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Welcome to TERS 8! 

Dear TERS 8 attendees,  

TERS conference started at the National Physical Laboratory (NPL) in the UK in 2009. Since then, 

it has attracted a growing number of scientists from all around the world and has been held in NPL 

(the UK, 2011), ETH (Switzerland, 2013), Rio de Janeiro (Brazil, 2014), Osaka (Japan, 2015), NIST 

(the USA, 2017) and Xiamen (China, 2019).  

TERS-8 is planned to address both fundamental and applications of TERS, with particular emphasis 

on the spatial resolution, instrumentation, methodology, and operando measurements. It is also the 

opportunity to integrate into the congress other related nanospectroscopies.  

We thank the steering committee for their continuous support and advices provided during the three 

years during which we worked on the preparation. We thank Sorbonne Université for hosting the 

conference and the LISE laboratory for technical and financial help. We are also very grateful to the 

industrial and academic sponsors that give us the possibility to propose you a convivial moment. The 

French Chemical Society, through its Chemical Physics division also played a major role in the 

organisation and diffusion at the French level, as well as the GDR Plasmonique Active. 

We wish you a wonderful time in Paris, and are ready to help shoud you have any question. 

Very best regards 

The organizing committee, 

Prof. Emmanuel Maisonhaute (Laboratoire Interfaces et Systèmes Electrochimiques, Sorbonne 

Université, Paris) 

Dr. Ivan Lucas (Laboratoire Interfaces et Systèmes Electrochimiques, Sorbonne Université, Paris 

and Institut des Matériaux de Nantes) 

Dr. Sébastien Bonhommeau (Institut des Sciences Moléculaires, Université de Bordeaux) 

Dr. Mathieu Mivelle (Institut des NanoSciences de Paris, CNRS, Sorbonne Université) 

Dr. Sophie Sobanska (Institut des Sciences Moléculaires, Université de Bordeaux) 

 

Steering committee 

Prof. Ado Jorio (Federal University of Minas Gerais) 

Prof. Alfred J. Meixner (University of Tübingen) 

Prof. Bin Ren (Xiamen University) 

Prof. Deb Roy (Swansee University) 

Prof. P. James Schuck (Columbia University) 

Prof. Zachary D. Schultz (The Ohio State University) 

Prof. Prabhat Verma (Osaka University) 

Prof. Renato Zenobi (ETH Zurich)  
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A few tips for TERS 8! 

 

Dear TERS8 attendees, please find below a few advices for those who will travel to Paris. 

Talks 

We have a tight schedule. Slots for oral communications are 20 minutes including questions (30 minutes for 

keynotes). It is therefore safe to plan a 15 minutes talk to leave spare time for questions. Additional questions 

may be asked during the coffee break. 

Some of you do not have the possibility to come to Paris unfortunately. Some talks are therefore planned online 

with zoom. Please check that you are comfortable with sharing your screen with zoom. A link will be provided 

very soon. 

In this context, for those who are present, it seems difficult to use your own computer since it has to be 

connected to the zoom link. We therefore ask you to bring your talk on a USB stick with a format 

compatible with Microsoft powerpoint 2013 or in pdf. Should this be a problem please contact us. 

 

Venue 

You can check our website for access to Paris. The conference will be held at Sorbonne Université on the 

Pierre et Marie Campus, 4 place Jussieu. This is in central Paris, at metro Jussieu (lines 7 and 10). Please be 

aware that in metro or in touristic places your wallet and mobile phone may vaporize if exposed too much to 

light, pickpockets are really skillful. 

There are different possibilities for metro tickets, please see ratp website: 

https://www.ratp.fr/en/titres-et-tarifs 

 

On the campus, the conference place is the Centre International de Conférences de Sorbonne Université. It is 

a red door at the first floor of tower 44. There will be an indication at the bottom of tower 44. See also the 

campus map below. 

 

I let you my phone number in case of emergency or if you are lost : +33 665515317 

 

https://www.ratp.fr/en/titres-et-tarifs
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Mask 

At present, wearing a face mask is recommended but not mandatory in France. 

 

Lunches 

This is weather-dependent, but we plan to have lunch in touristic places near the University (Arènes de Lutèce, 

Jardin des Plantes, Seine river). There will be some takeaway food delivered at the conference place and we 

will come back to the conference hall for coffee. If it rains, we will have to stay on the campus. 

 

Social events 

On Wednesday evening, we plan an informal walk through the quartier latin for those who want to join us. 

Again we hope it will be a sunny day, and you can decide to join or not. Dinner will be at your expenses. 

On Thursday evening, we have the gala dinner at the "Moulin de la Galette", 83 rue Lepic 75018 Paris. It is 

far from the campus and we will access by metro (stations Place de Clichy, Blanche or Pigalle). Since dinner 

is only at 9 pm, we will in the meantime visit the Montmartre area (again beware of pickpockets) 

The conference will end up Friday around 1 pm. We will have lunch and then for those who are available we 

could go to the Eiffel tower or/and Champs Elysées. 

 

We hope you will enjoy both the science and the social events, and are looking forward to meeting you in 

Paris! 
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Program at a glance 
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Nanoscale chemical imaging of 2D materials using tip-enhanced 

optical spectroscopy 
Dr. Naresh Kumar 

 
Department of Chemistry & Applied Biosciences, ETH Zürich, Vladimir-Prelog-Weg 1–5/10, 8093 Zürich, Switzerland 

*e-mail of presenting author : naresh.kumar@org.chem.ethz.ch 

During the last decade, tip-enhanced optical spectroscopy has emerged as a powerful analytical tool 
for hyperspectral chemical imaging of 2D materials at the nanoscale. In this talk, I will discuss how atomic 
force microscopy (AFM) based-tip-enhanced Raman spectroscopy (TERS) (Figure 1) can be used to visualize 
structural defects in pristine single-layer graphene [1,2] and determine the level and location of molecular 
disorder in chemically functionalized few-layer graphene [3], carboxyl-modified graphene oxide (Figures 1b-
1d) [4] and graphene nanoribbons [5]. In addition, application of hyperspectral AFM-based tip-enhanced 
photoluminescence (TEPL) microscopy to probe excitonic processes in single-layer MoS2 [6], visualize 
optoelectronic behavior of grain boundaries grain boundaries in single-layer WSe2 [7] and probe nanoscale 
exciton funneling at wrinkles of twisted bilayer MoS2 [8] will also be presented. 

 
Figure 1. (a) Schematic illustration of an AFM-TERS setup used for nanoscale chemical characterization of 2D materials. (b) 
AFM topography image of few layer (F) and thick layer (T) carboxyl-modified graphene oxide (GO-COOH) sheets. (c) TERS 
image of D-peak intensity measured in the region shown in (b) showing structural and chemical defects present on the GO-
COOH surface.  Step size: 10 nm. (d) Stack of 10000 TERS spectra measured in (c) highlighting different functional groups 
detected at the GO-COOH surface [4]. 

References 
1. S. Mignuzzi, N. Kumar, B. Brennan, I. S. Gilmore, D. R. Richards, A. J. Pollard, D. Roy “Probing individual point defects in 

graphene via near-field Raman scattering” Nanoscale 2015, 9, 19413-19418 
2. W. Su, N. Kumar, N. Dai, D. Roy “Nanoscale chemical mapping of intrinsic defects in graphene using tip-enhanced Raman 

spectroscopy” Chemical Communications 2016, 52, 8227-8230 
3. E. L. Legge, K. R. Paton, M. Wywijas, G. McMahon, R. Pemberton, N. Kumar et al. “Determining the level and location of 

functional groups on few-layer graphene and their effect on the mechanical properties of nanocomposites” ACS Applied 
Materials & Interfaces, 2020, 12, 13481-13493 

4. W. Su, N. Kumar, A. Krayev, M. Chaigneau “In situ topographical chemical and electrical imaging of carboxyl graphene 
oxide at the nanoscale Nature Communications 2018, 9: 2891 

5. W. Su, A. Esfandiar, O. Lancry, J. Shao, N. Kumar, M. Chaigneau "Visualising structural modification of patterned graphene 
nanoribbons using tip-enhanced Raman spectroscopy" Chemical Communications, 2021, 57, 6895-6898 

6. W. Su, N. Kumar, S. Mignuzzi, J. Crain, D. Roy “Nanoscale mapping of excitonic processes in single layer MoS2 using tip-
enhanced photoluminescence microscopy” Nanoscale 2016, 8, 10564-10569 

7. W. Su, N. Kumar, H. Shu, O. Lancry, M. Chaigneau “In situ Visualization of Optoelectronic Behavior of Grain Boundaries in 
Monolayer WSe2 at the Nanoscale” The Journal of Physical Chemistry C, 2021, 125, 26883-26891 

8. J. Shao, F. Chen, W. Su, N. Kumar, Y. Zeng, L. Wu, H. W. Lu “Probing Nanoscale Exciton Funneling at Wrinkles of Twisted 
Bilayer MoS2 Using Tip-Enhanced Photoluminescence Microscopy” The Journal of Physical Chemistry Letters, 2022, 13, 
3304-3309 
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TERS Imaging of Photocatalytic Properties of Mono and Bimetallic 

Nanomaterials 

 
Dmitry Kurouski*, Zhandong Li 

 
(a) Department of Biochemistry and Biophysics, Texas A&M University, College Station, TX, 77843 USA 

*e-mail of corresponding author : dkurouski@tamu.edu  

 

Noble metal nanostructures can absorb light generating localized surface plasmon 
resonances (LSPRs), coherent oscillations of conductive electrons. LSPRs decay producing hot 
carriers, highly energetic species that can catalyze chemical reactions. If noble nanostructures are 
coupled with catalytic metals, such as Pt, Pd, and Ru, the resulting bimetallic nanostructures offer 
a much broader spectrum of catalytic properties. A growing body of evidence shows that the 
nanostructure of both mono and bimetallic nanomaterials determines their photocatalytic 
properties. At the same time, the relationship between the nanostructure, rates and yields of 
photocatalytic reactions, as well as the underlying physical cause of their catalytic reactivity and 
selectivity of both mono and bimetallic nanostructures, remains poorly understood. Tip-enhanced 
Raman spectroscopy (TERS) is an emerging analytical technique that allows for in situ monitoring 
of photochemical transformations with nanometer spatial resolution. In this talk, I will 
demonstrate the most recent findings reported by our and other research groups that shed light 
on the photocatalytic properties of mono- and bimetallic nanostructures. I will show that 
plasmonic reactivity and selectivity of bimetallic nanostructures are governed by the nature of the 
catalytic metal and the strength of the rectified electric field on their surfaces [1,2]. I will also 
discuss the most recent findings reported by our group which show that catalytic properties of 
bimetallic nanostructures directly depend on the interplay between the catalytic and plasmonic 
metals [3-5]. I anticipate that TERS-based analysis of the photocatalytic properties of both mono 
and bimetallic nanomaterials will be used to tailor synthetic approaches to fabricate novel 
nanostructures with desired catalytic properties.  

 

 

 

References 

[1] Li, Z. and Kurouski, D. (2021) Plasmon-Driven Chemistry on Mono and Bimetallic 

Nanostructures. Acc. Chem. Res., 54, 2477–2487. 

[2] Li, Z., Rigor, J., Large, N., El-Khoury, P., Kurouski D. (2021) Underlying Mechanisms of Hot 

Carrier-Driven Reactivity on Bimetallic Nanostructures. J. Phys. Chem C., 125, 2492-2501. 

[3] Li, Z., El-Khoury, P., Kurouski D. (2021) Tip-Enhanced Raman Imaging of Photocatalytic 

Reactions on Thermally-Reshaped Gold and Gold-Palladium Microplates. Chem. Commun. 57, 891-

894. 

[4] Li, Z., Wang, R., Kurouski, D. (2020) Nanoscale Photocatalytic Activity of Gold and Gold-

Palladium Nanostructures Revealed by Tip-Enhanced Raman Spectroscopy. J. Phys. Chem. Lett., 11, 

5531−5537. 

[5] Li, Z., Kurouski, D. (2021) Probing the Redox Selectivity on Au@Pd and Au@Pt Bimetallic 

Nanoplates by Tip-Enhanced Raman Spectroscopy (TERS). ACS Photonics, 8, 2112-2119. 

 
  

mailto:dkurouski@tamu.edu
https://kurouskilab.files.wordpress.com/2021/04/acs.accounts.1c00093.pdf
https://kurouskilab.files.wordpress.com/2021/04/acs.accounts.1c00093.pdf
https://kurouskilab.files.wordpress.com/2021/02/acs.jpcc_.1c00155.pdf
https://kurouskilab.files.wordpress.com/2021/02/acs.jpcc_.1c00155.pdf
https://kurouskilab.files.wordpress.com/2020/12/d0cc07060b.pdf
https://kurouskilab.files.wordpress.com/2020/12/d0cc07060b.pdf
https://kurouskilab.files.wordpress.com/2020/07/acs.jpclett.0c01631.pdf
https://kurouskilab.files.wordpress.com/2020/07/acs.jpclett.0c01631.pdf
https://kurouskilab.files.wordpress.com/2021/06/acsphotonics.1c00561.pdf
https://kurouskilab.files.wordpress.com/2021/06/acsphotonics.1c00561.pdf
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Localized moiré phonons in the magic material probed by tip-

enhanced Raman spectroscopy 

 
Andreij C. Gadelha(a)*, Douglas A. A. Ohlberg(a), Cassiano Rabelo(b), Eliel G. S. Neto(c), Thiago L. Vasconcelos(d), 

João L. Campos(a), Jessica S. Lemos(a), Vinícius Ornelas(a), Daniel Miranda(a), Rafael Nadas(a), Fabiano C. 
Santana(a), Kenji Watanabe(e), Takashi Taniguchi(e), Benoit van Troeye(f), Michael Lamparski(f), Vincent 

Meunier(f), Viet-Hung Nguyen(g), Dawid Paszko(g), Jean-Christophe Charlier(g), Leonardo C. Campos(a), Luiz G. 
Cançado(a), Gilberto Medeiros-Ribeiro(h) & Ado Jorio(a,b) 

 
(a) Physics Department, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil 
(b) Electrical Engineering Graduate Program, Universidade Federal de Minas Gerais, Belo Horizonte, 

Brazil.  
(c) Physics Institute, Universidade Federal da Bahia, Campus Universitário de Ondina, Salvador, Brazil. 
(d) Divisão de Metrologia de Materiais, Inmetro, Duque de Caxias, Brazil.   
(e) National Institute for Materials Science, Ibaraki, Japan.   
(f) Department of Physics, Applied Physics, and Astronomy, Jonsson Rowland Science Center, Troy, NY, 

USA.   
(g) Institute of Condensed Matter and Nanosciences, Université Catholique de Louvain, Louvain-la-

Neuve, Belgium.   
(h) Computer Science Department, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil. 

*e-mail of corresponding author: andreij@fisica.ufmg.br  

 

We visualized the twisted bilayer graphene crystallographic structure using visible light. 
Beyond expanding the optical spectroscopy limits, our discoveries unravel exotic physics. Indeed, 
we observed lattice localization effects in electron, phonon, and electron-phonon coupling 
experimentally. Our findings were possible due to a unique tip-enhanced Raman technique, which 
allows spectroscopic investigations at the nano-scale. We employed this technique on twisted 
bilayer graphene (the magical material), which has drawn tremendous attention due to its angle-
dependent tunable properties and strong-correlated phenomena. In summary, our work uncovers 
magic material striking properties, elucidating the role of local phonons and their possible 
influence on graphene's superconductivity. 

 

 
 

References 

 [1] Gadelha, A.C., Ohlberg, D.A.A., Rabelo, C. et al. Localization of lattice dynamics in low-angle 

twisted bilayer graphene. Nature 590, 405–409 (2021). https://doi.org/10.1038/s41586-021-03252-5 

 
  

mailto:andreij@fisica.ufmg.br
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Multimodal Tip-Enhanced Spectral Imaging on Both Sides of the 

Schrödinger Equation 

 

Patrick Z. El-Khoury 

Pacific Northwest National Laboratory 

Richland, WA, USA 

patrick.elkhoury@pnnl.gov 

 

The manipulation of light near the apex of a metallic 

nano-tip has enabled single molecule detection, 

identification, and imaging. The distinct advantages of the 

so-called tip-enhanced optical nano-spectroscopy/nano-

imaging approaches are self-evident: ultra-high spatial 

resolution (nanometer or better) and the ultimate sensitivity 

(down to yoctomolar) are both attainable, all while retaining 

the ability to chemically fingerprint one molecule at a time 

(e.g., through Raman scattering). An equally interesting 

aspect of the same approach stems from using the properties 

of molecules to characterize the environments in which they 

reside. This concept of spectroscopy on the left hand side of 

the Schrödinger equation is certainly not novel and has been 

discussed in pioneering single molecule studies that ultimately led to a Nobel prize in chemistry. 

That said, local environment mapping through ultrasensitive optical spectroscopy acquires a unique 

flavor when executed using tip-enhanced Raman scattering (TERS). TERS on the left hand side of the 

Schrödinger equation is the major topic of this talk. The talk will also highlight complementary 

multimodal (non)linear nano-optical measurements that target plasmonic nanoparticles and 

nanostructures (see Figure 1), and that are aimed at visualizing and understanding the nanoscopic 

optical fields that allow enhanced nano-spectroscopy and nano-imaging of molecular and materials 

systems.   

  

Figure 1. Schematic of 

multimodal (non)linear nano-

optical measurements targeting 

a plasmonic silver nanocube. 
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AFM-IR : 

When Atomic Force Microscopy meets Infrared 
 

Alexandre Dazzi(a)*, Jérémie Mathurin(a), Ariane Deniset-Besseau(a) 
 

(a) Institut de Chimie Physique, Université Paris-Saclay, 91400 Orsay, France 
*e-mail of corresponding author : alexandre.dazzi@universite-paris-saclay.fr  

 

The principle of AFM-IR technique is based on the coupling between a tunable infrared laser 

and an AFM (Atomic Force Microscope). The sample is irradiated with a pulsed nanosecond tunable 

laser. If the IR laser is tuned to a wavenumber corresponding to sample absorption band, the 

absorbed light is directly transformed into heat. This fast heating results in a rapid thermal 

expansion localized only in the absorption region detected by the AFM tip. Thus, the detection 

scheme is analogous to photo-acoustic spectroscopy, except that AFM tip and cantilever are used 

to detect and amplify the thermal expansion signal instead of a microphone in a gas cell. The thermal 

expansion induces cantilever oscillations that are rigorously proportional to the local absorption 

allowing to build up IR absorption spectra. These spectra use to correlate very well conventional IR 

absorption spectra collected by FT-IR spectroscopy. In addition, mapping oscillations amplitude 

versus tip position, for one specific wavenumber, gives a spatially resolved map of IR absorption 

that can be used to localize specific chemical functions1. 

After 17 years of development and improvement the AFM-IR technique becomes now a robust 

and efficient tool for infrared analysis at nanometer scale. The AFM-IR system can now work in 

contact mode, tapping mode and peakforce tapping mode 2,3,4 with sensitivity and resolution around 

5-10 nm with spectra bandwidth about 0.5 cm-1 (linked to the pulsed laser properties). The domain 

of applications is really huge, covering many diverse research areas like materials science, life 

science, astrochemistry, and culture heritage1,4. 

  

Chemical analysis of PS-b-P2VP (copolymer polystyrene-block-poly (2-vinylpyridine)) by ICON-IR. (left) 

topography image. (right) Chemical map ratio of 1492/1588 cm-1 revealing the spatial distribution of PS 

(violet color) and P2VP (green color). 

References 

[1] A. Dazzi, C.B. Prater, Chem. Rev., 117, 7, 5146–5173, (2017). 

[2] J. Mathurin et al., J. Appl. Phys. 131, 010901, (2022). 

[3] J. Mathurin et al. A&A, 622 (2019). 

[4] D. Kurouski et al., Chem. Soc. Rev. 49, 3315-3347, (2020). 
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Atomic-Scale Probing of Chemically Modified Borophene via Tip-

Enhanced Raman Spectroscopy 
Nan Jiang* 

Department of Chemistry, University of Illinois Chicago, Chicago, IL 60607, USA 

*e-mail of corresponding author: njiang@uic.edu 

 

Two-dimensional boron monolayers (i.e., borophene) hold promise for a variety of energy, 

catalytic, and nanoelectronic device technologies due to the unique nature of boron−boron bonds. 

To realize its full potential, it is desirable to chemically modify borophene either by Van der Waals 

interactions or covalent modification. In this context, the atomic-scale chemical study of 

functionalized borophene is of critical importance to the understanding of local interfacial 

characteristics and site-specific chemical properties. 

Tip-enhanced Raman spectroscopy (TERS), which couples scanning tunneling microscopy (STM) 

and surface-enhanced Raman spectroscopy, provides such a powerful capability to concurrently 

harvest topographic and chemical information with single-bond sensitivity at the angstrom-scale. 

Herein, we use ultrahigh vacuum (UHV) TERS to measure the angstrom-scale interfacial interactions 

of a vertical Van der Waals heterostructure of borophene with tetraphenyldibenzoperiflanthene 

(DBP) molecules. TERS reveals subtle ripples and compressive strains of the borophene lattice 

underneath the molecular layer. The induced interfacial strain is demonstrated to extend in 

borophene by ∼1 nm beyond the molecular region by virtue of 5 Å chemical spatial resolution [1]. 

Next, we use our method to probe the local chemical properties of oxidized borophene. The results 

show that single oxygen adatoms on borophene can be identified and mapped with ~4.8 Å spatial 

resolution and single bond (B–O) sensitivity. Furthermore, we reveal the propensity of borophene 

towards molecular oxygen activation at room temperature and phase-dependent chemical 

properties [2]. 

In addition to offering atomic-level insights into the above-mentioned systems, our studies 

demonstrate UHV-TERS as a powerful tool to probe the local chemistry of surface adsorbates and 

interfacial structures in the atomic regime with widespread utilities in heterogeneous catalysis, on-

surface molecular engineering, and low-dimensional materials. 

 

References: 
[1] L. Li, J. F. Schultz, S. Mahapatra, X. Zhang. X. Liu, C. Shaw, M. Hersam, N. Jiang, Journal of the American 

Chemical Society, 143, 38, 15624-15634, 2021, https://doi.org/10.1021/jacs.1c04380. 

[2] L. Li, J. F. Schultz, S. Mahapatra, Z. Lu, X. Zhang, N. Jiang, Nature Communications, 13, 1796 (1-9), 2022, 

https://doi.org/10.1038/s41467-022-29445-8. 

  

mailto:njiang@uic.edu
https://doi.org/10.1021/jacs.1c04380
https://doi.org/10.1038/s41467-022-29445-8
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Studying the impact of interlayer excitons on the optical properties of 

van der Waals heterostructures  
 

Patryk Kusch(a)*, Oisín Garrity(a), Alvaro Rodriguez(b), Niclas S. Mueller(a), Otakar Frank(b) 
(a) Freie Universität, Fachbereich Physik, Berlin, Germany  

(b) J Heyrovský Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, 
*e-mail of corresponding author : patryk.kusch@fu-berlin.de 

 

The optoelectronic properties of nanoscale systems such as graphene, carbon nanotubes 
(CNTs) and transition metal dichalcogenides (TMDCs) are determined by their dielectric function. 
This complex, frequency dependent function is affected by excitonic resonances, charge transfer 
effects, doping, sample stress and strain, and surface roughness. Knowledge of the dielectric 
function grants access to a material’s transmissive and absorptive characteristics. Here we study the 
influence of interlayer excitons that are excited in a TMDC heterostructures consisting of WSe2 and 
MoSe2, on the dielectric function by applying the dual scanning near field optical microscope (dual 
s-SNOM) [1,2,3]. Typically interlayer excitons are randomly distributed over TMDC heterostructures 
and identifying where they are located remains challenging and time consuming. By spatially 
resolved tip-enhanced inelastic scattering (Raman and photoluminescence) we identify interacting 
areas where interlayer excitons are generated. At such interacting areas we record near-field optical 
images as a function of excitation wavelengths, that let us construct the dielectric function. By 
comparing interacting and non-interacting areas on one TMDC heterostructure we investigate the 
impact of the interlayer excitons on the optical properties of the heterostrucutre.        

Furthermore, we use the dual s-SNOM investigate the light matter interaction in MoS2[2] and 
nano-image a sample consisting of monolayer WS2 placed on a gold substrate with the aim to 
identify local variations in the optical properties of the sample[1]. We find that the intrinsic disorder 
such as surface roughness, boundaries, and charge transfer influence the dielectric function and can 
lead to strong near field contrast changes in the s-SNOM images of the WS2. We correlate the s-
SNOM measurements with spatially resolved tip-enhanced PL spectroscopy and KPFM 
measurements, where we observe areas of strongly quenched PL and lower surface potential. This 
indicates that the strong variations of the dielectric function in monolayer WS2 are mainly due to 
charge transfer effects. 

Figure 1. (a) Near-field optical image of a TMDC heterostructure consisting of WSe2 and MoSe2. The area 
where the interlayer excitons are generated are highlighted and marked as interacting. (b) Photoluminescence 
spectra recorded at different areas on the TMDC heterostructure. The transition energy of the interlayer exciton 
is around 1.35 eV. 

References 

[1] Garrity, Oisín, et al. Applied Surface Science 574 (2022): 151672 

[2] Kusch, Patryk, et al. Physical Review B 103 (2021): 235409 

[3] Kusch, Patryk, et al. Nano letters 17 (2017): 2667-2673 
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Geometric and electronic redox properties 

of electrochemical single-molecule junctions 

 
Katrin F. Domke(a,b)*, Albert Cortijos i Aragonės(b,c), Giovanni Giuzio(b) 

 
(a) University of Duisburg-Essen, Faculty for Chemistry, Physical Chemistry II, Universitätsstraße 5, 

45141 Essen, Germany 
(b) Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany 

(c) University of Barcelona, Department for Materials Science and Physical Chemistry, Diagonal 645, 
08028 Barcelona, Spain 

*e-mail of corresponding author : katrin.domke@uni-due.de 

 
 

Gathering information about the geometric and electronic redox properties of molecules 

trapped in single-molecule junctions is highly desirable to advance or understanding of – and to 

ultimately design and control – efficient molecular electronics devices or (physiological) electron 

transfer systems in general.[1] In my talk, I will highlight our recent methodological advances with 

STM-based operando nearfield Raman spectroscopy and plasmon-supported break-junction 

experiments.[2,3] These approaches allow us to gain correlated chemical, topographic and 

electronic molecular-level information about, for example, adsorption geometry, chemical 

interaction and conversion and molecular conductance with extreme spatial resolution under 

reaction conditions.[4] 
 

 
 

Figure 1. Left: Schematic of an electrochemically gated plasmon-supported break-junction. Right: The life-
time of a single-protein junction increases with the nearfield strength, enabling single-junction EC-TERS. 

. 
 

References 
[1] Domke, K. F.; C.Aragonès, A.: Electric fields as actuators in unimolecular contacts. Current 

Opinion in Electrochemistry 35, 101032 (2022), https://doi.org/10.1016/j.coelec.2022.101032 

[2] Aragonès, A. C.; Domke, K. F.: Nearfield trapping increases lifetime of single-molecule junction 

by one order of magnitude. Cell Reports Physical Science 2, 100389 (2021), 

https://doi.org/10.1016/j.xcrp.2021.100389 

[3] Aragonès, A. C.; Domke, K. F.: Electrochemical gating enhances nearfield trapping of single 

metalloprotein junctions. Journal of Materials Chemistry C 9 (35), pp. 11698 - 11706 (2021), 

https://doi.org/10.1039/D1TC01535D 

[4] Giuzio, G., Baghernejad, M., Aragonès, A. C., Domke, K. F., in preparation 
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Tip-enhanced Raman spectroscopy of multiwalled carbon nanotubes 

functionalized with polymeric strands 
 

Antonino Foti(a,b)*, Suriya Venkatesan (b), Bérengère Lebental (b,c), Gaël Zucchi (b), Razvigor Ossikovski (b) 
 

(a) CNR-IPCF, V.le F. Stagno D’Alcontres 37, I-98158, Messina, Italy 
(b) 2 LPICM, CNRS, Ecole Polytechnique, Institut Polytechnique de Paris, Route de Saclay, 91128 

Palaiseau, France 
(c) 3 COSYS-LISIS, Université Gustave Eiffel, IFSTTAR, F-77454 Marne-la-Vallée, France 

*e-mail of corresponding author : antonino.foti@cnr.it, razvigor.ossikovski@polytechnique.edu  

 

Tip-enhanced Raman Spectroscopy (TERS) has gained a lot of attention from many nanoscience 
fields since this technique can provide chemical and structural information of surfaces and interfaces 
with nanometric spatial resolution [1-3]. Multiwalled carbon nanotubes (MWCNTs) are very versatile 
nanostructures that can be dispersed in organic solvents or polymeric matrices giving rise to new 
nanocomposite materials showing improved mechanical, electrical and thermal properties. 
Moreover, MWCNTs can be functionalized with polymers in order to be employed as specific 
chemical sensors. In this context, TERS is strategic since it can provide useful information on the 
cooperation of the two components at the nanoscale for the optimization of the macroscopic 
properties of the hybrid material. Nevertheless, efficient TERS characterization relies on the 
geometrical features and material composition of the plasmonic tip used [3]. In this work, after 
comparing the TERS performances of commercial Ag coated nanotips and home-made bulk Au tips 
on bare MWCNTs, we show how TERS can be exploited for characterizing MWCNTs mixed with 
conjugated fluorene copolymers. Notably the distribution of the polymer with respect to the 
MWCNTs was imaged at the nanoscale (Figure 1) while the careful analysis of the TERS spectra can 
give useful information for the understanding of the polymer/CNT electronic interactions at the local 
scale [4]. 
 

 
Figure 1. (a) Raman signal of polymer functionalized MWCNTs on gold substrate observed with (red line) and 
without (black line) the TERS tip in close proximity to the sample surface. TERS imaging of  (b) the 2D band 
of the MWCNT, (c) the CH stretching mode of the polymer. Red dashed lines in the two maps are the contours 
of the MWCNTs localized from the images in panel (b), while the scale bar is 25 nm. 
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Tip-Enhanced Raman Spectroscopy (TERS) has emerged as a promising technique for nanoscale 

chemical characterization of a wide range of materials in the chemical, material and biological sciences 
under ambient conditions.1 2,3 Precise material characterization is underpinned by the accurate 
understanding of the origin of the TERS spectra and their different features. Furthermore, understanding 
how various environmental variables such as oxygen, humidity, adventitious carbon species4 etc., 
contribute to the TERS spectrum is of utmost importance for their correct interpretation and reliable 
chemical analysis.  

In this work, we have performed a comparative study to investigate the interplay of different 
experimental parameters on the STM-TERS measurements of 3 different samples that are typically 
employed in TERS studies: (1) Self assembled monolayer (SAM) of 4-biphenylthiol (BPT) on Au (111), (2) 
SAM of adenine on Au(111) and (3) bare single-crystal Au(111) surface, in both ambient (air) and inert 
(nitrogen) environments. These 
typical samples differ in their 
degree of molecular packing, 
hydrophilicity and display a 
completely different TERS 
behavior in the ambient and inert 
environments (Figure 1). We 
discuss the origin of transient, 
spurious signals observed during 
TERS measurement in different 
environments and their 
contribution to TERS imaging. We 
also discuss possible mechanisms 
that lead to the amplified intensity 
of such signals and discuss 
strategies to mitigate their 
frequent occurrence. Additionally, 
we also study the effect of sample 
properties including molecular 
packing and hydrophilicity, STM 
parameters, oxygen and humidity 
on plasmonic signal enhancement 
and spectral background of TERS 
spectra. 

We expect that the insights gained in this fundamental study with help in an improved experimental 
design and understanding of the TERS measurements, especially in a STM-TERS setup. Furthermore, it will 
also pave the way for performing high resolution, large area scans which can be especially useful for 
studying biological materials. 
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Figure 1. Comparative TERS measurements in ambient (air) and 
inert (nitrogen) environments of a (a) BPT SAM, (b) Adenine SAM, 
and (c) Au(111) single crystal surface. (d) Box plot displaying the 
percentage of pixels with spurious signals observed in TERS 
images measured in the air and nitrogen environments. (e) 
Magnified view of the area marked in (d).  
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In this work, the development of tip-enhanced Raman spectroscopy (TERS) is analyzed from 
the perspective of scientific instrumentation development [1]. The research started as a doctoral 
thesis aimed to capture the main aspects in the development of a scientific instrument for 
nanotechnology, based on the history of electron microscopy and scanning probe microscopy, to 
shed light into how TERS has developed so far and what to focus on the next years to a successful 
path to TERS diffusion and commercialization. In one approach, scientific instrument history is 
described according to an event chronology analysis [2], where events, in the case of TERS history, 
are qualified papers categorized by experts as dominated by science (S), technology (T), application 
(A) and market emphasis (Figure 1). Evidence from our analyses indicate that although, in total, 
more papers have focused on technological development, application-oriented works become the 
most important type of publication in the last years, mainly by the academic community, alone or 
in association with national laboratories [3]. To complement the analysis, we invited TERS VII 
participants to answer an e-mail survey about the present and future of TERS and the results of the 
questionnaire were discussed in a panel during the last conference in China. We conclude that to 
be more diffused, TERS needs to raise the community of users by being applicable to other areas, 
and this will be possible by turning the instrument in a “one-hour photo lab” type [4].  

 

 
Figure 1. Evolution of relevance (in %) of documents according to the science (S), technology (T), application, 
or market approach. The inset shows the total accumulated % distribution. The red arrows point to the years 
of changes in behavior. 

References 

[1] A. Van Helden. The Uses of Science in the Age of Newton. Berkeley and London: University of 

California Press, p.49-84 (1993). 

[2] D. R. Heise, A. Durig. Journal of Mathematical Sociology, v. 22, n. 2, p. 95–123 (1997). 

[3] M.D.D. Costa, A. Jorio, L.G. Cançado. Journal of Raman Spectroscopy 52:587-599 (2021). 

https://doi.org/10.1002/jrs.6044  

[4] D. Baird, A. Shew. Discovering the Nanoscale. Amsterdam: IOS Press, p. 145-156 (2004).  

mailto:marciaddc@ufmg.br
https://doi.org/10.1002/jrs.6044


21 
 

Nanoscale Analysis of On-Surface Coordination Systems Using Tip-

Enhanced Raman Spectroscopy 
 

Zhen-Feng Cai(a)*, Li-Qing Zheng(a), Yao Zhang(b) and Renato Zenobi(a) 

(a) Department of Chemistry and Applied Biosciences, ETH Zurich, Zurich CH-8093, Switzerland  
(b) Hefei National Laboratory for Physical Sciences at the Microscale and Synergetic Innovation Center 

of Quantum Information and Quantum Physics, University of Science and Technology of China, 
Hefei, Anhui 230026, China  

*e-mail of presenting author : zhenfeng.cai@org.chem.ethz.ch 

 

Metal-organic coordination structures at interfaces play an essential role in many biological 
and chemical systems.[1-4] Understanding the molecular specificity, orientation, and spatial 
distribution of the coordination complexes at the nanometer scale is of great importance for 
effective molecular engineering of nanostructures and fabrication of functional devices with 
controllable properties. However, fundamental properties of such coordination systems are still 
rarely studied directly. 

Herein, this presentation will focus on the application of tip-enhanced Raman spectroscopy 
(TERS) as a spectroscopic approach to investigate on-surface coordination species on the scale of a 
single molecule under ambient conditions, as illustrated in Figure 1.[5] Coordination species 
anchored on gold surfaces modified with pyridine thiol self-assembled monolayers can be 
spectroscopically distinguished and mapped with ca. 2 nm resolution. In addition, in combination 
with density functional theory simulations, the adsorption configuration and molecular orientation 
of the coordination complexes are also revealed using TERS imaging. For instance, the tilt angles of 
the coordination complexes with a Raman fingerprint in Figure 1b correspond to ca. 90°, 60°, 45°. 

Figure 1. 
a) Scheme of STM-TERS probing on-surface coordination system. b) Typical TER spectra of coordination 

complexes with different tilt angles on a Au(111) surface. c – d) TERS peak intensity maps (840 cm-1) 
showing the orientations of the coordination species are more homogeneous in the immersion sample. 
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The conversion of an electrical signal to an optical signal with maximum bandwidth and 
practical on-chip integration is of fundamental interest. Therefore, light emission by inelastic 
tunneling has gained considerable interest, since it allows to construct an electrically driven 
plasmonic nano gap antenna. Accurate control of the shape, aspect ratio, and gap size of the 
structures determines the spectral shape[1], position, and width of the plasmonic resonances[2]. 
Many emerging nano-photonic technologies depend on the careful control of such localized 
resonances, including optical nano antennas for high-sensitivity sensors, nanoscale control of 
active devices[3], and improved photovoltaic devices.  

However, achieving reproducible and stable experimental conditions with nanometer sized 
gaps in tunneling range remains a challenging task in high demand. We have investigated different 
approaches to establish these conditions. Either, by a gold tip positioned in tunneling range above 
an gold samples, to produce a gap mode antenna, which can be driven by an applied bias 
voltage[4], or by fabricated arrays of vertical coupled antennas in metal-insulator-metal 
arrangements. These IET devices are based on electrically connected gold nano rods (GNR) and 
hexagonal boron nitride as insulating layer. By tuning the aspect ratio of the GNRs we shift the 
localized plasmon resonance of the antennas and adjust the emission wavelength. Secondly, we 
used an gold tip positioned in tunneling range above an gold film, to produce a gap mode antenna, 
which can be driven by an applied bias voltage. 

The results discussed here show solutions of antenna modulated light emission from a 
tunneling junction approaching the ultimate size limits of an opto-electronic device, while the 
operating speed is only limited by the electron tunneling time. The reviewed concept represents a 
novel platform for ultra-small, fast, optically, and electronically switchable devices. 

        

Fig. 1 Different approaches to establish plasmonic tunnel junctions. (a) A STM tunneling junction on a 

plasmonic particle and (b) a stacking device, starting with an ITO bottom electrode on glass, followed by an 

array of GNRs. Afterwards a few layers sheet of h-BN is transferred, and an evaporated Au top electrode 

complete the device. Electrons tunnel from the Au top electrode to the GNRs, where inelastic tunneling occurs 

and transfers energy to the plasmon, which later determines the emission wavelength. 
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Two-dimensional materials and heterostructures formed by stacking of their individual layers 

belong to the forefront of current materials research. Their spectroscopic investigation relies 
mostly either on diffraction-limited microRaman or photoluminescence (PL), which do not 
properly capture local structural variations caused by, e.g., nanometre-scale heterogeneities 
originating from contamination trapped either between the bottom-most layer and its substrate 
or in the interlayer galleries. Herein, we will show specific Raman and PL signatures that allow such 
nanoscale characterization of monolayer (1L) transition metal dichalcogenides (TMDCs) and their 
heterobilayers. Tip-enhanced photoluminescence (TEPL) can be used to visualize the intralayer 
excitons as well as to follow the interlayer excitons, intensity of which corresponds to the level of 
interaction [1] (Figure 1A). Ultra-low frequency tip-enhanced Raman spectroscopy (ULF-TERS) 
gives access to interlayer phonons, which provide an additional, straightforward way for nano-
optical characterization of TMDC heterostructures [2] (Figure 1B). 
 

 
 

Figure 1. (A) TEPL intensity map (left) and spectra (right) of a MoSe2/WSe2 blister. Colors in the map 
correspond to the integrated intensity in the energy ranges indicated in the spectra panel. The peaks which 
can be assigned to the interlayer emission appear only in the spectra from the flat areas (nr. 3). Scale bar: 

200 nm. (B) 3D representation of a bubble in a WS2/WSe2 heterobilayer. Normalized intensities of the 
interlayer phonon (blue) and the A1g mode of WS2 (red) show an abrupt decrease of the interlayer interaction 

towards the bubble peak. 
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ZSM-5 is a widely used zeolite catalyst in the petrochemical industry for converting methanol 

into hydrocarbon such as gasoline and diesel, which is also known as the methanol to hydrocarbon 

(MTH) reaction [1-3]. However, the deactivation of ZSM-5 catalysts via formation of coke species 

during MTH reaction is not very well understood, primarily due to the lack of analytical techniques 

with sufficient specificity, sensitivity, or spatial resolution.  

In this study, we demonstrate that hyperspectral tip-enhanced fluorescence (TEFL) microscopy 

is a sensitive analytical tool to directly investigate surface coke formation on zeolite ZSM-5 catalysts 

at the nanoscale. We investigated two different zeolite ZSM-5 samples: First, subjected to 10 minutes  

of MTH reaction (10-ZSM-5), which represents a “working” catalysts and the second, subjected to 

90 minutes of MTH reaction (90-ZSM-5), which represents a “deactivated” catalyst. Coke formation 

of the 10-ZSM-5 catalyst sample was successfully visualized with a spatial resolution of up to 35 nm 

as shown in Figure 1. Simultaneously recorded atomic force microscopy topography and TEFL 

images presented in Figures 1b and 1c, respectively are in excellent correlation with each other. 

Interestingly, a relatively higher fluorescence signal was observed at the location of topographic steps 

in the TEFL images of both 10-ZSM-5 (Figure 1c) and 90-ZSM-5 samples. This indicates that the 

catalytic activity on the surface of zeolite ZSM-5 catalyst is clearly non-uniform at the nanoscale and 

topographic steps have a relatively higher catalytic activity compared to flat regions. The same 

experimental approach was applied to probe coke formation on the 90-ZSM-5 catalyst at the 

nanoscale. The results from the 90-ZSM-5 catalysts, further confirmed our earlier observation that at 

the nanoscale the ZSM-5 surface exhibits a non-uniform catalytic activity. This is the first observation 

of catalytic heterogeneity on ZSM-5 catalysts at nanometer length-scales.   

This work demonstrates the potential of hyperspectral tip-enhanced optical microscopy to 

investigate deactivation processes in the industrially relevant heterogeneous catalysts.  
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Figure 1 (a) Optical image of a 10-ZSM-5 catalyst. (b) AFM topography image of the 

marked area in (a). (c) TEFL image of the area shown in (a). Step size: 25 nm. Spectrum 

acquisition time: 0.25 s. (d) Plot of intensity profile along the dotted line marked in (c) 

fitted with a Gaussian curve (red). 
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Transition metal dichalcogenides (TMD) with metallic or semi-conducting properties have 
received intense interest for a broad range of applications ranging from battery development to 
magnetic quantum devices. Using atmospheric pressure chemical vapor deposition, we have 
synthesized a series of TMD flakes such as MoS2,1 WS2,2 and VS2 flakes that present peculiar surface 
defects or patterns. In order to understand the origin of these surface singularities, tip-enhanced 
Raman spectroscopy (TERS), Nanomechanical measurement modes and Kelvin probe force 
microscopy (KPFM) are jointly used to probe isolated flakes composed of a single and up a few 
layers. Remarkably, domains that cannot be observed using the topographical modes of an atomic 
force microscope can be revealed with a crisp contrast using TERS, KPFM and nanomechanical 
measurements, thus yielding a comprehensive ensemble of information to better understand the 
formation of these surface domains. For example, flower-like structure can be observed in WS2 
flakes while chiral structure can be revealed in VS2 TMDs. The properties of MoS2 can also be tuned 
by decorating the surface of the flakes with metallic particles or through functionalization. The 
understanding of the formation of these patterns and their interactions with metallic particles 
located onto their surface enables the fine tuning of these novel materials with promising future. 
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Conventional spectroscopic techniques are limited by the optical diffraction limit to about half 

wavelength and therefore offers about 200 nm х 200 nm microscopic zone for working in the visible 

light range. Tip-enhanced Raman spectroscopy (TERS) emerges as an advanced analytical technique, 

where the plasmonically active probe is not only used to detect the tunneling current but also to 

interrogate the local chemical environment of surface adsorbed molecules with angstrom scale 

precision. In this work, we report a topological and 

chemical analysis of two regioisomers (positional isomers), 

trans- and cis-tetrakispentafluorophenylporphodilactone   

(trans- and cis-H2F20TPPDL) by scanning tunneling 

microscopy (STM), ultrahigh vacuum (UHV) TERS on 

Ag(100) with the spatial resolution down to 8 Å (Figure 1a), 

which has wide range of applications in various field of 

surface science & nanotechnology such as regioselective 

catalysis reaction, chemical reactions, molecular 

electronics etc [1]. We have shown, it is possible to 

distinguish these two structurally very similar forms with 

high accuracy & precision. The two-component molecular 

junction has been identified using high resolution two-

dimensional (2D) Raman mapping. In addition, the 

molecule-substrate interactions have been addressed at 

the single-molecule level by employing three different 

single-crystals i.e., Ag(100), Cu(100), and Au(100). Strong 

surface interactions at Cu(100) surface converted the 

flexible porphodilactone structure inverted (Figure 1b), 

which was further verified by STM [2]. Expanding upon 

this work, the chemical information available through 

STM-TERS allows me to investigate the chemical 

modification in Ferrocene dicarbixylicacid (FcDCA) adsorbed over Cu(100) substrate (Figure 1c) [3]. 

Angstrom scale chemical analysis using TERS is shown here as a broad and versatile technique in 

surface characterization.   
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Figure 1. (a) Angstrom-scale chemical 

identification of regioisomers on Ag(100) 

surface. (b) TERS investigation of 

regioisomers on Ag(100), Cu(100) and 

Au(100) surface. (c) Chemical 

modification of FcDCA on Cu(100) 

substrate. 
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Carbon nanomaterials such as graphene and carbon nanotubes (CNTs) have received a 
tremendous interest due to their outstanding potential such as nano-scaled sensors, conductors, 
capacitors and so on. Recently graphene nanoribbons (GNRs), a quasi-one-dimensional form of 
graphene, have also attracted attention especially due to the chemical tunability of their band 
structure for both fundamental research and functional materials including nano electronic 
devices. The GNR could be regarded as a ribbon-like graphene sheet due to their structure with a 
high aspect ratio. Different approaches to obtain GNRs have been reported such as etching from 
graphene with lithographic methods, chemical synthesis, unzipping from CNTs, and 
crystallographic cutting of graphene. Among them, a chemically unzipping of CNTs in a solution 
phase is one of the attractive methods to obtain GNRs in large scale. In our previous study, we 
found that double-walled carbon nanotubes (DWNTs) were better precursor material compared 
with multi-walled carbon nanotubes (MWNTs) to obtain single-layer graphene nanoribbons 
(sGNRs) with higher yield by chemically unzipping process. [1] However, the quality of the 
obtained sGNR at nanoscale level has not been yet revealed. Here we applied tip-enhanced Raman 
scattering (TERS) spectroscopy for single unzipped GNR analysis. Our group has recently developed 
novel atomic-force microscopy TERS (AFM-TERS) tip by functionalizing chemically synthesized 
silver nanowires to a standard AFM cantilever.[2,3] Here, we report chemically unzipped GNRs 
exhibit large ribbon-to-ribbon heterogeneity in terms of crystallinity and edge structures 
generated upon unzipping process. 
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High-resolution optical technique combining scanning probe microscopy and optical 
microscopy has shown its distinct capability in characterizing materials with high chemical and 
spatial resolution. In the past years this technique has witnessed an extremely active development, 
which has shown to be operated at low temperature, ultra-high vacuum or electrochemical 
environment [1].  

In this talk, our work about applying tip-enhanced Raman and fluorescence microscopy to 
study the defect state and strain in two dimensional semiconductive materials will be reported. [2] 
Further, back focal plane imaging of gap mode that is formed either by single nanoparticle-on-
ultrasmooth gold film or gold tip/gold crystal, will be presented. The influences of nanoparticles and 
tips of different geometries on the directionalities of the emission signals from the narrow gap will 
be discussed. [3] 

 

 
 

Figure 1. a) Tip-enhanced optical imaging of defects in monolayer WS2 flake. [2] b) Directional emission of 
gap mode imaged at the back focal plane of a parabolic mirror. [3]   
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In recent years, new optical approaches to probe microscopy, such as TERS[1], Nano-IRi(Nanoscale IR 
Spectroscopy)[2] and PiFM (Photo-induced Force Microscopy)[3] which can extract chemical information of 
materials with nanometer  spatial resolution, have been developed to provide a deep understanding of the 
molecular and atomic level structure and chemical properties of materials[4]. All of the above scanning-
probe-microscope-based spectroscopy methods use a near-field light spot generated at the tip apex of the 
probe to carry out sensitive, high-resolution spectroscopy measurements. In TERS, the probe tip is the most 
important component. Therefore, its material, shape and excitation mechanism have been investigated 
extensively[5]. In conventional TERS, due to the diffraction limit, the irradiation area of the excitation light is 
much larger than the effective enhancing area of the tip. Therefore Raman and fluorescence signals from 
sources other than directly under the probe become the background signal. Especially when the sample is 
relatively thick or cannot be placed on a noble metal substrate, the background signal overwhelms the local 
TERS signal and significantly degrades the sensitivity and spatial resolution of TERS, making the application 
of TERS difficult. In these systems, the gap mode enhancement,  i.e., occurring in the gap between the 
probe tip and the gold or silver substrate, can not be utilized and the local near-field enhancement is very 
weak. To overcome this problem, we proposed a gold-coated TERS probe with a plasmon thin-film 
waveguide formed by FIB (focused ion beam) processing combined with an indirect-illumination TERS 
method to significantly decrease the background signal. We succeeded in TERS measurement of the surface 
of a diamond plate, which was difficult to measure due to the large background Raman signal of the bulk of 
diamond via conventional TERS[6,7]. 

In this report, to further improve the TERS performance, “quasi-indirect illumination method”, in 
which the laser is not focused on the tip apex but on a nearby edge of the developed gold-coated FIB 
probe, is newly proposed. This excitation mode significantly increases the excitation efficiency of the near-
field light at the tip apex. Evaluation experiments were carried out on a commercial TERS system to 
measure organic single-molecule thin films and 2D functional materials. It was confirmed that the 
measurement sensitivity offered by the combination of the developed probe and multiple excitation mode 
was five times higher than that of the conventional unmachined gold-coated probe, and that TERS 
measurements in non-gap mode for 2D functional materials, which had been challenging to conventional 
gold tips, were also possible. 

This research will not only lead to the realization of non-gap mode TERS measurements using gold-
coated probe, which can significantly expand the versatility of TERS technique, but also contribute to higher 
measurement sensitivity of other nanospectroscopy, such as Nano-IR and PiFM. It is expected to establish a 
strong position as nanospectroscopy in the field of material science, including research and development of 
semiconductor devices, storage batteries and quantum sensors. 
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Metal nanocatalysts show great performance in conventional heterogeneous catalysis, 

electrochemistry, photochemistry and even in solar cell. In real catalysis, the size of the catalyst is 
important to tune the overall activity because of the heterogenous surface geometric and 
electronic properties. However, it remains highly challenging to resolve the correlation of catalytic 
performance to surface single-catalyst with specific size in real space, so as to avoid averaging 
effects. Herein, according to the distinct Raman fingerprints of adsorbed 4-chlorophenyl 
isocyanide (CPI) molecules, we utilized tip-enhanced Raman spectroscopy (TERS) to realize the 
chemical mapping of the different size of individual Pd nanoisland with ~3 nm resolution. The 
findings are corroborated by theoretical calculations, which suggests that smaller Pd nanoislands 
have lower d-band center (εd) and tensile strain and therefore the weaker d-π* backdonation, 
leading to the observed blue-shift of νNC frequency of CPI probe molecule. Furthermore, we 
characterized the hydrogenation reaction of nanocatalyst with different sizes, obtaining the direct 
relationship between size and catalytic performance at single catalyst level. Comparative 
experimental and theoretical studies of single Pd nanoisland on Au(111) substrate not only reveal 
the capability of TERS to study catalyst properties at atomic and molecular level, but also suggest 
that accurate control over the catalyst size can be an effective approach to fine-tune their catalytic 
properties. This study paves the path to guide the design of high-performance catalyst with 
optimum size. [1] [2] 
 

 
Figure 1. Schematic illustration of size effect on Pd/Au(111) bimetallic surface using tip-enhanced Raman 

spectroscopy 
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Atmospheric aerosols are well known to impact both air quality and climate change. The 
importance of characterizing the composition and the microstructure of atmospheric particles is 
now well-established for inferring key properties of aerosols such as hygroscopicity, the activity of 
cloud condensation, the reactivity, the optical properties, etc.. [1] Secondary organic aerosols 
(SOAs) are formed through the oxidation of biogenic or anthropogenic volatile or semi-volatile 
organic compounds by atmospheric oxidants. SOAs consist of thousands of organic compounds but 
only less than 20 % are quantified [2]. Once SOAs are formed in the atmosphere, they may further 
react with atmospheric reactants leading to the formation of evolutive complex particles. 
Understanding the formation and aging of SOAs in the atmosphere is of prime importance to 
evaluate their impact on atmospheric processes. The characterization of atmospheric particles can 
be conducted at different levels of details including the single particle scale. Indeed, the composition 
and heterogeneity of a particle can be resolved with a high degree of spatial resolution by tip-
enhanced Raman spectroscopy (TERS) [3]. The characterization of SOAs collected in the atmosphere 
by TERS is a challenging task since spectral fingerprints of SOA have not been investigated so far.  

In this study, we used TERS to characterize particles collected during the LANDEX campaign 
recently conducted in June-July 2017 and aiming at understanding SOA formation and 
transformation. The sampling site was located in the Landes forest (France) at Bilos. The particles 
were collected on suitable substrates using a Dekati cascade impactor allowing for collection of size-
seggrated fractions.  

The conventional Raman imaging performed on the submicronic fraction of particles only lead 
to the identification of inorganic species such as nitrate and sulphate-rich particles. TERS 
measurements were achieved using a bottom-illumination TERS instrument. Additionally, the dark-
field Rayleigh scattering imaging [4] of the particles provides indications on their size and help to 
the particle localization. TERS features highlighted the mixed organic/inorganic composition of 
submicronic particles and TERS images clearly shown the heterogeneous distribution of organic 
compounds on the particle surface.  
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The distribution of chemical bonds in organic matter 
(OM) of interplanetary samples (meteorites and 
micrometeorites) can be efficiently and non-destructively 
characterized using infrared (IR) vibrational spectroscopy. 
Conventional IR microscopy provides a global view of the 
dust grain physico-chemical composition but remains 
spatially limited by diffraction [1]. In state-of-the-art 
synchrotron-based µ-FTIR microscopy, spot sizes of a few 
microns at best can be achieved in the mid-IR range. Such 
diffraction limited sampling can be circumvented by using 
AFM-IR microscopy [2]. AFM-IR is now a well-established 
microscopy technique in the vibrational field, combining an 
atomic force microscope (AFM) and a tunable IR laser 
source to record the photo-thermal effect and access 
chemical information at the sub-micrometric scale [3]. This 
technique is applied in a wide diversity of scientific fields, 
and was recently used to analyze OM-rich extraterrestrial 
samples [2], [4]. As AFM-IR reaches a high resolution (tens 
of nanometers) compared to the size of the studied objects 
(few tens to hundreds of microns), regions of interest were 
first localized and selected using conventional and 
synchrotron FTIR microscopy.  

In this study we focused on the analysis of samples 
from the Japanese space mission Hayabusa2, that returned 
samples from the primitive asteroid Ryugu. Ryugu samples 
were received from the “IOM” and “Stone” initial analysis teams led by Dr. H. Yabuta and Dr. T. Nakamura, respectively. 
Several samples from two different sample chambers (A and C, corresponding to two different collecting sites) were 
prepared by crushing small fragments on diamond windows. The analyzed areas were chosen based on previous µ-FTIR 
synchrotron analyses. It was then possible to localize OM inclusions in samples from chamber A (not shown here) and 
chamber C (Fig. 1). It shows that the OM inclusions recorded by AFM-IR range from 50 nm to 500 nm in size, and that 
chemical heterogeneities are observed at small scales: parts of the inclusions seem to exhibit local enrichment in C=O 
(redder) while other a local enrichment in C=C (bluer). This is confirmed by the local IR spectra which show locally 
different C=C and C=O contributions.These results demonstrate the presence of organic inclusions intimately mixed with 
minerals at the sub-micron scale. Focusing on the OM-rich zones of Ryugu samples it is possible to unveil, without any 
chemical treatment, heterogeneities in the IR signature of the chemical bondings in the OM, such as local C=O 
enrichment with spots of a few tens of nm. 
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Figure 1. AFM-IR study of chamber C sample C109-04, in the context 
of µFTIR maps. Left panels: maps obtained by transmission 
synchrotron µFTIR and corresponding to the absorption of Si-O 
(silicates at 1020 cm-1, green), C=C (1600 cm-1, blue) and C=O (1720 
cm-1, red) – Middle panel: 3 x 3 µm RGB composite image combining 
the AFM-IR absorption mapping obtained at same wavenumber (and 
corresponding colors) as the µFTIR synchrotron maps. The size of the 
image corresponds to that of one pixel in the synchrotron µFTIR maps 
– Right panels: Top: optical image of the crushed sample; Middle (from 
top to bottom spectra): average µFTIR synchrotron spectra obtained 
on the whole sample, local spectra obtained by AFM-IR highlighting 
the presence of OM with and without a C=O signature at 1720 cm-1). 
The red, blue and green dashes indicate the wavenumber positions of 
the IR mapping with the same color; Bottom: AFM topography of the 

3 x 3 µm area studied in AFM-IR 
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Intercalation of 2D layered semiconductors, such as MoS2, with molecules is interesting 
because it drastically changes the electric, optical, and magnetic properties of the host crystal. To 
observe and understand the intercalation process and its impacts on the material properties, it is 
crucial to gain knowledge about the molecule distribution in the semiconductor.  

Here, we use near-field techniques to show that Tetraethylammonium (TEA) molecule 
intercalation of MoS2 bulk crystals locally changes the conductivity. The techniques are based on 
elastic light scattering at an atomic force microscope tip, employing monochromatic laser 
illumination or broadband illumination from an IR supercontinuum laser. Acting as an optical 
antenna, the tip converts the illuminating field into a strongly concentrated near-field at the very 
tip apex (nanofocus). Recording of the tip-scattered field as a function of sample position 
(monochromatic illumination) yield nanoscale-resolved IR/THz images (s-SNOM), while Fourier-
transform spectroscopy of the tip-scattered field (broadband illumination) allows for nanoscale IR 
point spectroscopy (nano-FTIR) [1,2]. In the s-SNOM images of the intercalated material we find a 
drop of the amplitude signals with increasing frequency, and a change of the phase contrast, 
resembling a Drude-like response, while the pristine MoS2 shows no changes with frequency. 
Furthermore, the amplitude and phase images of the intercalated MoS2 flakes are not 
homogeneous, indicating a spatial variation of the local conductivity, i.e., the carrier concentration, 
as exemplarily shown in Fig. 1 recorded at 1000 cm-1.  In addition, we use nano-FTIR to measure the 
molecular vibrations showing the presence and amount of the TEA molecules.  

Our work shows the potential of IR/THz nanoimaging as a noninvasive technique to 
simultaneously map the carrier concentration together with molecular vibrations, thus allowing for 
correlating the presence of molecules with the conductivity of the system.  

 

 
 

Figure 1. s-SNOM amplitude (left) and phase (right) image of the intercalated MoS2 flake recorded at  
1000 cm-1. 
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When going down into the world of nano-objects, image reconstruction requires prior 
information on the topology of the probe-source interaction. For example, atomic force microscopy 
images are usually treated on the basis of trivial bare geometrical convolution, in which the spatial 
distribution of the probe-sample interaction is resumed to the shape of the probe's apex. When 
analyzing TERS data, however, this broadly utilized and trivial assumption is no longer valid, and the 
prior knowledge of the geometry of the probe alone does not provide enough information for 
accurate reconstruction of TERS images. Our work reveals the actual shape of the optical field 
generated by a nanoplasmonic probe for scanning optical near-field microscopy in two-dimensional 
systems, which responds uniquely to light polarized along the material´s surface. We demonstrate 
that a rather simple analytical model, based on a single point-dipole’s field, provides accurate 
description of the nano-Raman system point spread function, enabling to extract structural 
information from nano-sized systems with unprecedented resolutions in nano-optics 
measurements, in ambient conditions.  Knowing the spatial distribution of the optical field 
generated by the probe, we then measured the width of shear solitons caused by lattice 
reconstruction in low-angle twisted bilayer graphene, a prominent platform for twistronics, and the 
extend of defect-induced light emission from graphene edges. 
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Graphene nanoribbons (GNRs)[1], quasi-one-dimensional narrow strips of graphene, have 
emerged as promising candidates for high-performance nanoelectronic devices due to their tunable 
energy band gaps resulting from lateral quantum confinement and edge effects. The recent 
development of on-surface synthesis (OSS) has achieved various types of atomically precise GNRs, 
revealing fascinating electronic, magnetic, and mechanical properties. Their optical properties, on 
the other hand, remain largely unexplored, with only few reports on the averaging 
fluorescence/absorbance measurements over GNR film/solution. The intrinsic luminescence 
properties of atomically precise GNR remains remain to be addressed at single molecule level.  

Here, excitonic emission from atomically precise GNRs synthesized on a metal surface is 
probed with atomic-scale spatial resolution using a scanning tunneling microscopy (STM) 
approach.[2] A STM-based strategy to transfer the GNRs to a partially insulating surface is used to 
prevent light emission quenching of the ribbons by the metal substrate. Sub-nanometer resolved 
STM-induced fluorescence spectra reveal emission from localized dark excitons build upon the 
topological end states of the GNRs accompanying with a series of vibronic peaks. The vibronic peaks 
at high energy (>1000 cm-1) are assigned to the specific vibrations of sp2 carbon materials and 
insensitive with the ribbon length. On the other hand, the low-frequency vibronic emission comb 
changes with the GNR length and is attributed to longitudinal acoustic modes conned to a finite box. 
Overall, our study provides a novel path to investigate the interplay between excitons, vibrons and 
topology in atomically precise graphene nanostructures. 

 

 
Figure 1. Sketch of STM-induced luminescence from single 7-AGNR decoupeld from Au(111) surface 
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Light-matter interactions are often considered to be mediated by the optical electric field, and electric dipole 

(ED) transitions only, discarding half of the energy stored in the optical magnetic field. Although interactions between 
light and magnetic dipole (MD) transitions are very weak, they can be studied in a certain class of materials, such as 
metal ions. For instance, 𝐸𝑢3+ lanthanide ions are known to sustain ED and MD excitation transitions (𝜆𝐸 and 𝜆𝐻), and 
ED and MD emission transitions (𝜆𝐸𝐷 and 𝜆𝑀𝐷). For instance, it was demonstrated that MD emission could be 
manipulated by tuning the local magnetic quantum environment surrounding the MDs by means of dielectric or 
plasmonic nano-structures [1,2]. Along the same line, it is also possible 
to manipulate the excitation of the ED and MD by controlling the electric 
and magnetic fields distribution of the excitation light [3]. Here, by 
manipulating the spatial distributions of the electric & magnetic optical 
fields and their local density of states, we report the selective excitation 
and emission control of electric and magnetic dipole transitions. This is 
achieved by generating a standing wave whose electric and magnetic 
nodes and anti-nodes do not overlap spatially. For this purpose, using a 
scanning near-field optical microscope (SNOM), a plasmonic 
nanostructure at the end of an optical fiber tip acting as a mirror is 
placed on top of a 𝐸𝑢3+ doped 𝑌2𝑂3 nanoparticle. The coupled system 
is then positioned above a microscope objective allowing its excitation 
(Figure 1). The interferences generated from the incoming beam and its 
reflection by the nanostructure create a standing wave characterized by 
the nanoparticle. Indeed, the 3D scanning properties of the SNOM allow 
to couple, in space, the electric and magnetic nodes and anti-nodes of 
the standing wave to the electric or magnetic transitions of the  𝐸𝑢3+ 
ions. This control allows us to selectively excites one or the other 
transition and, by collecting the luminescence, image one or the other 
optical field (Figure 2) together with their associated local density of 
states. We have, therefore, a system granting us complete control of the 
electromagnetic and quantum interactions between the two 
components of light and matter. With this, we imaged, for the first 
time, both the electric and magnetic nodes and anti-nodes of a 
standing wave. Also, we show an increase in collected luminescence 
by magnetic excitation with respect to a far-field excitation, 

something that has never been described before. Finally, we 
demonstrated that we can also control the luminescence 
emission by manipulating the magnetic and electric quantum 
environment solely through magnetic or electric excitation. This 
is remarkable since these two quantities are normally 
decoupled, but this manipulation becomes possible because of 
both the electric and magnetic control achieved here. 
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Figure 1: Schematic of the experimental set-up. A 
plasmonic-mirror antenna at the end of a fiber tip is 
approached in close proximity to a Y2O3:Eu3+ doped 
nanoparticle using a SNOM, which allows us to 
position the antenna at the nanoscale with respect to 
the nanoparticle. Selective electric or magnetic 
excitation is controlled by tunable filters. The 
luminescence is collected and analyzed by a 
spectrometer for each antenna-particle position. 

 

 

 
Figure 2: Luminescence enhancement by the 
nanoparticle excited at either  or , in function of the 
particle-antenna distance. The electric and magnetic 
nodes and anti-nodes of the standing wave are imaged.  
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Tip enhanced Raman Scattering (TERS) imaging is gaining increasing popularity for the nanoscale 
spectroscopic characterization of novel 2D semiconductors and their vertical and lateral heterostructures.  
Gap mode TERS imaging when a thin sample is sandwiched between the TERS active SPM probe and 
plasmonic substrate like silver or gold, is the most popular and advantageous option due to strong 
enhancement of optical electric field in the tip-substrate cavity. Despite multiple examples of successful 
application of the gap-mode TERS imaging of nanoscale heterogeneities in 2D semiconductors such as 
transition metal dichalcogenides (TMD), the exact physics of complex interaction between the plasmons in 
the tip-substrate junction and excitons in TMDs remains poorly understood. One of the possible approaches 
towards probing complex resonant phenomena occurring in gap-mode TERS experimental conditions is 
performing TERS imaging with varied excitation wavelength [1]. We’ll demonstrate that the TERS spectra of 
WS2-WSe2 vertical heterostructures 
obtained with 785 nm, 632.8 nm, 671 
nm and 593.8 nm excitation may differ 
significantly, the intensity of 
characteristic Raman bands of WSe2 at 
around 250-260 cm-1 being extremely 
low in case of 632.8 nm excitation but 
rising as we move to shorter or longer 
excitation wavelengths. We’ll discuss 
the advantages of concurrent two-color 
excitation TERS imaging (Figure 1) as 
well as interesting counterintuitive 
variations of the intensity of TERS 
bands of the monolayer WS2 as the 
function of the excitation wavelength. 
Finally, we’ll demonstrate that the ratio 
of the intensity of the in-plane E2g and 
the out-of-plane A1g modes in the 
above- and below- the-band-gap non 
resonant TERS spectra of bilayer WS2 on 
silver inverses as we move from 532 nm 

to 785 nm excitation.  
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Figure 1. TERS spectra from the monolayer WS2 (green), bilayer WS2 
(blue) and WS2-WSe2 vertical heterostructure (red) on gold averaged 
over the correspondingly colored sampling boxes in the TERS map. This 
map was collected using concurrent illumination with 632.8 nm and 785 
nm lasers. 150 grooves /mm grating provided sufficient spectral range 
for collection of characteristic Raman bands for both lasers. 
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In this work we use a tip-enhanced Raman spectroscopy (TERS) setup to study a gate-dependent 

graphene device, as shown in Figure 1a. Figure 1b shows the graphene-device Raman spectra with and 
without the tip, showing a spectral enhancement of 7x. We observe similar tip-induced amplifications for 
both G and 2D Raman peaks when the Fermi level is at the neutrality point. Nonetheless, the doped 
graphene exhibits an asymmetric behavior: the 2D band presents higher tip-induced amplifications than G 
bands. We rationalize our results considering that, in the near-field regime, the measurement is performed 
with spatial resolution greater than the so-called phonon coherence length (LC), and interference effects 
can appear in the Raman signal [1]. Graphene presents mainly two Raman bands, G and 2D, that have 
different symmetries leading to a LC-dependent constructive (destructive) interference in the 2D (G) near-
field Raman scattered photons [1]. In this scenario, our results indicate that the LC is dependent on the 
Fermi level, and it drops considerably when the Fermi level moves towards the Dirac point. 

 
Figure 1. (a) A photo of the device used in this work. (b) Raman spectra of graphene with (red) and without 

(blue) the TERS tip.  
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Advances in nanotechnology enable the detection of trace molecules from the enhanced 
Raman signal generated at the surface of plasmonic nanoparticle.  We have developed technology to 
enable super-resolution imaging of plasmonic nanoparticles, where the fluctuations in the surface 
enhanced Raman scattering (SERS) signal can be analyzed with localization microscopy techniques to 
provide nanometer spatial resolution of the emitting molecule’s location.[1-2]  We have been able to 
use this approach to increase the spatial resolution of SERS imaging. While we can visualize SERS 
fluctuations across a wide field of view, the spectral information in these experiments generally 
requires a second measurement after acquiring the super-resolved image.  Recent work now enables 
the super-resolved SERS image and the corresponding spectrum to be acquired simultaneously.  This 
spectrally resolved SERS imaging provides two spatial, a frequency dimension, and a time dimension, 
providing increased information characterization of molecules interacting with plasmonic 
nanoparticles. In addition, the polarization is the field of view can be controlled to investigate lateral 
interactions between nanostructures and control of the image onto the sCMOS detector can 
distinguish neighboring particles.  In this presentation we will discuss the instrumentation, 
nanoparticles, and data illustrating the imaging of the Raman signal from nanoparticle probes to 
understand activity in biological and other systems. 

 

 
Figure 1. Widefield illumination with a single frequency laser source and imaging the Raman scattered photons 
enables the use of localization microscopy to simultaneously record spatial position and spectra from 
nanoparticles and molecules they interact with.  The white ligh image (top left) and the overlay with average 
Raman image (top right) can be super-resolved (bottom left) while simultaneously recording the spectrum 
(bottom right) from each nanoparticle detected in the field of view. 
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A tip-enhanced Raman scattering (TERS) microscopy is an advanced technique for 
investigation at the nanoscale because of its excellent properties, such as its label-free 
functionality, non-invasiveness, and ability to simultaneously provide topographic and chemical 
information. The probe plays a crucial role in TERS technique performance. Widely used AFM-TERS 
probes fabricated with metal deposition suffer from relatively low reproductivity as well as limited 
mapping and storage lifetime. To solve the reproducibility issue, silver nanowire (AgNW)-based 
TERS probes were developed, which, thanks to the high homogeneity of the liquid-phase synthesis 
of AgNW, can achieve high TERS performance with excellent probe reproductivity, but still present 
short lifetime due to probe oxidation. In this work, a simple Au coating method is proposed to 
overcome the limited lifetime and improve the performance of the AgNW-based TERS probe. For 
the Au-coating, different [Au]/[Ag] molar ratios were investigated. The TERS performance was 
evaluated in terms of changes in the enhancement factor (EF) and signal-to-noise ratio through 
multiple mappings and the storage lifetime in air. The Au-coated AgNWs exhibited higher EF than 
pristine AgNWs and galvanically replaced AgNWs with no remarkable difference between the two 
molar ratios tested. However, for longer scanning time and multiple mappings, the probes 
obtained with low Au concentration showed much longer-term stability and maintained a high EF. 
Furthermore, the Au-coated AgNW probes were found to possess a longer storage lifetime in air, 
allowing for long and multiple TERS mappings with one single probe. 
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Tip-enhanced Raman spectroscopy (TERS), which achieves true nanometric spatial resolution in 

optical microscopy, has been employed for chemical characterization of materials in various 
research field, such as biology [1], and 2D materials [2]. While TERS has found its innovative 
multidimensional nanoscale applications in the recent past, it has a vital glitch in imaging large-sized 
samples, even for samples with the size of a few micrometers. This is because it is challenging to 
maintain stable TERS signal of a sample during long-time measurement, especially when using an 
atomic force microscopy (AFM)–based TERS system. The instability of the scattered signal originates 
from thermal and vibrational drift of the metallic nanotip with respect to the focus spot of the 
incident light as well as the focus position in the optical axis. Because of these uncontrollable drifts, 
conventional TERS imaging must be completed typically within 30 min; otherwise, optical signal 
deteriorates beyond the acceptable level. The restriction of measurement time indeed limits the 
use of TERS for advanced analysis, such as quality evaluation of optoelectronic devices, high-
resolution imaging of biological cells, which requires large field of view. 

In this talk, we present ultrastable TERS setup that has a home-built feedback system to 
compensate possible drift in all three dimensions [3]. This technical development we achieved 
overcomes the long-standing issue of the system drift, and thus the imaging time is no longer limited 
by the mechanical drift. Our ultrastable optical 
nanoimaging system enables characterization of 
nanoscale defects in micrometer-sized WS2 layers 
at a high pixel resolution down to 10 nm without 
losing substantial optical signal. Owing to the 
ultrastable TERS system, we could reveal that the 
defect density on the surface of WS2 layers in large 
area equivalent to the device scale was indeed 
higher than the previously reported defect density 
of the smaller area (Figure 1). Furthermore, such 
long-duration TERS imaging led us to find rare 
properties of the materials, such as unique defects 
of WS2, which one can easily miss with 
conventional TERS systems. The present work 
paves the way for nanoscale optical spectroscopy 
and imaging of large-sized samples not only for 
optoelectronic devices but also biological cells, 
heterogeneous catalysis. 
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Figure 1. Superposition of high-resolution 

TERS intensity images of the A1g mode and 

the D band of large-sized WS2. 
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Compared with traditional semiconductor catalysts, metal-semiconductor heterojunctions 
can form a space charge region that can effectively inhibit electron-hole pair recombination. 
Therefore, metal-semiconductor interface can guide the design of highly active catalysts. Unlike 
conventional semiconductors, the two-dimensional (2D) materials such as transition metal 
chiochides (TMDs) have the advantages of tunable size, thickness and electronic properties 
because their atomic layers are weakly bound together through van der Waals force. These 
properties have made 2D-TMDs highly valuable to a new generation of electronic and 
optoelectronic devices. Since electronic property of the 2D semiconductor-metal interface is key 
to the electron transport and catalytic performance, it is of great significance to study electronic 
properties of such an interface. However, most of present characterization techniques cannot 
accurately construct the surface interface relationship between structure and activity, which 
greatly limits our understanding of essential properties of 2D semiconductor-metal materials. 

Tip-enhanced Raman spectroscopy (TERS) has the advantages of high sensitivity, high spatial 
resolution and simultaneous morphology and chemical fingerprint information, and shows great 
potential in surface science. In this presentation, charge transfer at the interface of the monolayer 
MoS2/Au film sample, formed by metal-assisted transfer[1], was characterized at the nanometer 
spatial resolution by TERS. The monolayer MoS2 has a closer contact with the Au film underneath 
and is more serious doped by Au compared with the mechanically exfoliated sample, as revealed 
by Raman spectroscopy, atomic force microscopy (AFM) and Kelvin probe force microscopy 
(KPFM). By TERS mapping on the interface of monolayer MoS2/Au sample, we observed that both 
A1g and E2g peaks showed red shift and weakened intensity, indicating a high carrier density and 
large strain of MoS2 at the interface, respectively[2]. The charge transfer region in the monolayer 
MoS2/Au is less than 8 nm. These results are helpful to understand electronic properties of the 
space charge region at the nanometer scale, which can provide strong guidance for the design of 
photoelectric devices with high electron transport performance. 

 

 
Figure 1. Scheme of the experimental configuration for obtaining the distribution of charge layers between 

metal and two-dimensional semiconductor interface. 
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Heat flow generation and manipulation in nanoscale solids using light represents one of the 

arduous tasks in thermonanophotonics. Enhanced light-matter interaction due to plasmon 
resonance permits metallic nanostructures to absorb light energy efficiently, and it results in extra 
optical heating. A net temperature increment of nanostructures is directly dependent on heat 
exchange with a thermostat. Controlling optical heating at a fixed pump power is, however, still of 
no practical implementation. In this study, we focus on the tunable optical heating of the 
plasmonic nanostructure exposed to moderate light intensity (MW/cm2), based on slowing down 
heat exchange through a 1D waveguide heatsink bridging the nanostructure and the highly 
thermal conducting thermostat. A concept rationale is evidenced through optical heating of a 2D 
array of stacked titanium nitride (TiN) (plasmonic refractory nanoheater) and height-controlled 
silicon (Si) (1D waveguide heatsink) cylinders (Fig. 1 (a)). Depending on the Si pillar height, the 
temperature rise of a TiN:Si voxel ranges from a few up to thousands of degrees at the fixed pump 
power, as shown in Fig. 1 (b). The temperature of the TiN:Si voxel is remotely measured from the 
Raman shift of the Si pillar. An alternative approach to control thermal gradients with TiN:Si voxels 
of equal size is related to changing their permittivity due to oxidation of TiN pads. The optical 
heating of silicon nano- and micro-structures with and without coatings under cw illumination is 
discussed in detail. The power of these findings is exemplified by nanoscale probing phase 
transitions [1,2] and optical data recording and storage [3]. 

 

 
Figure 1. (a) Schematic perspective of a 2D array of TiN:Si voxels, (b) temperature map under cw laser 

illumination with the intensity of 5 MW/cm2. 
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Recently our group reported that a Plasmon-Tunable Tip Pyramid (PTTP) probe leads to 
unprecedent and reproducible Raman signal enhancement when matching its monopole localized 
surface plasmon resonance (LSPR) mode wavelength to the laser wavelength [1]. However, like any 
Au TERS tip, it is only capable to work at near-infrared to red spectral range due to the spectral limit 
of surface plasmon resonance. In the other hand, several samples as graphene, TMDs and proteins 
are betters characterized with green laser, while Raman scattering is at least twice as efficient at 
this wavelength. Ag came as an alternative to Au since it has good plasmonic properties at the whole 
visible range, but its high chemical reactivity at ambient conditions limits its use [2]. In this work we 
show that the Au60Ag40 (at.%), known as 18kt AuAg alloy, gives to the PTTP the capacity of having 
its LSPR mode tuned at green spectral range together with an improvement on its mechanical 
properties while been chemical stable at ambient conditions. Simulations were used to define the 
proper PTTP size to tune its LSPR mode at green and red laser, whereas TERS experiments over 
graphene sample showed high optical efficiency in both laser lines. In addition, amplitude 
modulation-frequency modulation atomic force microscopy was applied and showed that the 
Young's modulus of Au60Ag40 is ~60% higher than a pure evaporated Au, leading to a longer TERS tip 
shelf life. These results support the improvement on TERS technique by using 18kt AuAg alloy PTTPs, 
which allows a wider range of applications with higher mechanical and optical quality.   

 

 
Figure 1. (a) Illustration of a PTTP made of Au (AuAg alloy) illuminated by a red (green) laser. (b-c) TERS 
experiment under λ = 532 nm laser illumination. (b) Graphene spectra acquired with (green) and without (black) 
a Au60Ag40 PTTP. (c) D band intensity line profile through a point defect on graphene sample.   
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The paradigm of stacking and twisting 2D materials provides a fundamentally different take on the 
engineering of materials properties, offering a tunable atomic registry of the adjoining layers. For many 
materials, particularly the transition metal dichalcogenides, finite twisting creates an adjustable moiré 
potential, modifying the quasi-particle excitations. These moiré excitons offer a unique platform for quantum 
investigations, as the properties of excitons localized to moiré sites have been predicted to be a solid-state 
analogue of well-established quantum simulation systems such as cold atoms in laser lattices1. However, 
achieving a uniform moiré lattice is difficult. This is exacerbated by the fact that the majority of optical 
characterizations of moiré excitons have been conducted by far-field techniques, which necessarily averages 
over many non-equivalent moiré unit cells, confounding data interpretation.  

Nano-optical techniques offer a path to direct characterization of the spatial-spectroscopic character of 
moiré excitons. Nano-infrared and TERS[2 techniques have already demonstrated great success in imaging 
moiré phenomena in bilayer graphene and boron nitride3,4. For TMDs, however, nano-optical imaging of the 
moiré lattice and its influence on exciton properties has been elusive. One principal challenge is the much 
smaller typical size of the moiré lattice, where the largest moirés (~50 nm)5 are only approximately 2x larger 
than the resolution of nano-optical techniques of tip-enhanced photoluminescence (TEPL) and tip-enhanced 
Raman scattering (TERS). Additionally, the small resolution requires large enhancement factors and very stable 
imaging conditions – two parameters that are only partially in an experimenter’s control.  

Here, we report on our progress in direct TEPL/TERS imaging of moiré lattices and their properties in 
homo and hetero TMD bilayers. In MoSe2/WSe2 hetero-bilayers on Au, we show signs of reconstructed moiré 
domains which correlate with high zero-bias nano-photocurrent imaging. Lastly, I will show integrated 
TEPL/TERS imaging of reconstructed moiré domains, with cells sizes verified by piezo-force microscopy. Our 

results show feasibility of using nano-optics for the investigating moiré excitons.  
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The growing interest in nanofunctionalized surfaces, for their application as (bio-)molecular 

sensors, catalysts, or else energy-storing devices, pushes the research towards two main objectives. 

On one side, it is essential to elaborate precise strategies for the surface nanostructuration, while on 

the other side more accurate analytical methods need to be developed for operating at the working 

conditions of the device and therefore probing their reactivity in real time. 

The second objective specifically was at the center of the presented experimental work, which 

focused on the optimization of electrochemical tip-enhanced Raman spectroscopy (EC-TERS). 

Electrochemical cell-like setups were designed to work both in a scanning tunneling microscope 

(STM) [1] and in an atomic force microscope (AFM), either in an upright or in an inverted 

configuration. Despite the issues due to the presence of liquid (as tip-sample polarization constraints 

in STM [2] or laser refraction issue in side-illumination AFM), the new developments allowed 

performing dynamic electrochemical measurements in quite a wide potential range simultaneously to 

TERS time mapping [3,4]. 

The performances of the upgraded setups were therefore tested on gold-immobilized layers 

carrying a nitrobenzene functional group, whose complex electrochemical reaction mechanism has 

been extensively studied and debated. Based on the results obtained by the spectroelectrochemical 

analysis, hypothesis on the reaction path followed by the nitrobenzene in the employed measurement 

conditions could be drawn. 

 

 
Figure. Schematic view of the EC-STM-TERS setup developed to perform in situ analysis. 
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TERS is a method allowing to determine Raman spectra of specimens with a high spatial resolution on 

nanoscale. However the determination of the resolution in each concrete experiment may be a rather 
complex task, as it strongly depends on a used tip and may be very individual reaching even submolecular 
resolution [1]. 

From the other side, simple dipolar model of the tip-substrate interaction allows general estimation of 
this resolution on the base of the field distribution obtained in the frame of this model. General behavior of 
normalized fields at the surface calculated as the field of a dipole interacting with its image are shown in 
Figure 1 for two orientation of the tip dipole – perpendicular and along the surface. All distances are 
normalized by the distance from the model dipole to the surface Z while the fields should be multiplied by 
the corresponding dipole moment divided by the distance to the surface in the third power and additional 
coefficient depending on dielectric functions of the substrate and ambient. If to consider that the absolute 
value of the dielectric function of the substrate is bigger than of the ambient, that coefficient for the field 
components perpendicular to the surface is bigger than for the ones parallel to the surface. Additionally, 
shown fields demonstrate that because of the complex field distribution around a dipole, all polarizations are 
excited and should give the contribution into the registered signal. 

So, as it is well known, vertically excited tip generates the strongest field at the surface. However, this 

field is practically zero over the distance from the tip position  2 Z, which can be considered as the upper 
boundary of the TERS resolution. Nonuniform tip polarization in front of the surface should only decrease 
this value. 

 

  
Figure 1. Normalized field distribution along the surface for two polarizations of a tip : left – perpendicular 

and right – paralel to the surface. 

 

Références 

[1] S. Trautmann, J. Aizpurua, I. Götz, A. Undisz, J. Dellith, H. Schneidewind, M. Rettenmayr, and 

V. Deckert, Nanoscale, 9 (2017), 391, https://doi.org/10.1039/C6NR07560F 

 
  

mailto:bortch@sorbonne-universite.fr
https://doi.org/10.1039/C6NR07560F


49 
 

TERS and TEPL of in-plane homojunctions in graphene and 

MoS2 van der Waals Heterostructures 
 

Ado Jorio(a)*, Andreij C. Gadelha (a,b), Thiago L. Vasconcelos (c) and Luiz G. Cançado(c) 
 

(a) Physics Department, UFMG, Belo Horizonte, MG 31290-901 Brazil. 
(b) Present Address: Department of Physics, and JILA, University of Colorado at Boulder, Boulder, 

Colorado 80309, USA. 
(c) Divisão de Metrologia de Materiais, INMETRO, Duque de Caxias, RJ, Brazil. 

 
*e-mail of corresponding author: adojorio@fisica.ufmg.br  

 
The control of doping on the physical properties of two-dimensional materials is important for their 

application in electronic and optoelectronic devices. Here we report a study on graphene and MoS2 
homojunctions by placing these materials partially on top of an SiO2 substrate, partially on top of a layered 
talc substrate (see figure 1). By analyzing the TERS from graphene and the TEPL from MoS2, two different 
doping zones are evident, with sub-100 nm wide spectral variations induced by local charge oscillations. The 
oscillations occur at the homojunction and extend over longer distances away from the interface, indicating 
imperfect deposition of the two-dimensional layer on the substrate. Our results are important to build better 
electronic and optoelectronic devices, evidencing fine and unexpected details of the homojunctions [1]. 

 

 
 

Figure 1. Schematics (left) and optical microscope image (right) of van der Walls heterostructures made by 
graphene or MoS2 deposited partially on SiO2, partially on talk (from [1]). 

 

 

References 

 

[1] A. Jorio, A.C. Gadelha, T.L. Vasconcelos and L.G. Cancado, The Journal of Physical Chemistry 

Letters 12 (31), 7625-7631 (2021), https://doi.org/10.1016/j.ohx.2022.e00290 

 

  

mailto:adojorio@fisica.ufmg.br
https://doi.org/10.1016/j.ohx.2022.e00290


50 
 

Characterization of Functionalized Transition Metal Dichalcogenides 

flakes by TERS 
 

Cédric Lambin(a)*, Maria O. Aviles(a), Joachim Jelken(a), François Lagugné-Labarthet(a)* 

(a) Department of Chemistry and Centre for Advanced Materials and Biomaterials Research (CAMBR), The 

University of Western Ontario,1151 Richmond St London, Ontario N6A 5B7, Canada 

*e-mails of corresponding authors: clambin@uwo.ca and flagugne@uwo.ca  

Transition metal dichalcogenides (TMDs) are a class of 2D layered materials with unique electrical, optical, 
and mechanical properties that have great potential for applications in optoelectronics, electronics, and 
sensing devices.[1] TMDs consist of one transition metal atom sandwiched between two chalcogen atoms 
and are organized as stacked layers. TMDs such as few-layer thick MoS2 demonstrated a direct and finite 
band gap for monolayers and a transition from direct to indirect band gap when the number of layers 
increases.[2] 2D TMDs can be obtained through mechanical exfoliation or chemical vapor deposition (CVD) 
which produce single crystalline flakes.[3] 

Furthermore, the functionalization of the flakes opens interesting possibilities to  tune the optical and 
electrical properties of the 2D flakes, thus opening other applications in the field of sensing and surface 
chemistry over the TMD materials.[4] In this work, highly crystalline TMDs flakes are grown by CVD and 
functionalized with resonant (Rhodamine dye) and non-resonant (nitro thiophenol) molecules and 
characterized by tip-enhanced Raman spectroscopy (TERS). The TERS measurements and concomitant Kelvin 
force measurements provide a nanoscale-level characterization to understand how and to what extent the 
properties of MoS2 can be tuned through functionalization procedure. 
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Total internal reflection tip-enhanced Raman spectroscopy (TIR-TERS) has recently emerged 
as a promising technique for noninvasive nanoscale chemical characterization of biomolecules [1]. 
We demonstrate that the TERS enhancement achieved in this experimental configuration is nearly 
30 times higher than that in linear polarization and 8 times higher than that in radial polarization 
using traditional bottom-illumination geometry [2]. Our new experimental approach also allows 
dark-field scattering measurements of TERS tips for an easy and quick tip-laser alignment as well as 
the characterization of their plasmon bands so as to estimate their ideal excitation wavelength prior 
to carrying out nanometric chemical imaging [3]. TIR-TERS was recently used for the study of Tau 
amyloid fibrils formed with the human full-length Tau protein mixed with heparin. This technique 
reveals the possibility to perform TERS imaging with 5−10 nm lateral spatial optical resolution with 
a very low laser power to avoid any sample degradation. In these Tau/heparin fibrils, spectral 
signatures assigned to aromatic amino acid residues (phenylalanine, histidine, and tyrosine) and 
nonaromatic ones (e.g., cysteine, lysine, arginine, asparagine, and glutamine) are distinctly 
observed. Amide I and amide III bands can also be detected. In a fibril portion, it is shown that 
antiparallel β-sheets and fibril core β-sheets are abundant and are often localized in amino acid-rich 
regions where parallel β-sheets and random coils are present in lower proportions [2]. This first TIR-
TERS study on a non-resonant biological sample paves the way for future nanoscale chemical and 
structural characterization of biomolecules using this performant and original technique. 
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Organic thin-film transistors (OTFTs) featured low cost, large-area fabrication, and high flexibility compared with 

inorganic transistors1. The typical structure of an OTFT is shown in Fig 2(b) (but without nanoparticles). The performance 
gradually became comparable to inorganic amorphous device2, and OTFTs promised high potential. However, they still 
suffer from instabilities. In particular the degradation of organic semiconductor (OSC) film was analyzed as one main 
factor. Researchers attempted various approaches3 but instability remains an issue. It was found that a strong electric 
field is present near the electrodes of the stressed OTFT. Fig. 1(a) shows the electrical potential profile measured by Kelvin 
Probe Force Microscopy (KPFM)4. The potential drop measured near the electrodes, creating a high electric field, is 
related to electrical contact issues4. This high field is believed to be responsible for the degradation of the OSC in the 
OTFT channel. Our project consists in utilizing a localized Raman setup to follow the degradation of stressed OTFTs. Raman 
spectroscopy is an efficient technic to characterize OSC and OSC-devices5. We handled a LabRAM system (Horiba) equiped 
with a TERS module and we have developped a setup to performe micro-Raman sepctroscopy on operating OTFTs, as 
shown Fig 2(a). In this study, OTFTs based on S-DNTT-10 (dialkylated dinaphtho [2,1-b:2,1-f]-thieno[3,2-b] thiophenes)6 
were fabricated and measured. 

To reach our goal, a number of tasks have already been achieved: (1) The Raman spectrum of S-DNTT-10 was calculated 
by DFT method, providing a theoretical fundamental for the subsequent research on Raman spectrum and its variation; 
(2) OTFTs were fabricated by PVD method (the structure of sample showed on Fig. (2)) and electrically measured (typical 
I-V characteristics are shown on Fig. 1(b)); (3) The effect of the LabRAM excitation lasers on the OTFT electric 
characteristics has been studied. The results show only a slight influence of lasers used in Micro-Raman or in TERS system. 
Therefore, Raman measurements can be used in our research; (4) Under bias stress, the Raman intensity in the channel 
of OTFTs varied according to potential drop (Fig.1(c)); (5) Annealing on OTFTs enhanced the I-V performances by 
improving charge injection efficiency at the contacts (Fig. 1(b)). We studied this effect by recording Raman spectra and 
AFM topography maps before and after annealing. It showed a variation of some characteristic peaks of the S-DNTT-10 
and topography. 
Our initial studies using Micro-Raman on operating OTFTs revealed limited sensitivity of the system to the device stress. 
Improvements should help to obtain quantitative information on the molecular arrangement of OSC film. In this 
perspective not only the development of TERS on stressed OTFTs will be carried out, but also we propose to insert 
metal nanoparticles on the surface or inside S-DNTT-10 channel to perform SERS measurements, as illustrated in Fig. 
2(b). 
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Fig.2 The illustration of (a) Raman setup and Operated OTFT and (b) 

inserted nanoparticles into OTFT S-DNTT-10 based. 
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Owing to the extraordinary mechanical, thermal, electrical, optical properties, and the potential to 

couple with nano-plasmonic structures, two-dimensional (2D) transition metal dichalcogenides (TMDCs) are 
promising materials for next generation (opto-)electronic devices. Targeting the application stage, it is crucial 
to understand the competing mechanisms of photoluminescence (PL) quenching and enhancement at the 
nanoscale. Benefiting from the high spatial resolution and the freedom of controlling the picocavity size by 
fine-tuning the tip-sample distance, tip-enhanced photoluminescence (TEPL) spectroscopy is an ideal 
characterization technique to investigate these nano-objects. Here, we use TEPL to investigate structures 
comprising MoSe2 monolayer, hBN layers and plasmonic nanostructures. Interestingly, as shown in Fig. 1, 
even with a ~3.4 nm hBN layer as a spacer between MoSe2 and the plasmonic nanostructures, we are still 
able to observe the gap-plasmon mode on the Au nanotriangles (NT), which indicates a strong enhancement 
of the localized electric field [1], while the PL of MoSe2 is strongly quenched. Using a systematic tip-sample 
distance TEPL study on different combinations of MoSe2/SiO2, MoSe2/NT, MoSe2/hBN/SiO2, and 
MoSe2/hBN/NT, we can explain the competing mechanisms of local PL quenching and enhancement at the 
2D TMDC/hBN/plasmonic interface. 
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Nanoscale analysis is important for areas such as molecular electronics, materials, biophysics, and 

biology. Tip-enhanced Raman spectroscopy (TERS) has gained considerable interest due to its nanoscale 
spatial resolution, high sensitivity, and ability of simultaneous topographic and spectroscopic imaging [1]. By 
using a sharp metallic nanotip to confine and enhance the light field near the tip apex, a single hot-spot is 
excited and nanoscale chemical imaging is achieved [2]. Different physico-chemical methods have been 
developed to produce modified AFM-based TERS tips such as vacuum evaporation, chemical deposition, 
nanoparticle attachment, and microfabrication methods [3,4]. 

In this work we fabricated gold-coated AFM-based TERS tips through electrochemical deposition. A 
simple conventional three-electrode system, with the AFM tips as working electrode, was used. Through 
controlling the applied potential and time of electrodeposition, TERS active AFM-based TERS tips were 
fabricated with different radius of curvature of tip apex. 

 
Figure 1. (a) Schematic illustration of the electrochemical cell. (b) SEM image of a gold-coated AFM tip  

 
This result shows the feasibility of electrochemical deposition as an easy and powerful tool to fabricate 

metallic coated AFM-based TERS tips and the applicability of such modified tips during the analysis of 
graphene oxide samples. This method will be used to electrodeposit different metals on the surface of AFM 
tips, in order to use such modified devices to analyze complex samples including biological ones. 
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Electrochemical tip-enhanced Raman spectroscopy (EC-TERS) is one of the most powerful analytical 

techniques for the study of functional nanomaterials: not only it allows performing simultaneous 
measurements on the chemical nature (nano Raman), morphology (scanning probe microscopy), and 
electrochemical behavior of the studied sample [1,2], but it also guarantees a nano-scale spatial resolution 
and a high sensitivity [3,4]. These aspects are particularly useful to study the behavior of active 2D materials 
(such as surface-immobilized sensors, catalysts, or molecular switches) under their conditions of operation. 
Real-time following of the spectro-electrochemical transformations ongoing over such devices can indeed 
unravel complex reaction mechanisms, identifying areas with more or less reactivity and gathering a more 
accurate and complete sample characterization. 

Nonetheless, the achievement of high-quality measurements requires a few non-trivial 
implementations. First, the probe must be mechanically and electrically stable throughout the whole 
measurements. Besides, the TERS sample holder must be transformed into a fully functional electrochemical 
cell, with proper dimensions to accommodate all the electrodes and fit inside the scanning probe microscope 
setup. Moreover, synchronization between spectral acquisitions and electrochemical sequences is essential 
to relate the chemical transformations with the potential/current at which they occur [4]. 

In this contribution, we will illustrate the new EC-TERS setup designs proposed by HORIBA France for 
overcoming these difficulties and allowing easier and more reproducible measurements. A few preliminary 
results obtained with these designs will be therefore shown, along with the perspectives of further 
implementation and improvements to carry out in the future. 

 
 

Figure. Schematic view of the new EC-STM-TERS setup proposed by Horiba France 
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Lipid nanotubes (LNTs) were used as a carbon template for the fabrication of nanostructures. These – 

to our knowledge smallest - surface-patterned organic templates were investigated by micro- and tip-
enhanced Raman spectroscopy (TERS). With the latter technique, we can recognize the chemical signature 
of the LNTs with a precision of tens of nanometers [1]. 

 

 

 

 
FIGURE 

Figure 1. Pyrolysis of LNTs assembled on substrates. (i) AFM topography of LNTs after pyrolysis,  
(ii) I(D)/I(G) ratio map. (iii) Raman spectra at pixels indicated as 1 and 2 in (ii). 
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The excellent optical and electrical properties of transition metal dichalcogenides (TMDc) induce 

tremendous studies about the TMDc intrinsic characteristics and applications. In advance, many researchers 
applied the strain on TMDc to control the quasiparticles actively. Applied strain can tune the level of valance 
band maximum, conduction band minimum and the lattice vibration properties etc. Tip-enhanced optical 
spectroscopy which includes both Raman scattering and photoluminescence can reveal the nanoscale strain 
induced properties and apply the strain to sample to track the appearances. However, there are lack of lattice 
vibration studies with strain at the nanoscale regime which could be the strong insights to understand the 
born nature of materials. 

Here we present the atypical phonon softening of tungsten diselenides (WSe2) wrinkle which has a 
linear correlation with inherent strain. The powerful tip-enhanced Raman spectroscopy brought out the 
unnormal phonon properties at the nanoscale level and moreover propose a new strain indicator for TMDc 
at the nanoscale level. 

 

 

 

 

 
Figure 1. The schematic illustration of tip-enhanced Raman spectroscopy 
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