. 

The synthesized polymer was characterized by Fourier-transform infrared spectroscopy (FTIR). Ultraviolet–visible 

(UV–VIS) spectroscopy was used to determine the transmission profile of the PEPC films in the visible region. From the 

transmission spectra the thickness and refractive index were determined by method of fitting curves proposed by 

Swanepoel [3].  

It was found that the thickness of spin-coated polymer layers was linearly depended on the solution concentration. 

The thickness can be varied from 170 nm up to 940 nm for the solution with concentration from 2.5% up to 12.5%. To 

confirm the validity of our method, we also carried out the interferometric thickness measurements and analysis with a 

thin film of PEPC. The difference of obtained results of two methods averaged not more than 5%.   Refractive index 

determinations were performed in on all polymer films tested. The refractive index of the PEPC was measured on films 

from both pure polymer samples and with addition of CHI3, using the Specord M40 (Carl Zeiss JENA. Every refractive 

index measurement taken for the pure PEPC film was 1.62, and with addition of 10% of CHI3 lead to increase of refractive 

index up to 1.63. PMMA, in comparison, has a refractive index of only 1.49 [4].  

 

 

Conclusions 

Transparent thin films of polymer PEPC were produced using spin-coating technique from the toluene solution. 
It was shown the possibility of variation of PEPC film thickness by spin speed and solution concentration. The film 
thickness dependence on the concentration of solution is linear, but the spin speed doesn’t lead to essential 
thickness variation. Therefore this linear dependence can be used to predict the film thickness of spin-coated 
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polymers if the solvent is known. The measured film thickness by transmission spectra of the PEPC polymer was 
found to be well correlated to the results of interferometric thickness measurement.  

The refractive index of the polyepoxypropylcarbazole was 1.62, which was well above the refractive index of 
1.49 for polymethylmethacrylate. It was found that the inclusion of even a small amount of a photosensitizer, such 
as CHI3, was effective in producing of high refractive index material with enhanced photosensitivity properties with 
good optical properties compared to PMMA.  

These experimental results provide a basis for understanding and optimizing the preparation of thin and 
ultrathin films of polymers by spin coating. Polymers with high refractive index have the potential to be used for 
optical applications. The optical properties of the polyepoxypropylcarbazole polymer can be used in a variety of 
commercial applications, including both traditional optics and non-linear optics. 
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Introduction 

Surface-enhanced Raman scattering (SERS) is a potential analytical technique for the detection and identification of 

chemicals and biological molecules and structures in the close vicinity of metallic nanostructures [1-3] with sensitivity 

down to single molecule [4]. Protein detection using SERS can be made using a label-free, direct approach, in which the 

spectra of the proteins of interest are measured, or using exogenous labels in the form of small molecules or Raman active 

groups that indicate the presence of those molecules of interest. Several studies have been reported regarding label-free 

detection of proteins and mixtures using various sample preparation methods and SERS substrates. However, 

improvements in sample preparation and SERS substrates are needed to obtain strong, sensitive, and reproducible SERS 

spectra for detection and identification of proteins. In this study, we report direct, label-free detection and identification of 

6 proteins of interest via 3D plasmonic structures. 

 

Results and Discussion 

The structures are fabricated via soft lithography that yields bowl-shaped nanovoids with 1400 nm in diameter and 
600 nm in depth. Figure 1 shows SEM images of the deposited latex particle on a glass slide (A) that is used as 
template to obtain  nanovoids on the PDMS surface, Ag coated PDMS nanovoid structures (B). They carry no surface 
charge and provide more reproducible SERS spectra when compared with colloidal nanoparticles. This is 
particularly important for the detection of molecules that carry different charges and for the development of 
analytical assays. Visual inspection (Figure 2 A) and PCA analysis (Figure 2 B) reveal that the spectra of the 6 
proteins are significantly different form each other, which demonstrate label-free, direct protein detection and 
characterization using this approach. Concentrations as low as 0.05 μg/mL were detected, with even lower 
concentrations measurements possible for higher laser power or more sensitive optical detection schemes. 
 

 
 

Figure 1: SEM images of deposited latex particle on a glass slide (A), Ag coated PDMS nanovoid structures (B), 
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Figure 2: Comparison of SERS spectra of all proteins (50 µg/mL) used in this study (A), PCA scattering plots obtained from the 

SERS spectra of proteins. 
 

Conclusions and/or Outlook 

3D metallic structures were used for label-free detection and characterization of proteins. The nanovoids generated a 

SERS signal of the proteins of interest that is background free and independent of the protein charge.  

Concentrations as low as 0.05 µg/mL could be detected for 6 different proteins. The proteins exhibited significantly 

different SERS spectra on these substrates, which is an important feature for future label-free direct detection approach. 

The approach can be also used for the quantification of proteins. 
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Introduction 

The analysis of spectroscopic methods requires in most cases the accurate knowledge of fundamental parameters (FP) and 

optical constants (OC) involved. One may note, that the respective uncertainties in one spectral range are influenced by 

those in complementary spectral ranges, as proposed by the Kramers-Kronig relation, thus one may profit by X-ray FP 

determinations when aiming at OC improvements. Different methods for FP determinations have been developed and 

validated, some of which offer the potential for OC determination extensions. 
 

Results and Discussion 

The Physikalisch-Technische Bundesanstalt operates two laboratories at synchrotron facilities in Berlin, Germany for 

metrological aspects. Therefore radiometrically calibrated instrumentation for photon detection is available over a broad 

spectral range from harder X-rays to visual and infrared radiation. This instrumentation is also used for advanced material 

characterization and facilitates in X-ray spectrometry the reference-free FP quantization approach.  

In view of the lack of reference-materials and calibration samples, in particular at the nanoscale, reliable quantification 

schemes in X-ray fluorescence analysis and related methods call for higher accuracy of relevant X-ray fundamental 

parameters such as photoionisation cross sections[1,2], decay rates, line widths, and fluorescence yields[3], as well as 

Coster-Kronig and transition probabilities[4,5]. The presentation will summarize relevant results and new methodologies 

employed in recent X-ray fundamental parameter determinations. 

 

Conclusions  

Fundamental parameters become more and more important for quantitative analysis of spectroscopic results, where 

reliable reference materials are missing. The combination of complementary methods and spectral ranges allow the 

determination of these FP with reliable and lower uncertainties. 
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Introduction 

Phthalocyanines (Pcs) have been used as organic pigments for a long time. Nowadays, In addition to the traditional 

application of phthalocyanines, they have been used for several applications such as photodynamic therapy (PDT), 

photocatalytic and electrocatalyst studies. Photocatalyst based on Pcs are emerging molecules for the removal of pollutants 

harmful for human health and environment. The general purpose of this work is fabrication of pc based heterogeneous 

catalyst for the removal of organic pollutants. New thiolated Pcs were synthesized and attached to the gold or silver coated 

microparticles to fabricate heterogeneous catalyst. In this study tetraperiferal Pcs contain both bulky esteric groups (-

COOCH3) and functional -

(MgCl2, ZnCl2 and GaCl3). Pc having the highest singlet oxygen quantum yield were selected after performing 

photophysical and photochemical measurement to attach to the surface of nanometal coated microparticles. The nanometal 

coated microparticles were used not only for improvement of the photocatalytic performance of Pcs but also to fabricate 

heterogeneous and recyclable photocatalysts.[1-3] 

 

Results and Discussion 

The synthesized Pcs molecules were successfully characterized by using several instrumental techniques such as UV/vis 

spectroscopy, NMR, and IR. The first step of the study was the determination of singlet oxygen production of the Pcs 

which is critical for photocatalytics and photodynamic therapy applications. For this purpose, photochemical properties of 

Pcs were measured and calculated to determine the highest singlet oxygen quantum yield to use for the photocatalytic 

studies. Recently, when Pcs are bound to the plasmonic nanoparticles surface, higher singlet oxygen quantum yield are 

obtained due to the heavy atom effect. The synthetized Pcs were covalently bound to the nanometal coated silica 

microparticles (core-shell) to fabricate novel hybrid inorganic nanomaterials to use as photocatalyst for removal of organic 

pollutants. The nanometal coated silica microparticles were characterized by using scanning electron microscopy (SEM). 

Then with a high amount of singlet oxygen production phthalocyanines esteric groups (-COOCH3) amine (NH2) connected 

with functional groups and bind to silica microparticle singlet oxygen were examined contributed to the production of 

silica Pcs. The metal coated silica microparticles was characterized using SEM-EDX to proof the presence of metal shell 

on the particles (Figure 1).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1: EDX mapping of silver coated silica microparticles, A) SEM image, B) Ag, C) O, and D) Si 

The EDX mapping demonstrates that, the microparticles were successfully coated with silver layer. Figure 2 shows the photography of 

color changes from bare silver coated silica (a) to silver coated silica modified with Pcs(b).  
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Figure 2: Photography of bare silver coated silica (a) and silver coated silica modified with Pc (b). 
 

 

The color of silica coated microparticles modified Pcs were turned from brown to green due to the presence of Pcs on the 

microparticles which is evidence of the attachment of Pcs. 

 

Conclusions and/or Outlook 

The results demonstrate that new thiolated Pcs were successfully synthesized and attached to the nanometal coated silica 

micropartices.  The fabricated nano-Pc hybrid nanomaterials will be used for the color removal from wastewater. 
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Introduction 
Polycarbonate (PC) is considered as an amorphous, robust, thermoplastic polymer with remarkable optical 

properties due to repetition of linear polyester of carbonic acid and dihydric phenol monomer in a free chain 

configuration, which confer  rigidity  to  the  structure.
1  

The  daily  infringement  of  common  solar  light  spectra  

within  this  thin  polymer assembly, with transparency in the visible solar spectrum (value up to 70%), can be 

observed for window or roofs and many other applications. However, PC remains a soft material vulnerable to the 

effects of damage versus solar radiation and the introduction of nanoparticles may represent a valid solution to 

increase the shield to the u.v range and to retard effect of fragmentation and colour changes. Among metal 

nanoparticles, few lanthanide particles have properties to stabilize and screener this soft material from photo-initiated 

degradation.
2  

Cerium oxide nanoparticles offer this quality and employ to reduce the effect of damage with an 

appropriate shield in the UV range and is currently used also as component for screen filter in catalyst or to smooth 

scratches from glass surface.
3 

In more detail, the property to shield polycarbonate from UV radiation of solar spectra 

derive from electronic configuration of cerium with 4f level, which permit the transition to the 5d configuration of 

one active electron, which is generally a vacuum UV transition.
4 

After this transition the depression in energy is 

substantial and was found to depend on the strength of the static field generated by the ionic near neighbours. If these 

interactions are strong enough, the 5d transitions may be shifted into the visible. During the particles nucleation an 

assembly of atoms was observed. A standard atoms number assembly in   nano particles scale with a medium size of 

28 ± 5 nm of diameter was dispersed in polycarbonate to obtain a final solution and by solution casting was deposit 

in a petri disk; evaporate and at the end, composite thin films with standard thickness of 1-2µ was emerging. The 

slower removal of chlorinates solvents in controlled humidity room from composite solution is a crucial step during 

the configuration of the amorphous state condition of transparent not crystalline thin film, which ensures 

transparency without opacity or translucent effects or remarkable changes from amorphous to crystal domain. In thin 

films, degradation was induced by an u.v lamp to simulate and accelerate photo- degradation to the air interface. 

Samples were characterized by spectroscopy absorption and infrared FTIR spectroscopy to evaluate the effect of 

damage by carbonate group shift in frequency and chains fragmentation. Atomic force microscopy was also used to 

characterize thin samples film with a so far not know unexpected data: cerium oxide nanoparticle induce a changing 

of state from amorphous to crystalline. Amorphous state is a predominant and common natural condition in 

polycarbonate were polycarbonate chains are present in a not limit space configuration, without restrict conditions of 

chain packages domine. Several ordinate crystalline domine is observed by optical microscopy characterization
5 

as white spherulites shape but in a measure of 3 % of contents on the complete PC. This domine   state of PC can be 

altered by prolonger heating of PC for a time of one week at low temperature. The introduction of cerium oxide 

nanoparticles in PC could irreversible altered the final configuration of polycarbonate chain by cluster network 

formation of long range between particles. A good degree of dispersion of particles in PC was achieved by using 

sonochemical method performed for 5 min. at medium frequency and limit power. 

 

 

Result and discusses 

Spectroscopy FTIR measurement on PC in Figure 1 is reported. In a) we report reference of PC and in b) the 

common absorption spectra of cerium oxide nanoparticles in the range of 300-600nm as an optical filter device 

shown. Is our interest to found the change of rigidity of the chain and atomic force microscopy was used to 

characterize thin film of PC/cerium oxide nanoparticles composite where at current time and at the best of our 

knowledge only in part this date was predict in literature and represent an unexpected data. In Figure 2 are reported 

four series of images acquired using AFM in tapping mode, using a silicon tip, where in the first image is shown the 

topography of polycarbonate films and in the second frame are reported naked cerium oxide nanoparticles with 

(cubic shape in a lattice) not well define but with estimate dimension of ~30 nm, which confirm the native 

dimension supply from dispenser and in the three image was reported dry film of PC where are shown cerium oxide 
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nanoparticles, while in image four are clear in evidence  the effect of crystallization induced by the presence of 

cerium oxide nanoparticles. The effect of crystallization is well known in literature, starting from the first pioneer 

study on the films induced but solvent but also gold nanoparticles6, acetone7 or other complex ionic molecule such 

are surfactants.8 May be the presence of particles in polycarbonate can induce a major and restrict packaging in the 

polycarbonate chain or can drive spherulites growing. 

 

Figure 1. a), is reported the spectra in cm-1 of transparent polycarbonate from pellets while 

in b) absorption spectra of cerium oxide nanoparticles in chloroform. 

 

  

Figure 2. a), b), c), d) a) Polycarbonate thin film from a PC/chloroform solution 3% (W/V), b) cerium nanoparticles 1% in  

chloroform, c) composite films cerium oxide nanoparticles/polycarbonate in a ratio of 2 % (W/W). d) PC film 

consequence and induction of crystallization domine by using naked cerium oxide nanoparticles. 
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Conclusions 

The crystallization is a transition state matter from amorphous to crystalline in a thermoplastic polymer where the  

native properties are amorphous with 1-2% of crystalline domine. An ordinate packaging state with ordinate domine 

could be induced by vapour solvent at low pressure or by using nanoparticles as seed naked particles of 

crystallization without a capping agent is here reported and discusses. The effects on the crystallization on PC have a 

random  behaviour and appear uniformly distributed in the film. They appear as spherulites zone inside thin film of 

polycarbonate, and not derive doesn’t a consequence to the slower or accelerate chlorinate solvent evaporation by 

using a humidity room controller. Cerium oxide nanoparticles certain play a role in the crystallization of thin 

polycarbonate film derived from a solution of three compounds. 
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Introduction 

Raman spectroscopy allows us to investigate the chemical composition, the mechanical properties such as stress and 

strain, the crystallinity and the doping of a broad variety of materials. Yet, the cross-section of Raman scattering is 

in the range of 10
-29

 cm² to 10
-30

 cm² for non-resonant molecules and thus low compared to Rayleigh scattering and 

fluorescence. This causes difficulties when investigating not bulk but ultra-thin layers or surfaces of materials. 

Furthermore, the lateral resolution is typically limited by the excitation laser spot size, and only some hundred 

nanometres resolution can be achieved. 

A promising approach to overcome these limitations is tip-enhanced Raman spectroscopy (TERS). Here, the sample 

surface is approached by a metallic tip using a scanning probe microscopy feedback mechanism. By focusing the 

excitation laser on the probe, a localised surface plasmon at the tip or surface plasmon polaritons guided to the tip 

form a ‘hotspot’; a strong and localised electrical field. Using these techniques, Raman enhancement of several 

orders of magnitude and resolution defined by the tip size can be achieved. 

For the fabrication of such tips several methods have been proposed over the last years. Probes for scanning 

tunnelling microscopy (STM) or shear force microscopy are mainly fabricated by the electrochemical wet etching 

of gold or silver wires. TERS Probes for atomic force microscopy feedback (contact mode, tapping mode) are 

fabricated by coating commercially available cantilever tips with metal, either by sputter deposition or evaporation. 

We present a metal moulding process for the fabrication of TERS cantilevers, which has already been used 

successfully to fabricate wire based TERS STM probes. 

 

Materials and Methods 

A <100> silicon wafer is coated with a 600 nm thick silicon oxide mask layer, and openings of (20 μm)
2
 are 

structured using optical lithography and dry etching, as depicted in Figure 1. Pyramidal pits are produced by 

anisotropic wet etching in potassium hydroxide, and oxidization is performed in an oven under oxygen atmosphere. 

A 200 nm thick gold / chromium layer and afterwards a 3 μm thick layer of silicon nitride are deposited. Using 

optical lithography and dry etching, cantilevers are structured. Finally, a 500 μm thick SU-8 chip layer is spin 

coated and structured by lithography, and cantilevers are released using 1% HF. 

 

Results and Discussion 

Following the described process, cantilevers for tip-enhanced Raman spectroscopy were fabricated in batches. Tip 

radii, metal surface topography and defects were investigated using scanning electron microscopy (SEM). We found 

that our cantilever tips exhibit the same properties as TERS STM probes fabricated by us in the past using a similar 

approach and a comparable performance is expected. 

Deploying the fabricated cantilevers, TERS was performed in a coupled AFM/Raman setup using 633 nm excitation 

on samples with a gold surface functionalized in 10
-6

 M MGITC solution, a Raman resonant dye molecule. 

Additionally, TERS measurements have been performed on isotopically labelled graphene and ultra-thin carbon 

layers. 

 

Conclusions and/or Outlook 

We present a batch process for the reproducible fabrication of cantilevers with tips suitable for tip-enhanced Raman 

spectroscopy. These cantilevers have been characterized by SEM and have been used in a combined AFM/Raman 

setup for TERS. 

In the future, we want to fabricate cantilevers with pyramidal tips out of silver and aluminium to allow for TERS 

with 532 nm excitation. Also, we want to further investigate ultra-thin carbon, parylene and polyimide layers and 

promote TERS as a valuable tool for surface science. 
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Figure 1: Process scheme for the fabrication of TERS cantilevers with a metal moulding process 
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Introduction 

It is well known that two interacting resonances hybridize and split producing energy gap between two hybridized 

modes instead of two independent resonances. Different parameters of interacting systems play role in the 

determination of such a splitting. The most popular system for the investigation of such an interaction is a molecular 

layer on the surface of a metal supporting surface plasmon [1]. Regulating the distance between the layer with 

molecular exciton and the surface allows to control the strength of the exciton-plasmon interaction. However 

bleaching and no possibility to regulate parameters for chosen molecules restrict the flexibility of such 

investigations. The exchange of the layer of molecules by nanoparticles possessing localized plasmon makes such a 

system more convenient for investigations. Possibilities to manage parameters of localized plasmon by size, shape 

and the concentration of nanoparticles opens new perspectives for such a task. 

Spectroscopic investigations of such a system were already reported [2]. In the present work we used ellipsometry 

to check plasmonic interactions. Ellipsometry is a method, which allows to register plasmon resonance position and 

to monitor not only amplitude but phase information too. The latter is important for the reconstruction of the whole 

picture of the interaction and splitting as well as allows to obtain information about near-field local interactions 

from parameters of far field. 

 

Results and Discussion 

Obtained results clearly demonstrate splitting of resonances and different effectiveness of the energy transfer at 

different angles of incidence. One example is shown in Figure 1. 

 

 

  
 

Figure 1: Spectral behaviour of ellipsometric angle  for the system with deposited nanoparticles measured at internal reflection 

with the excitation of surface plasmon at different angles of incidence. 
 

 

It is well seen the existence of few optimal conditions for the total transfer of the energy of p-polaeized radiation to 

45
0
 indicates decreasing of the intensity of s-polarizad radiation after reflection, what may be attributed to the 

excitation of localized plasmon laterally along the surface. 

Panel “b” of Figure 1 shows only few curves of the angle Y, which clearly demonstrates the existence of few 

resonances. So the behaviour visible in the panel “a” is produced by not the “standard” curve with one minimum but 

the curves with complex shape. 
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Another parameter influencing the registered behaviour is the interparticle interaction. Example for divverent 

surface coverage of particles with the diameter of 50 nm is shown in Figure 2. 

 

 

  
 

Figure 2: Spectral behaviour of ellipsometric angle  for the system with deposited nanoparticles of the diameter 50 nm shown 

in upper panel measured at internal reflection with the excitation of surface plasmon at different angles of incidence for different 

surface coverages. Red – dependences for clean gold surface. 
 

 

Electron microscopic picture of the surface with deposited spherical nanoparticles of the diameter of 50 nm is 

urface coverages. On the panel 

“a” the behaviour for the clean gold surface is shown by red. 

 

Conclusions and/or Outlook 

Ellipsometry is the relevant method for the registration of surface plasmon [3] and interparticle interactions [4]. It is 

demonstrated that it has high potential in the investigation of the splitting of different plasmonic resonances. 

Providing additional phase information, which is not shown here, its method supplies more rich information about 

the object of investigations. It should reveal additional details of the plasmonic interactions. We also hope the 

simultaneous registration of amplitude and phase characteristics of resonances would allow to reveal the spectral 

shift between near-field and far-field resonances. 
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Introduction 

Monolayers of semiconducting transition metal dichalcogenides (TMDs), such as molybdenum disulfide,  

exhibit encouraging light-emitting and nonlinear optical properties at visible frequencies. This means that 

TMDs have a high potential for use in future ultracompact active and nonlinear optical devices [1], provided 

an efficient light coupling mechanism is arranged. A possible approach to enhance the light-matter 

interaction in TMDs is the use of noble metal nanostructures [2] which can confine light to extremely small 

volumes via the excitation of localized surface plasmons. Here, we use Raman and photoluminescence (PL) 

spectroscopy to investigate the influence of the spherical citrate capped nanoparticle (NP) clusters, on light 

emitted from single- and few-layer MoS2 excited by a 532 nm laser. 

Results and Discussion 

Figure 1(a) shows the PL map of the pristine MoS2 sample where the color quantifies the average PL 

intensity over the 550 nm - 700 nm spectral window. The pristine MoS2 flake consists of parts having a 

different number of layers, as seen from the optical microscopy image in the Figure 1(a) inset. The number 

of layers can also be inferred from the intensity of the PL spectra: thinner flakes have larger PL, see Figure 

1(b), and also from the relative position of the two characteristic Raman modes, see Figure 1(c), with 

respect to each other: thinner flakes have the two modes closer to each other than thicker ones. We find that 

the bright red area in Figure 1(a) represents single-layer MoS2, while the dark red and blue areas represent 

the bi- and tri- layer MoS2, respectively. The PL exhibits two peaks, corresponding to the A and B excitons 

of MoS2. 

 

Figure 1: (a) Raman maps of the pristine MoS2. Optical microscope image of the MoS2 is shown in the inset. (b) PL spectra of the 

pristine MoS2. (b) Raman spectra of the pristine MoS2. The excitation wavelength is 532 nm. 
 

Figure 2(a) displays a PL/Raman map of MoS2 covered by citrate capped silver NP clusters. This map 

is obtained under same conditions as the one in Figure 1(a). Bright areas in Figure 2(a), i.e. the hot spots, 
represent the regions of enhanced PL/Raman signal. The hot spots are formed within the clusters consisting 
of a large number of NPs with diameters in the 10-50 nm range. Figure 2(b) shows PL/Raman spectra 
acquired at the hot spots in Figure 2(a) located on the single-, bi- and three- layer MoS2. The sharp spectral 

features in regions I and II originate from the citrate ion vibrational modes boosted by means of surface-
enhanced Raman scattering (SERS). The MoS2 B peak falls in region II but is being masked by citrate ion 

Raman signatures. Meanwhile, the MoS2 A peak is easily distinguished in region III (650-700 nm), except 

in case of high intensity hot spots when it becomes masked by the wide PL background of the NPs. At first 
glance, the PL/Raman spectra looks as if the SERS signals of citrate ions on the surface on NPs are added to 
the PL of MoS2. A comparison of the spectra collected at different points on and in the vicinity of the hot 

spots, see Figure 2(c), however, reveals that, apart from the signal mixing, the MoS2 A peak is enhanced by 

mailto:uros@ipb.ac.rs
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factors of 1-1.5. The spectral position of the A peak does not change regardless of how thin MoS2 is, under 

these conditions. 

 
Figure 2: (a) PL/Raman maps of the MoS2 after deposition of the citrate capped silver NPs. (b) PL/Raman spectra acquired within 
three different hot spots marked by 1, 2 and 3 in panel (a). (c) PL/Raman spectra acquired at different positions within one of the hot 

spots which is shown in the inset. The excitation wavelength is 532 nm. 
 

In order to explain the origin of the enhancement, we show the linear enhancement factor (colormaps), 
|E|/|E0|, and the corresponding electric field (red arrows), E, of an isolated and two closely spaced silver NPs 
on a dielectric substrate upon illumination by a plane wave, E0exp(-iωt), in Figure 3. The diameter of NPs is 
10 nm, and the excitation wavelength is 532 nm. The angle of incidence is 45° and the wave is linearly 
polarized along the NP 'dimer' in Figure 3(b). 

 

Figure 3: Linear enhancement factor for (a) a single silver NP and (b) a silver NP dimer on a dielectric substrate upon 

illumination by a plane wave having a wavelength of 532 nm. 

 

As it can be seen, even an off-resonance excitation of the NPs leads to formation of the hot spots in 

between closely spaced NPs. Large NP clusters are expected to have even higher enhancement factors, with 

hot spots formed also in between closely spaced NPs. In fact, the enhanced citrate ion Raman signal, which 

we see in our experiments, most probably comes from the citrate ions located between the Ag NPs. 

Furthermore, the enhancement factors are large in the vicinity of the NPs surface, exactly where the electric 

field is larger, as it can be noted by observing Figures 3(a) and 3(b). While the values of the enhancement 

factor play an important role, in case of MoS2 one needs to consider the electric field distribution as well. 

Optically thin 2D materials, such as MoS2, are responsive only to the optical fields having the electric field 

parallel to their plane. The electric field at the surface of the NPs has a large component normal to the 

surface of the NPs and a small component lying in the plane of the substrate, as it can be seen in Figures 

3(a) and 3(b). Therefore, we conjecture that the small in-plane electric field component is responsible for the 

enhancement of the PL A peak which we observe in our experiments. 

Conclusions and/or Outlook 

The PL/Raman spectra of NP clusters on MoS2 exhibits spectral features corresponding to the surface-

enhanced Raman modes of the citrate ions and to photoluminescence of a pristine MoS2 layer. Comparable 

intensities of the Raman and PL signatures in these spectra, and the spectral stability of the exitonic A peak 

in the presence of NP clusters indicate mixing between the two signals. However, analysis of the Raman 

spectra acquired on and in the vicinity of the individual hot spots shows the enhancement of the MoS2 PL A 

peak by factors of 1-1.5, suggesting that the electric fields of NP clusters interact with the underlying MoS2. 

Employing finite element based rigorous simulations on a simplified-model system we have demonstrated 

that, indeed, the NP cluster in- plane electric field component plays crucial role in the enhancement of the 

MoS2 PL spectra. The weak enhancement is, thus, due to weak in-plane electric field which is also unable to 

change the spectral position of the A peak. 
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Introduction 
Rapid development of nanoparticles (NP) fabrication techniques opens vast possibilities of their 

applications in various fields. Among these fields the bio-imaging domain is recently in the focus of 
technologists’ interest because NPs have several important advantages as compared to the organic dyes that 
are traditionally used for the visualization of biological tissues in fluorescence microscopy (broad band of 
absorption, tunable color of the emitted light, long-term photo-stability, and improved contrast). The 
progress in designing new nano-tools for of biomedical diagnostics sets the task of well-grounded theoretical 
substantiation for the parameters and procedures of NPs fabrication [1].  

The present report deals with the detailed analysis of fabrication conditions and synthesis 
procedures targeting to produce capped NPs for visualization of biological tissues. The recommendations 
obtained as a result of this analysis are successfully applied for fabrication of visible light-emitting NPs; their 
suitability for bio-imaging is proved by visualization and identification of morphological features of the 
chorial villi and extravillous structures of placenta.  

 
Results and Discussion 

NPs for biological applications have to meet the demands of low toxicity and bio-compatibility. The 
frequently used light-emitting A2B6 NPs (CdS, CdSe) contain cadmium ions which tend to bind to thiol groups 
of certain bio-molecules; thus, they can cause significant damage [2]. To avoid harmful action of cadmium on 
the biological objects we fabricated the capped NPs. For capping we choose 2-mercaptoethanol [HS-(CH2)n -
OH]. The molecules of this chemical compound contain thiol (–SH) groups at the molecule terminus. It is this 
sulfur group, which adheres to Cd ions in NPs and prevents binding of Cd ions to bio-molecules in a tissue 
studied. Another important aspect of capping with mercaptoethanol is the enhancement of the colloid 
stability. 

To optimize NPs fabrication conditions we theoretically analyzed the chemical reactions 
probabilities under the conditions of variable concentrations of precursors and pH value of the growth 
solution. We started with calculating the content of the ionic species being the products of dissociation and 
hydrolysis reactions of precursors in the growth solution. The content of the following ions was analyzed: the 
products of Na2S dissociation – ions Na+, S2– and the products of their subsequent hydrolysis in water – ions 
H2S, HS–, S2–; the products of CdCl2 dissociation – ions Cd2+, Cl–, and, respectively, the products of hydrolysis – 
Cd(OH)+, Cd(OH)2

0, Cd(OH)3
-. To calculate the mole fractions of the hydrolysis products in the growth 

solution depending on the medium pH, we have analyzed the material balance equations for cadmium and 
sulphur. Based on these considerations we deduced the conditions that provide the most favorable multi-
component ensemble of chemical species in the solution: the rationalized composition of the growth medium 
ensures the dominating of the reaction of CdS NPs formation and suppresses all other possible reactions that 
could yield undesirable compounds. 

 
              
 
       
 
 
Fig.5. Microscopic 

images (a,b) of histological 
sections of placenta tissue 
dyed  using mercaptoethanol-caped NPs: a) unaltered human 

b
) 

2 

a
) 

3 
a 

1 
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placental terminal villi;  b)  human intermediate stem villus with artery and vena and rough collagen. The identified 

cellular forms are:  1 –  trophoblast,  2 –  endotheliocyte,  3 – erythrocytes. 

 

 We synthesized the mercaptoethanol-capped CdS NPs by colloidal synthesis route using the optimized 

values of the precursors concentrations and pH. The NPs thus fabricated show bright visible emission under UV 

excitation. They were used for dyeing of the fixed histological sections of human placenta. Fig.1 shows the 

fluorescence microscope image of histological sections of placenta tissue. 

 

Conclusions 

The theoretical analysis of the content of the mole fractions of various ionic species being the products of 

dissociation and hydrolysis reactions with precursors in the growth solution was done. Based on the analysis of 

chemical reaction probabilities and material balance equations for cadmium and sulphur ions we found out the 

ranges of optimal parameter values for successful fabrication of NPs suitable for bio-imaging. Application of NPs 

for dyeing the histological samples of placenta demonstrated possibility to analyze characteristic cellular forms of 

placenta, such as erythrocytes, syncytiotrophoblasts and endotheliocytes 
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The development of ultra–short laser pulses has opened the opportunity to in- vestigate the dynamics of electrons on the fs 

time–scale (1 fs = 10
−15seconds). After the photo–excitation with such lasers pulses, electrons are in a regime 

which is highly out–of–equilibrium. Here we present a novel numerical ap- proach, based on the merging of the 

out–of–equilibrium Green’s function method with the ab–initio Density–Functional–Theory, to describe this regime in 

semi–conductors. Silicon is used as reference material to show the physical process involved. The simulations are also 

compared with recent two photon photo–emission measurements. We show that different processes take place: 

(i) scattering between degenerate states, that is activated by the symmetry breaking induced by the external field, (ii) 

L → X inter–valley scattering, and, finally, (iii)the relaxation towards the termal equilibrium. 

 

 

 

Time–snapshots of  the carriers occupations  of  the  entire  band  structure  taken  at  times  t  =  0, 200, 

500 fs  and t > 1 ps. In each snapshot the arrows schematically represent the dominant channel 

that drives the dynamics. The initial  excitation  is followed by an ultra–fast L1  →  L′ transition. 

Then the slower L1  → X1 channel will fill the surroundings of CBM that, locally, will be populated 

with an high temperature Fermi distribution. Finally, on a longer time–scale, this distribution will be 

cooled down  and the energy transferred  to the lattice. Image from Europhys. Lett. 110, 47004 

(2015). 
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A non-conventional rubbing method of obtaining mono- and few layer graphene/graphite structures on any substrate 

is suggested. The samples were prepared by repeatedly rubbing a parent graphite rod along the same path upon the 

surface of different insulating (paper, ceramic, glass, plastic) and semiconducting substrates. The graphene/graphite 

layered structure and properties of the obtained rubbed-off material are investigated by optical microscopy, atomic 

force microscopy, scanning and transmission electron microscopy, as well as Raman spectroscopy. The observed 

phenomenon is universal, does not depend on the material of the substrate and could find a widespread application. 

 

The interest toward the physical properties of graphite thin films increased in recent past following the discovery of 

fascinating properties in graphite single layers - graphene. Few-layer graphene is a unique material with its own 

potential for device applications.
1
 Therefore, more and more attention is turned to few-layer graphene 

2,3
. The 

expected next step should be attaining selective conductivity, providing, at the same time, high electronic qualities 

by modifying electronic band structure of few-layer graphene.
 

 

A rubbing method of obtaining self-organized few-layer graphene sheets on graphite structures is suggested. 

Layered structures are obtained by a method of rubbing a bulk graphite rod onto an insulating substrate. As the 

whole structure obtained on printing paper by this method exhibits physical properties of a highly layered 

semiconducting material, the topmost layer contains self-organized few-layer graphene sheets due to repeated 

manipulation of combined compressing-transferring-cleaving of flakes. It is found that the structure, as well as the 

topmost layer exhibits peculiar physical properties: a) the top layer is ordered stacked and crystallographically 

oriented perpendicular to the surface of the structure, b) the carrier mobility is anisotropic through the thickness of 

the structure with the highest value at the top of the structure. 

 

The discovered regularities and observations testify to mono- and few layer graphene/graphite structure promising 

to obtain a critical importance in achieving selective conductivity and high carrier mobility in the graphite/graphene 

system. The method allows easily obtaining graphene with pencil directly on paper, as well as graphene-based 

electronic components and circuits on paper and other substrates, which could enable flexible and cheap electronics. 
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Introduction 

The last two decades of development made the InGaN-based light emitting devices widely available for various 

optical applications including general lightning. However, the growth of high-quality InGaN structures is still 

hampered by a large density of defects that originate inside the structures mainly because of the absence of suitable 

substrates for homoepitaxy. As a result, the efficiency of the InGaN-based light emitting diodes (LEDs) is far from 

its physical limits. Therefore, a qualitatively different approach is needed to overcome the current technological 

limitations of InGaN-based LEDs.  

Recently, III-nitride nano- and microrods have attracted attention as the potential hosts for the active layers in the 

next LED generation, because their three-dimensional structure has many potential advantages as compared to the 

conventional two-dimensional (2D) counterparts. The unique growth mechanism of vertically aligned GaN rods 

results in the formation of nearly dislocation-free single semiconductor crystals due to a small contact area of the 

rods with the substrate. Thus, the released lattice strain provides the appropriate conditions for growing the rods on 

the substrates which the lattice constant, which is considerably different from that of InGaN. Although the InGaN 

structures in the commercially available LEDs are currently being grown on the lattice-mismatched sapphire 

substrate, a more cost-effective silicon substrate is preferred for the mass production. Furthermore, due to a large 

surface to volume ratio of the nanorod structure, the light emitting area is effectively increased as compared to the 

conventional 2D structures. Most promisingly, InGaN/GaN multiple quantum wells (MQWs) can be grown on non-

polar (m-plane) sidewall facets of the GaN rods. All these advantages are expected to improve the emission 

wavelength stability and the efficiency of InGaN LEDs.  

 

Results and Discussion 

In this work, the spatial distribution of the photoluminescence (PL) in self-organized GaN microrods and GaN 

microrods with GaN/InGaN core-shell MQW structures was analyzed. The rods under this study were grown in a 

catalyst-free mode by using the MOCVD technique on Si(111) substrate covered by a AlN buffer layer and a SiN 

masking layer. Three InGaN/GaN quantum wells were deposited on the GaN microrod sidewall facets. The nominal 

thicknesses of the well and barrier were 2 and 4 nm, respectively. We employed the confocal spectroscopy to study 

the PL in the isolated rod structures and obtained the longitudinal and transverse cross-section images of PL 

parameters. A CW laser diode emitting at 405 nm was used as an excitation source. 

The PL spectra of the GaN microrods with GaN/InGaN core-shell MQWs consist of two peaks. The long-

wavelength peak at 570 nm originates from the GaN microrod core. This defect-related PL band is common in bulk 

GaN samples. The short-wavelength peak was the most intense at the sidewalls of the rod and was attributed to the 

emission of MQWs [see Figure 1(b)].  The spatially averaged wavelength of the MQW emission peak is 455, 492 

and 534 nm for samples grown at the TMIn molar flow of 2.6, 5.2 and 10.4 µmol/min, respectively [Figure 1(a)]. 

The PL band peak positions did not change as the excitation power density was increased by an order of magnitude. 

This shows that the quantum confined Stark effect is absent in these samples and confirms the expectation that the 

MQW structures are fabricated on non-polar GaN facets. It was also found that the PL intensity is distributed 

inhomogeneously. Bright spots that show intense MQW-related PL band were resolved on the sidewalls of the rods. 

The density of the bright spots is larger at the top than near the bottom of the rod. The bright spots might be 

attributed to the InGaN quantum dots (QDs) formed on GaN microrod walls. The formation of the QDs is most 

probably induced by antisurfactant effect of SiN layer which is deposited during fabrication to promote the vertical 

rod growth. The QDs are sparse at the bottom of the rod, where SiN layer is the densest, but InGaN layer coalesces 

at the top and uniform QWs are formed. Moreover, the defect-related PL band is more pronounced at the bottom of 

the rod, while the MQW-related PL band dominates at the upper part of the rod. The results suggest that MQWs are 

formed inhomogeneously along the GaN rod. 

Polarization-resolved measurements showed that the PL emission from GaN/InGaN core-shell MQW is polarized 

perpendicular to the c-axis, as it is expected for nonpolar InGaN structures. The highest emission polarization ratio 

ρ=0.54 is found to be at the top of the rod but decreases to ρ=0.14 at the bottom. 



     

     

 

 154 

The confocal microscopy showed that GaN microrod structures are hexagonally shaped. The rods are up to 70 µm 

long and their diameter varies from ~2 µm at the bottom to ~4 µm at the top of the rod [Figure 1(c)]. Although, the 

rods are found to be predominantly vertically aligned on the substrate, randomly orientated rods were also 

frequently observed. PL intensity mapping images showed that the substrate is covered with hexagon-shaped areas 

which emit intense PL band peaked at 570 nm. The areas were attributed to GaN nucleation seeds that did not 

initiate vertical rod growth. It is argued that microrods are favourable to nanowires for LED applications due to a 

simpler device processing, like easier contact fabrication. However, more experiments are needed to optimize the 

diameter and position control during the growth.  

 

 

 

Figure 1: Photoluminescence spectra of GaN microrods series with GaN/InGaN core-shell MQWs obtained at low (dashed 

lines) and high (solid lines) PL excitation power densities in samples grown at TMIn molar flow of 2.6, 5.2 and 10.4 µmol/min 

indicated as L455, L492, and L534, respectively (a); the spatial distribution of the emission intensity at the top of the L492 

microrod (the inset of b) and PL spectra in the spots labelled as I and II; the longitudinal (left column of c) and transverse (right 

column of c)  cross-section images of PL intensity of the L492 microrod. 

 

Conclusions  

In conclusion, the spatial PL distribution in self-organized GaN microrods with GaN/InGaN core-shell MQW 

structures, which has been studied using confocal spectroscopy, shows that GaN microrod structures of good optical 

quality can be grown on low-cost silicon substrates by MOCVD technique. There is no quantum confined Stark 

effect in the quantum wells deposited on the side walls, and the light emitted from the QWs is strongly polarized. 

However, the QWs are inhomogeneous along the microrod axis. Quantum dots are formed on the bottom part of the 

side walls. 
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Introduction 

The unique vibrational fingerprints of molecules lie in the mid-infrared (mid-IR) frequency range (wavelengths 

from 5 to 15 microns), hence vibrational mid-infrared spectroscopy is an important tool for the identification and 

characterization of different chemical species. However, the spectral identification of nanometer-size molecules is 

hampered by the weak interaction of such systems with infrared light. Therefore mid-infrared spectroscopy  has 

taken advantage of plasmonics in order to improve the sensitivity of the technique and decrease the lowest 

detectable amount of analyte [1]. 

In this regard, the investigation of different mid-infrared plasmonic materials has attracted wide interest with the 

aim of developing novel mid-infrared plasmonic platforms for spectroscopy and sensing [2, 3]. 

In this work, we present preliminary Fourier transform IR (FTIR) spectroscopy and fabrication results on mid- 
infrared bowtie antennas fabricated out of heavily n-type doped germanium, grown by molecular beam epitaxy  of 
germanium layers intercalated with exposure to phosphine gas to grow single layers of donors [4]. Heavily doped 
germanium (free carrier density around 1019-1020 cm-3), due to the small value of its effective mass m*=0,12 me, 
displays plasma frequencies in the mid-infrared, which can be selected by carefully tuning the doping values [5]. 
Therefore, tight field confinement in this spectral range is expected for resonantly excited germanium antennas. In 
addition, germanium-based devices hold promises for CMOS-compatible integrated plasmonic mid-infrared 
sensors. 

The aim of our work is the near-field characterization of the field enhancement in the gap of the germanium 
bowtie antennas to assess the capabilities of such structures for spectroscopic studies of small amounts of 
molecules. The experimental setup (NanoIR2 by Anasys Instruments) consists of a pulsed quantum cascade laser 
(QCL) in the 1575-1725 cm-1 range (around 6 mm) coupled to an atomic force microscope (AFM) working in 
contact mode. This platform for near-field spectroscopy and imaging exploits photoexpansion to reveal the 
absorption of a substance under the tip. Therefore the electric field enhancement is visualized by monitoring the 
local energy absorbed by a thin polymer film in the gap of the bowtie antennas. 

 

Results and Discussion 
Since higher values of field confinement occur just below the plasma edge, we performed FTIR quasi-normal 

incidence reflection measurements to characterize the plasma frequencies of germanium samples with different 
doping levels. In this way, we selected the most suitable sample for the fabrication of bowtie antennas in the 
frequency range of our QCL. 

Hence, bowtie antennas were fabricated from the chosen germanium sample by focused ion beam (FIB) milling, 
as shown in Figure 1. Improvements in the fabrication process are underway in order to obtain sharper edges and to 
remove the residual amorphous germanium due to the redeposition of the milled material. 

Encapsulation of the antennas with PMMA enables the mapping of electric near-field distribution via the local 

absorption of the polymer. To this end it is possible to excite the C=O stretching vibration peaked at 1732 cm-1 

whose tail lies in our spectral range. We are testing different thicknesses of the PMMA encapsulation layer to 

optimize of the photoexpansion signal while reducing topographic artefacts. 

mailto:michele.ortolani@roma1.infn.it
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To perform the near-field characterization we have modified the optical path of our commercial system in order 
to rotate the incident light polarization in the plane of the antennas. In addition, we mounted silicon tips to be able 
to measure without altering the near-field distribution. 

 

 

Figure 1: Scanning electron microscope images of germanium antennas fabricated by FIB milling: a) top view b) side 
view. 

 

Conclusions and/or Outlook 

We have fabricated heavily doped germanium antennas encapsulated in a polymer layer and modified the 

optical path of our near-field setup in order to perform a spatial characterization of the electromagnetic energy 

absorption in the gap of the antennas. Such characterization will set the ground to engineer germanium antennas for 

mid-infrared vibrational sensing. 
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Introduction 

In the quest for superior performance, nanostructured conducting polymer polyaniline (PANI) has been  
combined with multi‒functional metal nanoparticles to obtain new nanocomposite materials. These nanostructures 
are important since they combine the properties of low‒dimensional organic conductor with high surface area 
materials. Here, we present gold‒polyaniline (Au‒PANI) nanocomposite prepared by a simple interfacial 

polymerization method, based on the oxidizing properties of HAuCl4, which initiates the polymerization process 

of aniline at the interface of water/toluene biphasic system. The formation of Au nanoparticles (AuNPs) or Au‒

PANI nanocomposite can be controlled to a certain degree by varying the ratio of initial Au
+ 

and aniline 
concentrations. Under optimal condition (HAuCl4/aniline ratio is 1:2), green dispersion of Au‒PANI 

nanocomposite is produced in aqueous phase, whose morphology, structure and physico-chemical properties are 
investigated in details. As the electrocatalytic properties of materials towards the electrochemical oxygen 
reduction reaction (ORR) is extremely important, due to the role of ORR in contemporary energy conversion 
technologies, we turn our attention to the electrocatalytic ORR process on the electrode modified with Au‒PANI 
nanocomposite, with the aim of developing highly active Pt‒free ORR catalyst with appreciable catalytic 
performance. 

Results and Discussion 
The chemical oxidative polymerization was performed at the interface between an organic layer (toluene) that 

contains dissolved aniline and an aqueous layer containing the Au
3+ 

as oxidant (Figure 1). As the reaction 

proceeds, PANI forms across the interface where all the components needed for polymerization come together. 

After synthetic procedure, it was found that nanocomposite contains high amount of Au (28.85 
wt.%). The microstructural analysis of Au‒PANI nanocomposite powder obtained after isolation procedure 

reveals that PANI macromolecules were organized into three‒dimensional granular nanostructures with Au 
nanorods as dominate structure distributed in it (Figure 1). It is important to note that Au‒PANI nanocomposite 

powder, isolated from the as‒synthesized aqueous dispersion, can later be easily re-dispersed in water. This 

property is highly appreciated in terms of material’s storage (where powder form is more desirable than dispersion 
due to lower volume and absence of leakage), processing (usage of obtained aqueous dispersion to prepare 

conductive coatings for various applications) and environment protection (usage of water as eco‒friendly solvent). 

 

Figure 1: a) SEM image of Au-PANI nanocomposite with EDX and absorption spectra; b) TEM image of nanocomposite 
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The formation of conducting emeraldine salt form of PANI in nanocomposite was confirmed by UV‒Vis, 
FTIR and Raman spectroscopy. Moreover, Raman spectroscopy identified two types of spectral profiles having 
different relative intensity of the bands that belong to emeraldine salt and phenazine‒type segments thus 
indicating fine inherent structural inhomogeneity at the macromolecular level that in Au‒PANI   nanocomposite. 

The interaction of phenazine‒type segments with AuNPs surfaces induced a local surface enhanced Raman 

scattering effect. Besides, the electrical conductivity of nanocomposite (1.19 S cm
1

) was found to be four‒fold 

higher than that of the polymer PANI itself (0.29 S cm
1

)[1], due to more conducting Au nanorods dispersed in 
less conducting PANI matrix, which enables formation of long (“infinite”) conducting pathways and consequently 
drastically increase the conductivity. 

Catalytic activity of Au‒PANI towards the electrochemical oxygen reduction reaction (ORR) was investigated 
in O2‒saturated 0.1 M KOH solution using RDE voltammetry. Compared to other Au‒based ORR  catalysts 
reported so far [2], Au‒PANI nanocomposite presented here, provided fast charge transfer kinetics (high ORR 

onset potential) and high selectivity for O2 reduction to water (OH
−
). This is possibly due to enhanced Au  surface 

oxophilicity in the presence of PANI, which is indicative of enhanced chemisorption properties. 

Conclusions and/or Outlook 

The presented Au-PANI nanocomposite with granular morphology and Au nanorods distributed in it, shows 

relatively high conductivity and excellent electrocatalytic performance towards the electrochemical O2 reduction, 

with high ORR onset potential and good selectivity. This makes it a promising candidate for a new class of Pt‒free 
ORR catalyst with appreciable catalytic performance. 
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Nanoscale metal-dielectric and metal-semiconductor structures and composites have huge potential in many 

science and engineering fields. Various combinations of such nanostructures are considered for applications in 

sunlight harvesting processes like photovoltaics, photoelectrochemical water splitting, heat generation, but also 

for substrates for surface enhanced Raman and infrared spectroscopies and many more.  

Usually fabrication methods of nanostructures are relatively expensive considering cost per surface area, for 

example electron beam lithography. Fabrication of metal island films or semicontinuous metal films using 

electron beam physical vapour deposition (EB-PVD) technique is one of the inexpensive methods of production 

of plasmonic metal nanostructures on surface or embedded in dielectric or semiconductor host.  When thin silver 

or gold layer is deposited using EB-PVD, randomly arranged metal nanostructures form semicontinuous film. 

Size and shape of nanostructures and thus also optical properties of the film can be controlled by choosing 

specific deposition process conditions. [1,2] 

Here we present the details of optical and electrical properties of titanium dioxide (TiO2) films and silver 

nanoparticles-titanium dioxide (Ag-TiO2) layered nanocomposites fabricated using EB PVD technique. We 

varied several parameters of the fabricated structures and EB PVD process including silver and TiO2 layer 

thickness, number of layers, deposition temperature, oxygen dosage during deposition of TiO2 and post 

fabrication annealing.  

Films were deposited on glass substrates using PVD system with base pressure of 1E-6 mbar. Mass thickness 

was monitored with quartz crystal microbalance. Most of the films were deposited at 200ºC. During TiO2 

deposition oxygen was introduced to vacuum chamber and base pressure of 2E-4 mbar was maintained. This 

procedure resulted in titania films without absorption in visible and near-infrared. When TiO2 was deposited 

without addition of oxygen films with absorption in visible and near-infrared were obtained. TiO2-Ag 

composites were fabricated through sequential deposition of titania and silver. Some films were heated in muffle 

furnace at different temperatures. Characterization of nanostructure of silver films deposited on top of TiO2 layer 

was performed using SEM microscopy. The titania crystalline forms composition was tested using Raman 

spectroscopy. Optical properties of fabricated composites were characterized using spectrometer equipped with 

integrating sphere. 

Utilizing the semicontinuous nature of silver films we achieved structures with broadband absorption. The level 

and spectral width of absorption can be tuned by design. Through number of silver layers and their thickness the 

absorption level of composite can be adjusted from about 10% to above 90% in the visible and/or near-infrared 

range.   
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Introduction 

Manipulation of nanoscale objects provides essential data for development of future nanoscale devices. 

Nanoparticles are the most thoroughly studied objects for nanomanipulation. Tribological behaviour of 

nanostructures featuring higher aspect ratio, e.g., nanowires, has been studied to a significantly less extent. Due 

to much larger contact area and adhesion/friction in comparison to nanoparticles, the manipulation of elongated 

objects may be problematic. For example, the displacement of Ag nanowires on a smooth silicon substrate is 

almost impossible without severe damaging and breaking of nanowires [1]. At the same time, mobile or movable 

elongated nanostructures are of high interest as possible components of nanoelectromechanical systems (NEMS). 

Advantages of nanoparticles and nanowires from the tribological aspect can be combined in a nanodumbell-like 

structure produced by pulsed laser processing of metal nanowires. Electric field induced by laser light is 

concentrated at the ends of a metal nanowire causing them to melt and round. Resulting structure resembles 

dumbbell with two bulbs connected by nanowires. Specific geometry of metal nanodumbbells makes them 

promising candidates for knuckle-joints and other movable component in NEMS applications. 

 

Results and Discussion 

Formation of nanodumbbells is a complex dynamic process. It involves extreme temperature gradients, and 

includes rapid heating and melting of the ends of nanowires, contraction of liquid droplets into spheroidal bulbs 

and followed by rapid solidification.  

After the absorption of laser pulse energy, a nanowire starts to melt; liquid droplets grow in volume and move 

towards the centre of a nanowire [2]. Surface tension tends to minimize the surface area of a droplet, and makes 

it spherical. The temperature of the parts of a nanowire close to the liquid bulbs approaches the melting point, 

causing a local decrease of Young's modulus, and resulting in the detachment of the parts from the substrate 

pulled by the growing droplet. Adhesion at the central part of a nanowire that rests on the substrate is reduced 

significantly due to inverse dependence of surface free energy on temperature. However, the temperature in the 

central part of a nanowire is below the melting point, since the nanowire preserves its original crystalline 

structure. When the nanodumbbell is cooled down, the middle part becomes a crystallisation nucleus, and 

defines the epitaxial crystallisation of the melted part of the wire towards the end bulbs. After solidification, 

there is an elastic stress tending to restore the straight profile of the bent part connecting two bulbs. If the part of 

the nanowire adhered to the substrate is short enough, and adhesion force is less than restoring elastic forces. The 

middle part of the nanowire can get detached from the substrate, and the nanodumbbell will rest on the end bulbs 

only. Remarkably, that in spite of rapid cooling, the end bulbs are crystalline [3]. 

Investigation of the internal structure of Au and Ag nanodumbbells in TEM (Figure 1) shows a clear 

dependence between bulb size and internal structure. Diameter of the nanowire connecting the end bulbs is equal 

to the initial diameter of a nanowire, while diameter of the end bulb depends on the length of melted part of a 

nanowire. Small bulb preserved original crystalline structure of the nanowire, whereas for the bigger bulbs, 

twinned structure different from the original one was observed. A grain boundary can be seen in the interface 

between the melted end and the body of the nanowire (Figure 1 a-c). Medium-sized bulbs partially preserved the 

original structure of the nanowire (Figure 1 d). Such association between the structure and size of the bulb may 

be related to the fact that temperature gradient between the bulb and the nanowire is smaller in the case of small 

bulbs, and melted part is able to follow the original crystalline structure of the nanowire. In a bigger bulb, more 

competing crystallization nuclei forming an independent grain are possible [4].  
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Figure 1: TEM images of Ag (a, b, c, d) and Au (e, f) NDs end bulbs. Arrows indicate grain boundary 
 

During the typical in situ SEM manipulation experiment, the nanodumbbell overcomes the static friction force 

and rolls over. Then, it rotates around one of its ends at almost zero force. During manipulation experiments, 

nanodumbbells exhibited several regimes of motion: sliding, rolling, and rotational motion. Sliding, or 

translation, was observed rarely. Rolling of a nanodumbbell onto the other side was observed more frequently. 

The most common scenario was rotation of a nanodumbbell around one of its end bulb. 

 

Conclusions and/or Outlook 

Ag, Au and Cu nanodumbbells were produced by laser-induced melting of corresponding nanowires. The final 

configuration of a nanodumbbell is a result of the complex interaction the intrinsic effects and adhesion, while a 

nanowire is detached from the substrate. Shape and morphology of nanodumbbell structures were studied by 

SEM and TEM methods. Dependence of the crystalline structure on the size of the end bulb was demonstrated. 

After the laser processing, both the end bulbs and the connecting nanowire of a metal nanodumbbell preserve 

their crystallinity, which is crucial for many possible applications of the nanodumbbells The geometry of 

nanodumbbells makes them promising candidates for applications in MEMS/NEMS and attractive objects for 

nanotribological studies enabling to study different regimes of motions: sliding, rolling, and rotation. 
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Introduction 

Plasmonic nanostructures are very well suited for assisting with the detection and characterization of single or 

few quantum dots (QDs) due to their well-tuneable plasmon resonance wavelengths depending on size, material 

and geometry. As QDs have unique optical properties of their own, such as broad absorption and narrow 

emission bands as well as bright and stable photoluminescence, hybrid systems consisting of both components 

are of major interest for various applications. Excitation along the symmetry axis of the cone leads to a highly 

enhanced near-field at the tip [1-3]. By bringing a QD into close vicinity of the tip of a nanocone, its emission 

characteristics can be altered, as the radiative and non-radiative decay rates are influenced by the increased 

density of local optical states [4].  

Gold nanocones were fabricated on a glass substrate with a thin indium tin oxide (ITO) layer with a geometry 

adjusted such that the out-of-plane resonance matches the emission of core-shell CdSe/ZnS QDs at 650 nm.  

Hybrid structures consisting of both, gold nanocones and QDs, were then produced with a self-aligned technique 

[5] which allows to place QDs with a lateral accuracy of about 10 nm on a variety of structures at the same time. 

Therefore a wide range of hybrid systems was prepared and investigated optically [6].      

 

Results and Discussion 

Core-shell CdSe/ZnS QDs were chemically bound to the tips of gold nanocones following a process given in [5] 

and shown in Figure 1. The amount of successfully linked QDs was imaged by raster scanning the sample 

through the focus of a radially polarized laser beam at 488 nm and estimated to be around 70%.  

                                                

                                      

                                                      

Figure 1: Fabrication scheme of hybrid systems. Nanocones are embedded in resist, the tips are then bared by O2-etching. 
The QDs are attached with thiol-chemistry followed by a lift-off process to remove the residual resist.   

                                                                         

The photoluminescence signal was recorded for bare cones, QDs on glass and QDs on cones. We observed a 

higher signal for the QDs bound to the tips of the cones as well as less dramatic intensity fluctuations compared 

to the QDs on glass. To verify the presence of only one QD at the tip, time traces of the emission intermittency 

of the spectrally integrated signal of a QD on glass and of a QD bound to the tip of a cone were recorded and are 

exemplarily shown in Figure 2. Similar results were obtained for measurements on other hybrid structures. For 

the measurement on the hybrid system (Figure 2, left) the time trace shows clear jumps in intensity between a 

maximum and a minimum level as well as on-off fluctuations. The observed two-level blinking strongly 

indicates that there is only one QD attached to the tip.  
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Figure 2: Intensity trajectories of a single QD bound to the tip of a cone (left) and of an isolated QD on a glass cover slide 

exposed to air (right). Note the difference in intensity scales.   

 

The trace looks different for an isolated QD on a glass cover slide (Figure 2, right). No jumps between two 

clearly distinguishable levels can be seen. Also the dark states seem to prevail.  

Further investigations on the fluorescence and life times of the hybrid system will be discussed in another 

presentation. 

 

Conclusions  

We fabricated and investigated a novel hybrid system composed of gold nanocones with few or single QDs 

attached to the tips of the cones and observed fundamental changes in the emission behaviour of the quantum 

emitters compared to bare ones on glass slides. These hybrid systems may lead to an improved understanding of 

the interaction between quantum emitters and plasmonic nanostructures as well as of the physical mechanisms 

involved in the emission of a photon from such a system. 

Further investigations need to be done, experimentally and theoretically, concerning fluorescent lifetimes and 

fluorescence intermittency, e.g. in relation to the position of the plasmon resonance.  
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Introduction 

One aim of the research on plasmonic nanostructures is the enhancement and confinement of the electric field of 

an incoming electromagnetic wave. These optical antennas have broad applications, for example in surface-

enhanced Raman spectroscopy (SERS) [1], single-molecule detection [2] or scanning near-field optical 

microscopy (SNOM) [3].  

Nanocones are well-suited for such applications as they can easily be fabricated from various metals [4-5] and 

have a very sharp tip with a radius lower than 10 nm. 

Several applications of metallic nanocones are shown in [6-

7].  

The major problem for an efficient plasmon excitation along 

the vertical axis and consequential high electric field 

enhancement at the tip of the cone is that the electric field 

vector of the exciting external electromagnetic wave should 

be parallel to the vertical axis. This is only the case for 

certain laser modes or the illumination of the cones from the 

side. Simulations have shown that the electric field at the tip 

is not enhanced if the incoming wave is TE polarized (Figure 1 a). Therefore the excitation of many cone tips at 

once under perpendicular incidence is not possible. But for 

many potential applications it is beneficial that the electric 

field of the light be enhanced at the tips of many cones 

simultaneously.   
 

Results and Discussion 

As a solution for this problem we introduce a deflection of 

the tip. Simulations (Figure 1 b) have shown that the tip of 

an oblique cone is excited even by an electromagnetic wave 

which is TE polarized. The asymmetric geometry supports 

the transformation of a transversal (parallel to the substrate) 

electric far field to a longitudinal (parallel to the axis) 

plasmonic excitation. 

Starting from simulations and already existing fabrication 

processes [4,8] two processes for the fabrication of oblique 

nanocones were developed. The first one is based on 

transferring aluminium oxide masks via argon ion etching  

under an angle  into a gold layer. The second process is 

based on inclined electron beam lithography and subsequent 

inclined evaporation of gold. 
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Electron micrographs of oblique cones are shown in Figure 2. The geometric properties of the nanocones can be 

influenced in different ways. The etching or evaporation angles, respectively, have a major influence on the 

displacement of the tip. Furthermore the sizes of the etch masks or rather the holes in the resist determine the 

size of the cone base. Examples of the fabrication will be shown together with dark-field and extinction spectra 

as well as corresponding simulations of the plasmonic modes.  
 

Conclusions and Outlook 

Inclined electron beam lithography was successfully established and oblique nanocones with various geometries 

were fabricated. In future the fabrication processes will be further optimized to gain better control over the 

geometric properties. The properties of the oblique cones will be investigated by linear and non-linear optics. 

Furthermore their application for SERS and single molecule detection is intended.   
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Figure 3 a): Simulation of the electric field distribution near a symmetric nanocone when excited with an electric field vector 

parallel to the cone base. 
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Introduction 

Single Wall Carbon Nanotubes (swCNTs) may have the potential to contribute to the development and 

progression of cardiovascular disease, atherosclerosis included, as shown by  Li et al. [1] in Apo E-/- mice. 

Atherosclerosis is an inflammatory disease, in which, since the earlier stages, a feature of the pathophysiology is 

the "endothelial dysfunction"(2). In this work we wanted to check if swCNTs could accelerate the 

atherosclerosis process. At this end, we treated the Ea.hy926 human endothelial cell line with pristine CNTs, and 

studied different end-points to understand if the cells acquired an inflammatory phenotype. We also imagined the 

cells with atomic force microscope (AFM) to detect possible ultrastructural alterations. 

 

Results and discussion 

Single-wall carbon nanotubes were purchased from Nanocyl , Belgium. The characterization of swCNTs was 

performed using spectroscopic (FTIR, Raman, UV-Visible), diffraction (XRD), microscopic (TEM, SEM), 

thermal gravimetric (TGA / DSC) and chromatographic techniques (GC-MS/MS). Furthermore, we performed 

the BET, the size distribution, and the Zeta potential. We bought the Ea.hy926 endothelial cell line from 

American Type Culture Collection (ATCC), a cell line that maintains the characteristics of the primary 

endothelial cells (3).  In the WST-1 cytotoxicity assay, the nanotubes are toxic for the cells, but only after 48-72 

h, and only at 50-200 µg/ml. Probably the cells, in the latter experimental points, begin to recover vitality (Data 

not shown). To check the oxidative stress, we performed the Oxygen Radical Antioxidant Capacity  
(ORAC) (4) and malondialdehyde (MDA) (5) tests. In our hands, as the concentration of CNTs increased, in 

ORAC test there was an average reduction of about 30% of the anti-oxidant capacity of the cells, while there was 

a significant rise of MDA (Data not shown).  Overall, these results indicate that cells undergo a significant 

increase in oxidative stress. We made an extensive investigation of various classes of metalloproteinases 

(MMPs) and Tissue inhibitors of metalloproteinases (work in progress) (6).  The MMPs play a key role in 

regulating the degradation of the extracellular matrix. In many studies the clearest evidence is for a positive 

relationship between MMP-9 expression and plaque instability. Instead TIMPs inhibit the enzymatic activity of 

MMPs. A tight balance between MMP proteolysis and TIMP expression is necessary for tissue homeostasis. In 

atherosclerosis, TIMPs are upregulated, especially at the base of plaques, and in part counteract the destructive 

potential of MMPs.  In fig.1 we show the western blot (WB) for MMP-9, and in fig.2 for TIMP-1. As you can 

see, MMP-9 increases with time and the concentration, while TIMP-1 has the opposite trend. This could mean 

that CNTs provoke an imbalance between MMPs and their inhibitor,  and could help plaque rupture and /or  

accelerated atherosclerosis. 
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                                     Fig.1 

 
                                                           Fig.2 

TIMP1- 24h- Conc. CNTs in µg/ml 
                                                       0           12,5          25              50            100           200 

 
To verify ultrastructural changes in cell surface, we used atomic force microscope. Because the AFM can generate 

images of the plasma membrane structure in great detail, the instrument can be used to estimate the surface roughness. 

This parameter is a tool for investigating the membrane–cytoskeleton integrity. A large decrease in the surface 

roughness value is indicative of  alterations produced by destabilization of the filament cytoskeleton network. This is 

our case: fig.3 is a typical image of Ea.hy926 cell line , and in fig.4 and 5 you can see that both in the central and  

peripheral regions, the roughness of treated cells decreased in a statistically significant way. We are working to see how 

this roughness variation may influence the process of atherosclerosis. 

          
                      Fig.3                                    Fig.4                                    Fig.5 

                                                                 C1 and C2 are, respectively, central and peripheral regions of untreated cells. 

                                                                     C3 and C4 are, respectively, central and peripheral regions of treated cells. 

                                                                     C1 vs C3: P = 0.00008166           C2 vs C4: P < 0.00005 
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