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��a�2b�
c�a3�d�
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Multi-modal, scale bridging analytics in energy research 
 
Energy systems like solarcells, fuel cells and batteries contain a variety of different atoms from all over the 
periodic system, thereby attributing to strongly varying materials and device properties. The materials are 
usually stacked in layers of varying thickness and are composed of micro- or nano-particles or consist in grains 
and phases embedded in complex matrix materials. All components contain a wealth of interfacial area which 
has tightly to be controlled for optimized performance. Our goal in energy research is to control material 
properties at all scales from macro to atomic scale and to optimize materials in a tight feedback loop with device 
manufacturers who optimize and control device performance.  In this endeavor, control needs to be taken over 
composition, grain and particle sizes, interfacial properties, defect population, topological, electrical, 
mechanical, optical and compositional properties. In our lab in Forchheim, Nuremberg Metropolitan Area, 
Germany, which is built as a joint venture of the Fraunhofer Institute for Ceramics Materials and Systems – 
IKTS and the Institute for Nanotechnology and Correlative Microscopy – INAM and which profits from the 
labs@location status with Carl Zeiss Microscopy and the strategic demo-site collaboration with Leica 
Microsystems, Horiba Europe/Scientific, Park Systems and Photon Energy, we established a preparative 
workflow (Fig. 1) for energy materials which includes an inert transfer line from a glovebox over cutting, 
grinding, polishing and ion-milling steps all the way into microscopes and spectrometers as much as a cyro-
workflow where needed, e.g. during ion-milling and electron microscopy.  The analytics (Fig. 1) include imaging 
with electrons, ions, x-rays, light and probes in 2D and 3D (tomography) as well as spectroscopy (mass, 
Raman, infra-red) at length scales from macro to nano together with mechanical and topological testing as well 
as electrical, optical and compositional analysis. The underlying multi-modal, scale-bridging data will be 
analyzed correlatively and quantitatively with the help of the nanoGPS technology [1] and powerful database 
systems (KnowitallR) as well as workflow engines such as the XamFlowR platform powered by Lucid concept 
[2] and image recognition software powered by machine learning algorithms and statistical data evaluation 
tools. This analytics lab will be used to study even the most delicate energy materials comprehensively to give 
guidance to device optimization and to contribute with data to the creation of a digital twin. 
 
References 
 
[1] https://www.horiba.com/deu/scientific/products/detail/action/show/Product/nanogps-navyx-4959/ 
[2] https://www.lucid.ch/ 
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Figure 1: Battery workflow from inert sample preparation and sample transfer, scale bridging, multi-modal micro- and 
nanoscale analysis and the nanoGPS technology [1] as an enabler for true data correlation at the nanoscale. 
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Nanoscale materials characterization and metrology using 
Raman and PL 

 
In semiconductor manufacturing, Raman spectroscopy is an attractive characterization technique for e.g. 
mechanical stress and composition, thanks to its versatility, high throughput and non-destructive character, but 
as an optical spectroscopic method it is inherently diffraction-limited. In order to re-enable the strengths of 
Raman spectroscopy at the nanometer scale, we exploit polarization-induced enhancement effects that focus 
the excitation light into the region of interest. As such, characterization of for instance mechanical stress and 
composition become possible on structures with dimensions far beyond the diffraction limit [1,2]. With the 
electric field confined to the small nanostructures under investigation, the penetration depth of the light is still 
much larger than the typical thickness of the layers in the stack, meaning that the totality of the structure is 
probed, and the intensity of the collected Raman scattering scales with that total volume. Therefore, when 
normalizing the signal from such structures to another reference signal in the spectrum (like Si-Si scattering 
from the substrate) we obtain a volumetric measurement of the amount of material present in the probed 
volume. This opens a completely new application domain for Raman spectroscopy as a dimensional 
measurement as we will demonstrate in a couple of examples (see Figure 1). 
 
References 
 

[1] T. Nuytten et al., APL Mat. 6 (2018) 058501 
[2] J. Bogdanowicz et al., Appl. Phys. Lett.  108 (2016) 083106 

 
 
Figures 
 

          
 

 
Figure 1: (a) Normalized integrated Si-Ge scattering intensity from a forksheet structure as a function of nominal cavity 
depth showing the strong sensitivity on etch depth. The inset shows a forksheet FET structure with the stacked Si and 
SiGe layers, where the SiGe is etched selectively from the sides. (b) Normalized Raman spectra for a stack of Si/polySi 
memory structures with a DOE of increasing etch rate from center to edge of the wafer sample, corresponding to the 
downward arrow in the plot. 
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Coherent Raman imaging for scientific and biomedical 
applications. 

 
Abstract: 
 
We are developing coherent Raman microscopes and endoscopes suitable to perform chemical imaging for 
scientific and biomedical applications. 
We have developed a picosecond laser source that can that can address simultaneously two vibrational 
wavenumbers for ratio-metric imaging and background rejection. The two wavenumbers can be addressed 
anywhere across the entire vibrational spectrum (400cm-1 – 4000cm-1). The laser source is coupled to a ready 
to use beam scanning microscope enabling SRS, CARS and multiphoton microscopy. We are also developing a 
flexible endoscopes imaging probe featuring a diameter of 1.3mm at its distal end. The endoscope can perform 
CARS, SHG and multiphoton imaging for in vivo applications. 
We will exemplify the ability of the developed microscope and endoscope technologies in various fields 
including cell imaging, drug penetration in skin, pharmaceutical imaging, food imaging... By targeting the CH2 
and CH3 chemical bonds, we also demonstrate instantaneous stimulated Raman histology on freshly excised 
biopsies and on living organoids. Finally, we show the suitability of the systems to perform metabolic imaging on 
bacteria and drosophila fed with deuterated glucose. 
SRS/CARS/multiphoton microscopes and endoscopes enable molecular detection and imaging with exquisite 
sensitivity (shot noise limited) and ratio-metric availability. By targeting simultaneously two vibrational 
frequencies that can be tuned anywhere across the vibrational spectrum. The microscopes and endoscopes are 
suitable to perform video rate chemical imaging for a broad range of scientific and medical applications. 
 
References 
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Figure 1: Right: Exemple of stimulated Raman histology (SRH) images as compared to standard hematoxylin and eosin 
images (HE). Left: SRH image of a brain tumor (1mm x 1mm, imaging time 2 minutes) 
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SERS & AI, an innovative combination for Virus Detection 
 
The world’s history of SARS-CoV-2 pandemics has shown the need to adapt our pathogen detection 
technologies. Current detecting tools are indeed insufficient to face the flood of samples. As it requires a long 
time, many reagents and qualified personnel, RT-qPCR is not adapted when facing the need for rapid detection 
of a pathogen and laboratories often found themselves overloaded. 
Surface Enhanced Raman Spectroscopy (SERS) has been described as a good detection tool for pathogens 
analysis, such as viruses or bacteria (1-3). This technique uses monochromatic light to excite a sample and get 
a spectral fingerprint signal in a matter of seconds. 
Spectra obtained by SERS give a complete and complex fingerprint of the sample analyzed. Chemometrics and 
data science are here used to treat these signals to give a ultra-fast interpretation. We defined a protocol that 
combines SERS and AI to detect multiple viruses in order to bring an innovative and efficient technology for 
pathogen detection. 
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Figure 1: SERS mean spectra with standard deviation of coronavirus SARS-CoV-2 (purple) and negative (black) samples 
after preprocessing with SNV and ALS.  
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Bioanalytical applications of Raman spectroscopy to follow 
active pharmaceutical and cosmetic ingredients 

 
Development of novel pharmaceutical and cosmetic formulations is an important domain of biomedical 
research, both at academic and industrial scale. Including active pharmaceutical ingredients (API) or active 
cosmetic ingredients (ACI) within the forms composed of many components is intended to protect their activity 
from degradation upon storage and/or to improve their delivery to the site/organ of action. Consequently, it is 
important to follow the API or ACI qualitatively (at molecular state) and quantitatively (in terms of total 
quantity/concentration and relative spatial distribution) at different steps: (i) before, during and after formulation 
and (ii) after administration, in cells, tissues and/or fluids.  
Among analytical techniques appropriate for these tasks, few are as versatile and flexible as Raman 
spectroscopy which is known to enable a non- invasive analysis in situ, with both high molecular/structural 
specificity and satisfactory accuracy for quantification. In addition, macroscopic, microscopic and remote 
probing through optical fibers Raman measurement modalities are available and thus are applicable in various 
contexts, from R&D to process analytical technology (PAT). The present talk will illustrate the use of Raman-
based bioanalytical approaches in the domains of pharmaceutical [1,2], bio-pharmaceutical [3,4] and cosmetic 
[5,6] domains, starting from quality control before and after formulation and going to the API/ACI release and 
delivery to cells and tissues. 
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20 years of on-site Raman analysis of works of art: 

successes, difficulties and prospects 

 
The study, in particular of the state of conservation, and the authentication of works of art are issues in full 
development and Raman microspectroscopy in conjunction with X-ray fluorescence are the reference 
techniques due to their perfectly non-invasive character, and the availability of mobile instruments. Although 
mobile instruments have been available for more than 20 years, their use has only recently exploded with the 
tightening of formalities allowing the movement of valuable objects and changes in practices. Our team having 
been the first to developp the Raman analysis of works of art, whether in the laboratory with the development of 
the MOLE in 1975 at LASIR [1,2] and on site from the 2000s [3, 4], we will focus the presentation on fire arts 
objects, most of which are enameled (metal, glass or ceramic). These sophisticated objects were technological 
achievements at their time of production, made for the elite, traded very early on at long distance, and their 
value which can reach several millions of € imposes on-site and non-invasive procedures. Their Raman 
analysis requires the use of high-performance instruments such as the HE532 and the Axial due to the 
simultaneous presence of vitreous phases generating a signature of broad bands and crystalline phases giving 
narrow peaks but mainly at low wavenumbers. With the development of particular procedures (use of 
sophisticated optics, micrometric stages, subtraction of the continuous background, analysis of proton 
corrosion, multivariate analysis) and an understanding/modeling of the spectra, the parameters of processing 
(temperature) are deduced [5 -8] and restorations/fakes/copies are identified. 
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Figure 1: On-site Raman analysis using HE532 mobile set-up. 
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Raman spectroscopy and imaging of “natural” gas hydrates  
 
The natural occurrence of large quantities of gas hydrates in deep oceans, permafrost and plausibly in planets 
or comets of the solar system, is certainly at the origin of numerous developments and researches on gas 
hydrates in fields ranging from physical-chemistry, geosciences or astrophysics to chemical engineering and 
innovative technologies [1,2]. Gas hydrates are ice-like systems made of water molecules forming nano-cages 
stabilized by the encapsulation of foreign molecules. At a fundamental level, the understanding of their physical-
chemistry properties (trapped-gas selectivity, kinetics formation mechanism, influence of sedimentary matrices, 
etc.) is of prime importance to track the evolution of the abundances of species taking part in the compositions 
of hydrate-bearing deposits not only on Earth, but also potentially on extraterrestrial bodies. The understanding 
of their molecular interactions plays a key role, requiring multi-scale approaches and the combination of 
advanced experimental and theoretical approaches for which Raman spectroscopy and imaging plays a key 
role. After a short review of some of the recent physico-chemical achievements (e.g. metastability [3,4,5], 
molecular selectivity [6,7], formation kinetics [8,9], etc.) relevant in gas hydrates sciences, the presentation will 
focus on the contribution of Raman spectroscopy and imaging for investigating gas hydrates naturally occurring 
in deep-ocean sea-floors [9,10]. 
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Figure 1: Illustration of the multi-scale investigations required for understanding the formation of gas hydrate in natural 
environment. 
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Directional beaming and localization effects in Raman light 
generated in random array of silicon nanowires 

 

Disordered photonics is a new research field that is attracting a large interest worldwide for its direct 
implications in concrete applications such as, diagnostics [1], photovoltaics [2] and new light sources [3]. This is 
because the very multiple scattering nature and the light transport properties of random media allow optical 
performances often superior to those offered by ordered photonic structures [4]. On the other hand, the diffusive 
propagation of light through disordered materials gives rise to fascinating and sometimes unexpected 
interference phenomena surviving also in the inelastic scattering regime [5]. Here we will present recent 
experimental results where disordered arrays of silicon nanowires are used to generate and beam directional 
coherent Raman light [6]. We show the direct visualization of the weakly localized Raman radiation by both real- 
and momentum-space microscopy, that permitted us to gain insight on the mechanisms ruling the light transport 
through the random media. These results pave the way for the development of next generation of new light 
sources based on both the coherent control of directional beaming and the fine frequency tuning. 
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Figure 1: Visualization of coherent Raman light arising from a Si NWs random network: localized light paths in the real 
space and directional beaming in the momentum space. 
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Designing aggregates of metallic nano-particles to generate 
tunable Resonant Raman structures 

 
 
Abstract  

Our group develops a new approach combining an Atomic Force Microscope and a confocal-Raman 
microscope where AFM microscope is used to image and to manipulate nano-particles under the confocal 
optical microscope coupled at the Raman spectrometer [1-2]. Our optical device allows us to scan the 
resonance effects by tuning the wavelengths of excitation. 
 At first, this talk will begin with the results obtained with some home designed symmetric structures of 
assembling of gold nano-particles (AuNPs) [1], in the vicinity of a single and isolated carbon nanotube (CNT). 
The super-resolved Raman spectra will be discussed as a function of the different sub-wavelength-scale 
geometries of AuNPs aggregates. The different interactions between AuNPs aggregates and the CNTs, 
including their impact on resonance effects will investigated. In particular, we will focus on the enhancement of 
the local electrical field by metallic nano-structures to probe single objects. 

Secondly, at larger scale, this talk will finish with network of linear assemblies of metallic NPs. In line 
with the approach known as shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) [3], in 
which Raman signal amplification of analytes is provided by metallic NPs with an ultrathin dielectric shell, this 
presentation will report on a Surface-Enhanced Raman Spectroscopy (SERS) substrate consisting of periodic 
lines of metallic NPs embedded in dielectric surfaces for enhancing Raman signals [4]. These PLANEDSERS 
(fig. 1.) substrates produced by glancing-angle ion-beam sputtering deposition on nano-rippled patterns present 
polarization-dependent near field amplifying regions thanks to localized plasmon resonances of the NPs 
assembly. This design of a substrate-platform without chemical specificity to enhance in equal manner all the 
weak Raman signals of usual organic molecules. 

Finally, we will conclude with another nano-thin 3D gold assembly [5], lamellar nanogold thin films, 
allowing the monitoring of traces in the vapor phase with enhancements aided by "remote Raman" scattering 
processes [6]. 
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(A)  (B) 

 
Figure 1: ‘PLANEDSERS’ substrates (schemed in A)  as washable and reusable chemical sensors with a good level of 
repeatability (B) 
 

(A)   (B) 
 
Figure 2: SERS Spectra recorded between 10-4 M and 10-14 M of bipyridine with nano-thin film of porous gold substrate 
(SEM images at right, top=plan view and down= cross section, scale bar=100 nm) . 
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Visualizing Surface Phase Separation in PS-PMMA Polymer Blends at 
the Nanoscale using Tip-enhanced Raman Spectroscopy 

 
Phase-separated polymer blend films are an important class of functional materials with numerous 

technological applications including solar cells [1], coatings [2], and biotechnology [3]. These technologies are 
underpinned by precise control of phase separation at the nanometer length-scales, which is highly challenging 
to visualize using conventional analytical tools. In this work, we show that tip-enhanced Raman spectroscopy 
(TERS), in combination with AFM, confocal Raman spectroscopy, and XPS, is a sensitive nanoanalytical 
method to determine lateral and vertical phase-separation in polystyrene (PS)-poly(methyl methacrylate) 
(PMMA) polymer blend films (Figure 1a) [4]. Correlative topographical, molecular, and elemental information 
obtained using the combination of techniques is able to reveal a vertical phase separation of the polymers within 
the top ca. 20 nm of the blend surface in addition to the lateral phase separation in the bulk. Furthermore, 
complementary TERS and XPS measurements reveal the presence of PMMA within 9.2 nm of the surface and 
PS at the sub-surface of the polymer blend as schematically illustrated in Figure 1b. These results show that 
correlative topographical, molecular, and elemental information can provide a complete picture of the lateral and 
vertical phase separation in polymer-blends, which cannot be determined by any single technique alone. This 
work demonstrates the potential of TERS to be a powerful complementary analytical tool for nanoscale polymer 
characterization. 

 

 
Figure 1: (a) Scheme of the transmission-mode AFM-TERS setup used for AFM, confocal Raman and TERS 
measurements in this study. Inset displays a SEM image of a representative Ag-coated TERS probe. Inset scale bar: 
300 nm. (b) Schematic illustration of the proposed PS-PMMA blend structure based on the correlative AFM, confocal 
Raman, TERS and XPS measurements. Laterally phase-separated PS and PMMA domains revealed by AFM and 
confocal Raman imaging are covered with a continuous surface layer of vertically phase-separated PMMA and PS 
revealed by XPS and TERS, as shown in the inset. 
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Determination of free carrier concentration of polar 
semiconductors using LOPC modes: an example of InP 

Free carrier concentration is one of the important properties of semiconductor devices/materials that may 
directly affect the performance of several applications in microelectronic and optoelectronic fields such as 
photodetector, lasers and light-emitting diodes [1]. This property therefore needs to be precisely controlled and 
measured. Conventional techniques (Hall Effect measurements and C-V characterization) can provide accurate 
results but usually require a time-consuming and/or destructive sample preparation. In polar semiconductors 
such as GaN, GaAs, InP, SiC, etc., the coupling between the longitudinal-optical phonon mode (LO) and the 
collective oscillations of the free carrier systems (plasmons) results in the so-called LO phonon-plasmon 
coupled modes (LOPC) [2-4]. This spectral feature, which strongly depends on the free carrier concentration, 
makes Raman spectroscopy an alternative nondestructive and contactless technique for rapid determination of 
doping concentration and can be used upon process validation and/ormass production. It is to note that, 
depending on the nature of the material as well as the doping type (n- or p-type), the evolution of LOPC modes 
vary differently as varying free carrier concentration. The LOPC consist of two branches: L- and L+ at low and 
high frequency, respectively. In general, the free carrier concentration can be deduced from L+ peak position by 
fitting Raman spectral data to theoretical mathematic equations [2-4]. However, the doping concentration 
measured by different theoretical models existing in literature (and associated adjustable parameters) may 
present a significant variation (up to > 30%) [2]. Thus, establishing a calibration curve dedicated for an 
interesting concentration range is still needed to ensure the highest accuracy of quantitative measurement. The 
simplest way is correlating directly the spectral parameters measured at a given experimental configuration to 
the carrier concentrations obtained from a conventional method. Among the aforementioned semiconductors, 
the LOPC modes of InP is sensitive the most to the measurement conditions, especially the excitation 
wavelength and power due to the photogenerated carrier phenomenon [4]. Knowing the impact of different 
measurement parameters is primordial for accurate quantitative measurements. In this presentation, we present 
Raman analyses of n-doped bulk InP samples of various carrier concentrations performed with different 
configurations to illustrate their impact. The free carrier concentration deduced by Raman analyses is then 
compared to results of Hall Effect measurements. Finally, we present the calibration data linking directly the L+ 
peak position to the carrier concentration obtained from Hall Effect measurements. 

References 
[1] Ghyselen, Bruno, et al., physica status solidi (a) 219.4 (2022): 2100543. 
[2] Ochoa et al., Journal of applied physics 128.7 (2020): 075703. 
[3] Haboeck, U., et al., Physica status solidi (c) 6 (2003): 1710-1731. 
[4] Artús, L., et al., Physical Review B 60.8 (1999): 5456. 

Figures 

200 300 400 500 600 700 800

*

TO + L-

In
te

n
s
it
y
 /
 a

.u

Raman shift / cm-1

LO

L+

2e ordre

 
Figure 1: Raman spectrum of n-doped InP showing phonon and LOPC modes (L- and L+). 
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Raman spectroscopy and TERS applied to energy storage and 
conversion materials 

 
The quest for facile, non-destructive chemical analysis techniques that can provide microscopic insights into the 
phase evolution of materials has been the driving force for many successes in the research community within the 
last decades. Despite this progress, some of the most powerful techniques, such as current isotopic ion exchange 
methods, in situ TEM, and a collection of synchrotron radiation-based techniques, are quite complex, limiting easy 
access to crucial data for creating high-performance devices for energy harvesting and storage. Raman 
spectroscopy is a widely used optical technique able to provide quantitative chemical and structural information 
about the material under investigation in a fast, non-destructive manner.  
 
In this work, we show two different applications of Raman spectroscopy to the evaluation of materials in the field 
of energy. In a first case of study, we present our recent advances in the utilization of Tip-Enhanced Raman 
Spectroscopy (TERS) for the study of the distribution of species in the surface of Li-ion battery cathodes. We 
show the high potential of TERS for studying phase evolution at grain boundaries thanks to the combination of 
the chemical sensitivity of Raman spectroscopy with high spatial resolution of scanning probe microscopy (SPM). 
In a second application, we show a novel implementation of Raman spectroscopy for the study of the oxygen 
diffusion in mixed-ionic-electronic (MIEC) electrodes for Solid Oxide Cells (SOCs). In this case, the sensitivity of 
the technique to the atomic mass of the involved species is exploited for studying the oxygen incorporation on 
thin films using O18 isotope as tracer. 
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Hot photoluminescence and Raman processes in symmetric 
and asymmetric monolayer semiconductors 

 
Energy relaxation of photo-excited charge carriers is of significant fundamental interest and crucial for the 
performance of layered semiconductors in optoelectronics. I will show how ultra-low frequency Raman 
spectroscopy can be used for the investigation of the primary stages of carrier relaxation in a layered 
semiconductor. A series of periodic maxima in the hot photoluminescence intensity with a period of ~15 meV, 
stemming from energy states higher than the exciton state is revealed for both below (Stokes) and above (anti-
Stokes) the laser excitation energy (Figure1a,b).[1] These are assigned to phonon cascades, whereby carriers 
undergo phonon-induced transitions between real states above the free-carrier gap with a probability of 
radiative recombination at each step and provide information on the relaxation pathway in the Brillouin zone. 
Phonon cascades are also observed in novel, high-quality Janus SeMoS monolayers with a broken out-of-plane 
mirror symmetry and an in-built electric dipole. I will also discuss how the structure of these asymmetric 
monolayers can be assessed by Raman spectroscopy, showing a striking difference in the vibrational properties 
between Janus SeMoS and random MoSSe alloys (Figure1c). [2,3]  
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Figure 1: a) Emission and scattering spectrum of 1L-WSe2 as a function of energy shift with respect to the excitation laser 
(here set to zero). b) Magnified portion of the spectrum in yellow in a. This reveals 7 periodic Stokes peaks and 5 anti-
Stokes, assigned to phonon cascades. c)  Comparison of Raman scattering data between SeMoS Janus monolayer 
(black and red graphs correspond to co- and cross- polarized detection) and MoSSe alloy monolayer (blue graph) which 
shows MoS2-like doublet around 400 cm-1. The main identified modes for the Janus sample are marked. 
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Dielectrophoresis for Raman analysis in liquid: applications to 
bacteria and viruses   

 
Raman microspectroscopy has recently been employed for the characterization of an increasing number of 
biological and environmental specimens. The speed and non-destructivity of the technique and its compatibility 
with water matrices can be exploited for live measurements on time-sensitive reactions, degradation, structural 
changes, drug uptake, vitality, and more. Dielectrophoresis (DEP) is the motion of dielectric particles by non-
uniform electric fields [1]. DEP was employed to manipulate biological suspensions to locally concentrate the 
analytes to maximize Raman signal using a specially built cell. The design of this device was optimized by 
measuring polymer beads of various sub-micrometer sizes; Raman-DEP was then applied to live bacteria and 
active viruses in biologically compatible mediums. 
The characterization of different bacterial strains, namely E. coli, S. aureus and P. aeruginosa, was carried out; 
DEP-aided Raman was then applied on E. coli treated with the commonly prescribed antibiotic ciprofloxacin 
(1 µg/ml, the minimum inhibitory concentration in the conditions of the experiment) proved that spectral 
changes in the bacterial chemical fingerprint due to the mode of action of the antibiotic were detectable after 
only one hour of treatment (traditional methods require 24 hours or more). Furthermore, with multivariate 
spectral analysis it was possible to create a test to determine antibiotic resistance and biocide-induced cross-
tolerance of bacteria, that was validated by standard microbiological assays methods [2]. 
Moreover, DEP allowed the acquisition of conventional Raman spectra on different purified active viruses in 
liquid, and without the use of plasmonic enhancing surfaces or particles; a Raman spectral library of viruses 
was achieved. This method could allow the live study of the responses of isolated and inoculated viruses to 
conditions and chemicals, paving the way to the employment of Raman to new frontiers. 
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Figure 1: DEP device applied to Raman analysis a bacterial suspension.  
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Interest of Raman spectroscopy for the detection and analysis 
of poor-quality medicines 

 
Access to quality medicines is an essential right of the patients. However, in 2017, the World Health 
Organization estimated that 1 in 10 medical products circulating in low- and middle-income countries is either 
substandard or falsified. This reinforces the fact that post-marketing surveillance (PMS) of medical products by 
strong national regulatory authorities (NRA) is crucial. To achieve an efficient PMS, the NRA need analytical 
tools at the inspection, screening, confirmatory and forensics levels to control the physicochemical properties of 
the samples. 
 
Among the analytical tools available, Raman spectroscopy is particularly interesting because of its spectral 
specificity and the wide variety of acquisition modes available. Handheld devices may be used directly on the 
field to confirm the presence of a specific active pharmaceutical ingredient (API) in a formulation [1]. Thanks to 
databases of pure ingredients, it is also possible to identify the compound present when a wrong API is present 
[2]. Recent developments have extended the applicability of handheld devices to the analysis of fluorescent 
chemicals and the analysis through barriers [3]. The detection of substandard medicines is also made possible 
with the construction of regression chemometrics models [4]. 
 
Benchtop systems and among them imaging systems are particularly useful in the confirmatory and forensic 
steps. Indeed, the imaging systems enable the visualization and identification of a large range of both organic 
and inorganic compounds used as API or excipients [5]. In addition, thanks to the high spatial resolution, it 
allows the detection of trace contaminants. This information may be of particular interest during prosecutions 
and the clustering of criminal cases. Nevertheless, the extraction of the relevant information from the raw 
measurements requires once again intensive work by highly trained staff.  
 
In conclusion, Raman spectroscopy have particularly interesting features for the PMS of medicines. 
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Technical Innovations and Clinical Translation in Raman 
Spectroscopy 

 
Abstract  
Raman spectroscopy offers label-free and non-invasive molecular information from biological samples and has 
shown vast potential for diagnostic applications. Nevertheless, the road for a clinical translation is full of 
technological and regulatory challenges. On the technical side, current fiber-based implementations of RS 
render imaging-acquisition impossible. Furthermore, single modalities provide a loop-sided picture of a disease, 
and the combination of multiple optical modalities is more promising. Regulatory challenges for in vivo 
applications in Europe include the new medical device regulation (MDR2017/745) for clinical investigations. 
Here, we present some recent developments in fiber-based imaging, multimodal instrumentation, and clinical 
translation of Raman spectroscopy. For example, we have developed a Raman-probe based imaging approach, 
using traditional fiber-optical probes in combination with real-time image and data-processing, which allows a 
real-time visualization of molecular information on a computer screen or directly on the sample surface, creating 
an augmented or mixed molecular reality image of the sample. Moreover, we have developed a combined RS, 
optical coherence tomography, and fluorescence life imaging microscopy for ex vivo tumor characterization. 
Because the signals are precisely co-registered with each other and with closely sampled H&E slides of entire 
biopsies, it is possible to intercorrelate the multimodal information at any location and assess the ground truth 
information. And at last, we present a RS-based system for in vivo endoscopy, which adheres to the high 
regulatory standard set-out by the MDR. The developed device is based on a 785 nm excitation and includes an 
in-house built fiber-optic Raman probe, which is developed in a single-unit and suitable for endoscopic in vivo 
investigations.  
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Interfacial Instability in Operating Lithium-Ion Batteries 
Unraveled by SHINERS 

 
The fundamental understanding of the electrode/electrolyte interfacial processes in lithium-sodium ion batteries 
(LIBs) and of their dynamics upon cycling is of prime importance for the development of new generation electrode 
materials. Operando analyses using the utmost sensitive techniques are required to produce an accurate 
depiction of the underlying processes at the origin of the battery performance decay. If enhanced Raman 
Spectroscopy through the use of signal nano-amplifiers (SHINs) shows the required sensitivity [1,2,3,4], its 
implementation in operando conditions and particularly on functional materials in contact with organic electrolytes 
remains challenging. Through extensive optimization of SHINERS conditions for operando diagnosis of LIB 
materials, including the design of near-infrared active amplifiers and the control of the photon dose, the dynamics 
of interfacial composition upon cycling of various electrode materials in LIB coin-cells can be extracted.  Interfacial 
instability unraveled on both negative (Solid Electrolyte Interphase: SEI) and positive (Cathode Electrolyte 
interface: CEI) electrodes can be tamed through fine tuning of the electrolyte composition.     
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Figure 1: Operando SHINERS - Coin-cell Li-ion battery with SHIN-decorated electrode for operando diagnosis. SEI/CEI 
passive layer formation can be tracked operando using anisotropic SHINs (Au@SiO2 core-shell bipyramid nanoparticles) 
combined with near-infrared Raman probe.  
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SERS and molecular seed amplification to make diagnosis of 
Alzheimer’s disease 

 
Alzheimer’s disease (AD) is the most common neurodegenerative disorder in the elderly with an incidence that 

progressively increases worldwide. One of the main neurological hallmarks of AD is the presence of amyloid- 

protein (A) aggregates which forms extracellular plaques in the neurons. At present, clinical diagnosis of AD 
relies on criteria that permit to classify the disease as possible or probable and a definitive diagnosis of AD can 
be done only post-mortem through neuropathological examinations [1].  
In this work, we present an innovative approach in which a seed amplification assay (SAA) capable to detect 

traces of pathological A species in the cerebrospinal fluid (CSF) is combined with Surface Enhanced Raman 
Spectroscopy for the ultrasensitive analysis of CSF collected from extensively-characterized patients with AD 
[2,3]. An optimized and low-cost silver nanowires/PTFE SERS-active substrate is employed for the sensitive 
and reliable spectroscopical analysis of the CSF amplified samples, with the support of a machine learning 
algorithm for the classification of the patients. 
Our findings show that the SERS analysis performed on SAA end products could reveal chemo-structural 
information useful to distinguish AD from other neurological impairments in living patients and these results well 
correlated with the other clinical, instrumental and laboratory findings. 
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SERS-based study supported by chemometric methods for the 
differential diagnosis of vaginal infections 

 
Vaginal infections (vaginitis) are among the most common and problematic disorders that affect almost 

70% of women during their whole lifetime at least once – the most prevalent are bacterial vaginosis (BV) and 

vulvovaginal candidiasis (VVC). Vaginitis is associated with the feeling of discomfort and can cause many 

severe diseases and complications e.g. premature rupture of membranes. The accurate diagnosis and 

implementation of appropriate medicines is an inherent element in successful treatment and provides protection 

against recurrence of infection. The whole situation is complicated by the fact that vaginal discharge may be 

altered due to physiological and pathological conditions such as desquamative inflammatory vaginitis (DIV), 

vulval dermatoses, or allergic irritation - not caused by biological agents. All this makes the differential diagnosis 

of vaginal infections of the utmost [1][2]. Surface-Enhanced Raman Spectroscopy (SERS) is based on the 

inelastic scattering of incident light by molecules adsorbed onto a roughened metal substrate (SERS substrate). 

SERS has been proved as a beneficial method due to its ultra-sensitivity and non-destructive nature that 

reveals specific fingerprint-like information down to the molecular level. This technique was utilized to study 

many biological systems such as: human tissues, cells, body fluids [3]. In this study for the first time, we used 

SERS and chemometric method - Partial Least Squares Regression (PLSR) to track the spectral response of 

vaginal fluids caused by different types of infections. We proved that the biochemical alterations that result from 

infections can be translated into a specific spectral image that is unique for each infection and hence their 

differentiation is possible at high level of explained information by PLSR. The integration of SERS-based 

sensors with a small, portable Raman spectrometer leads to the development of a handheld point-of-care 

device. 
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A Fast Broadband Approach to the Analysis of Microplastics: 
Femtosecond Stimulated Raman Microscopy 

 
Microplastics, mostly defined as plastic particles sized 1 μm to 5 mm, are emitted into the environment in large 
amounts [1]. They originate from the degradation of synthetic materials (secondary microplastics) or are 
produced intentionally (primary microplastics). The latter is often used in household products like cleaners or 
cosmetics. Raman microscopy is a commonly used method of analysis for microplastic contaminations [1]. It 
offers the possibility of accessing both quantitative information on the number, shape and size as well as 
chemical compositions of the contaminating particles. However, conventional Raman microscopy suffers from 
the usually low Raman scattering cross section of samples, resulting in a long acquisition time, and also from 
interfering fluorescent background. Therefore, the potential of non-linear Raman techniques such as CARS [2] 
and SRS [3] for the analysis of microplastics is currently investigated. Both techniques show some drawbacks 
for example in terms of a non-resonant background or incompleteness of spectra, respectively. Here, Raman 
imaging of microplastics by Femtosecond Stimulated Raman Microscopy (FSRM) will be reported for the first 
time. FSRM [4,5] yields complete Raman spectra with minimal acquisition times as short as 0.1 ms without 
distortions by fluorescence or a non-resonant background. In our proof-of-concept experiment, a microplastic 
particle in a commercial facial scrub is imaged (Figure 1). The image reveals the irregular shape of the particle 
which presumably enhances its exfoliating properties. 
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Figures 

 
 
Figure 1: A chemical image of a polyethylene particle in a commercial facial scrub. In the Raman image at the left the 
FSRM signal at 2849 cm-1 is color-coded. Acquisition of the 200x200 μm image with a spatial resolution of 0.5 μm takes 
approximately 49 minutes. On the right, a single Raman spectrum from the chemical map is shown. 
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High-speed Multicolor Stimulated Raman Imaging Enabled by a 
Compact and Robust Light Source 

 
We present our recent developments in utilizing a compact and portable light source for high-speed multicolor 
stimulated Raman scattering imaging (SRS) in biomedical and medical environments. 
 
For visualizing cells and tissue in SRS with high chemical specificity, successive images at multiple vibrational 
resonances must be acquired at video-rate speed. Recent approaches to video-rate multicolor SRS, based on 
parallel laser amplifiers or spectral focusing techniques [1,2,3], indeed allowed wavelength switching on a 
timescale of (sub)milliseconds, but restricted the tuning-bandwidth to below 300 cm-1 at maximum, significantly 
limiting the chemical specificity. In contrast, the here presented all-fiber light source is tunable within 
milliseconds across the broad spectral range between 700 and 3300 cm-1, spanning the fingerprint, silent and 
high-wavenumber regions. To demonstrate the capabilities of the light source, it was applied in a proof-of-
principle experiment for the differentiation of lipids and deuterated components with video-rate multicolor SRS 
imaging [4]. Successive images of the same sample were acquired with an acquisition time of 125 ms for each 
image (pixel dwell time of 750 ns, 100 x 100 pixel), limited only by the scanning speed and the sampling rate of 
the used home-built microscope. The excitation was switched in a frame-by-frame manner between 2150 and 
2850 cm-1 in only milliseconds, a negligible time span compared to the acquisition time. As a result, a multicolor 
video of the sample with a frame rate of 8 Hz, i.e., a sub-framerate of 4 Hz for each wavenumber was recorded. 
Differentiating lipids and deuterated components with high specificity is a key requirement of several biomedical 
investigations, such as drug screening or imaging of metabolic changes in organisms and has not been shown 
with video-rate speed before. In order to evaluate the performance of the presented system for organism study, 
it was recently used by Hongli Ni et al. to image C.elegans in both fingerprint and C-H region [5]. Three 
characteristic vibrations were imaged for a quantitative analysis of the organism’s lipid metabolism: the 1650 
cm-1 vibration (acyl C=C bond) shows the distribution of unsaturated fatty acids; the 1670 cm-1 vibration (sterol 
C=C bond) shows cholesterol distribution; the 2845 cm-1 vibration in the C-H region shows the overall lipid 
storage. Furthermore, by implementing active monitoring and closed-loop regulators, we have achieved long-
term power stability with a standard deviation of less than 0.3 % and wavelength stability better than 5 pm 
throughout 100 h. These developments constitute necessary steps for advancing SRS imaging in terms of 
reliability, ease-of-use, and specificity for applications in biomedical and medical environments.  
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Defects in polymer multilayer films: 
A new way to investigate based on Raman microscopy 

 
Polymer multilayer films are presents everywhere in our world. Thus, we can find them in food packaging, on 
car coatings, in phone protection films, among many other applications. But their characteristics are questioning 
as soon as a defect is present. Unfortunately, it’s not easy to locate this defect, and consequently chemically 
characterize and identify it.  
 
Confocal Raman microscopy is a perfect candidate for such issue, combining the high spatial resolution of 
optical microscopy with the chemical identification through the spectral characterization.  
 
This combination makes our Raman confocal microscope the ideal solution for non-destructive highly resolved 
characterization of the defect realizing a very fast survey mapping of the sample. 
 
 
 
Figures 
 

 
 
Figure 1: 3D Raman map of an feature in a multilayer polymer sample. The colors represents the different chemical 
fingerprint. Blue: Plastic tape. Red: Glue. Green: Feature. Map dimension: 500x500x100µm with 50x50x1µm steps. (Top) 
Map with confocal hole opened. (Bottom) Map with confocal hole closed. 
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Life Science in Live by Nonlinear Microscope and Endoscope 
 
Nonlinear imaging techniques, such as 2-photon/3-photon autofluorescence, second/third harmonic generation 
(SHG/THG), coherent anti-Stokes Raman (CARS) scattering and stimulated Raman scattering (SRS), stand out 
for life science applications by their label-free property. These techniques can be used to observe morphology of 
biological systems or targeting specific molecules in the system. Together with a fast-scanning system, nonlinear 
techniques can be also used to follow real-time dynamic biological process, such as animal metabolic process, 
molecular delivery in skin and neural activities in brain. 
We developed a fast, sensitive and compact nonlinear microscope system, which includes 2-photon fluorescence, 
SHG and SRS imaging. Our microscope has been used for medical applications (tumor diagnose [1], organoid 
observation), chemical and pharmaceutical applications (cosmetic spreading, pharmaceutical tablet quality 
control [2]) and biological applications (metabolic process [3], molecular penetration in skin[4]).  
To go one step further, we also integrate nonlinear techniques (2-photon/3-photon, SHG/THG, CARS) in a flexible 
endoscope (see Figure 1) [5], to access samples that cannot be placed in a microscope, and to observe biological 
process in a living model such as mice [6].  
In conclusion, our nonlinear microscope and endoscope can provide label-free live imaging for various biological 
and biomedical applications and can be adapted for different samples in vitro and in vivo. 

 
Figure 1: Imaging different locations on/in mice using nonlinear endoscope M-FIP.  
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Multivariate Statistics methods for cancer grading 
 

 
Abstract  

 
In the last decade, Raman Spectroscopy has demonstrated to be a label-free and destruc-
tive optical spectroscopy able to improve diagnostic accuracy in cancer diagnosis [1]. This 
ability is principally based on the great amount of biochemical information dealt out by the 
Raman scattering with biological tissues under investigation. However, to achieve clinical 
requirements, the spectroscopic analysis and its ability of grading cancer tissues require 
sophisticated multivariate statistics [2-3]. In this presentation, we critically review 
multivariate statistics methods analyzed at the light of their ability to process datasets 
generated by Raman spectroscopy on chondrogenic tumors where distinguishing between 
enchondroma and first grade of malignancy is a critical problem for pathologists. 
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Figure 1: 3D representation of Linear Discriminant Anansyis component for the four Chondosarcoma 
malignancy groups. 
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Widely-tunable, doubly-resonant Raman scattering on 
diamond in an open microcavity  

 
Raman lasers are a valuable resource for frequency conversion of coherent light. Diamond, in particular, is a 
material well-suited for Raman lasers due to the wide transparency window, high thermal conductivity and a 
large Raman gain. The implementation of a low-threshold Raman laser in the visible, however, remains elusive 
due to material and fabrication limitations. Nevertheless, nanophotonic engineering offers a viable route to 
reduce the pump-power threshold.  
 
Open microcavities have emerged as versatile platform for enhancing light-matter interactions on the account of 
full in situ tunability. These cavities offer the possibility to incorporate micron-sized crystalline membranes [1], 
while maintaining an appreciable ratio of quality-factor to mode volume [2]. In this work, we propose to use a 
diamond micromembrane embedded in such an open microcavities as a novel platform for the realization of a 
low-threshold Raman laser [3].  We characterize the performance of the cavity and demonstrate quality-factors 
exceeding 100 000. We next establish a configuration with the pump laser and the Raman transition 
simultaneously resonant. We further demonstrate a >THz continuous tuning range of this doubly-resonant 
Raman scattering condition by exploiting the in situ tuning capability of our platform. We predict that the current 
platform can achieve Raman lasing in the visible with mw pump-threshold powers. Our results are generic and 
applies to other solid-state materials given that a high-quality membrane can be fabricated, thus paving the way 
for the creation of a universal low-power frequency shifter; a valuable addition to the nonlinear optics toolbox. 
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Figure 1: (a) Tunable cavity platform (left) and typical mode structure (right). (b) Characterization of the cavity 
performance. (c) Demonstration of the doubly-resonant configuration, with the pump laser and Raman simultaneously 
resonant. 
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Silica Coated Gold Nanorod Supraparticles: a Tunable Platform 
for Surface Enhanced Raman Spectroscopy 

 

Gold nanorod (AuNR) based assemblies are promising functional materials for Surface Enhanced Raman 
Spectroscopy (SERS) due to the shape induced tunable localized surface plasmon resonance (LSPR) of 
AuNRs. Designing the optimal assembly structure for SERS, however, is challenging and requires a delicate 
balance between the interparticle distance, porosity and wetting of the assembly. Here, we introduce a new 
platform of AuNR assemblies for sensing utilizing their collective ensemble properties. Our design relies on a 
solvent evaporation approach to  assemble silica coated gold nanorods (Au@SiO2 NRs) dispersed in emulsion 
droplets into spherical supraparticles in which the thickness and porosity of the silica shell are exploited to 
control the plasmonic coupling between the AuNRs and the mass-transport through the supraparticle, 
respectively. Moreover, etching the AuNRs inside their mesoporous silica shells allows fine-tuning of the 
plasmonic response to the laser excitation wavelength. The SERS performance of various supraparticles was 
investigated as a function of the assembly porosity, interparticle distance, and LSPR of the AuNRs using a 
novel correlative SERS-electron microscopy approach. Altogether, the Au@SiO2 NR supraparticles introduced 
in this work present a novel class of materials for sensing, and opens up a wide parameter space to optimize 
performance and use in heterogeneous catalysis.   
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Figure 1: Silica coated Au nanorod supraparticles for SERS 

42

mailto:h.gurunarayanan@uu.nl
mailto:a.vanblaaderen@uu.nl
https://www.colloid.nl/


 
 

 

Yevhenii Havryliuk1,2,3 
Volodymyr Dzhagan3, Oleksandr Selyshchev1,2, Dietrich R.T. Zahn1,2 
1 Semiconductor Physics, Chemnitz University of Technology, Chemnitz, Germany 
2  Center for Materials, Architectures, and Integration of Nanomembranes (MAIN), Chemnitz, Germany 
3 V.E. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, Kyiv, Ukraine 
 

yevhenii.havryliuk@physik.tu-chemnitz.de 
 

Raman study of the as-prepared and flash-lamp annealed thin 
films of Cu2ZnSnS4 nanocrystals mixed with PEDOT:PSS  

 
New materials for future of renewable energy, especially photovoltaics, should be cheap, environmentally 
friendly and have a direct bandgap, which ensures sufficient absorption in the entire solar spectrum. However, 
absorption of light is usually also accompanied by additional heating of the device. This heat can be either 
wasted or transformed into extra electrical energy. That is why materials that allow photovoltaics to be 
combined with thermoelectrics are gaining popularity. One of the materials that are attracting the attention of 
researchers in this respect is Cu2ZnSnS4 (CZTS). It has nontoxic and relatively cheap constituents as well as 
promising photovoltaic and thermoelectrical properties. CZTS can be produced by a variety of techniques, 
including low-temperature colloidal synthesis in aqueous solutions. This “green” chemistry approach makes it an 
even more attractive candidate for future applications in novel renewable energy devices. However, due to the 
complex structure of CZTS, there are several structural modifications, and a high probability of the formation of 
antisite CuZn and ZnCu defects as well as secondary phases in the form of binary and ternary compounds from 
constituent elements. By varying the nanocrystal (NC) synthesis parameters and the conditions of NC film 
deposition, the formation of secondary phases and antisite defects can be suppressed. Another widely used 
material in both photovoltaic and thermoelectrical applications is the p-type conductive polymer PEDOT:PSS. In 
some works CZTS NCs and PEDOT:PSS were used as parts of the same device structure but as separate 
layers with different functional roles in the device. On the other hand, incorporation of CZTS NCs into a 
PEDOT:PSS matrix can be a promising approach, since as shown in the literature [1–3] for other nanoparticles 
adding them to PEDOT:PSS may improve its thermoelectric properties. Another perspective of the CZTS NC-
PEDOT:PSS composite is the combination of the excellent properties of CZTS as an absorber of solar radiation 
and the high electrical conductivity of PEDOT:PSS. This approach could solve the problem of poor electrical 
transport between NCs, which is the main obstacle on the way towards potential applications of any kind of NC 
thin film. Not only the NC synthesis and the thin film preparation conditions but also post-synthesis processing 
of the NC films is important to improve the functional properties of the NC films. In terms of scalability and 
processing time, flash lamp annealing (FLA) technique (also known as intense pulse light (IPL) annealing) is an 
interesting alternative to furnace annealing. This technique is known for over 50 years, but began to gain 
popularity just for the last few years with the technology transition towards thin-film roll-to-roll manufacturing. 
Raman spectroscopy is a very powerful tool for CZTS NCs characterization. It allows not only the presence of 
possible secondary phases to be determined, but also structural modification of CZTS NCs to be identified. 
Here we present results of a Raman spectroscopy study of CZTS/PEDOT:PSS composite films, prepared from 
aqueous colloidal solution of CZTS NCs mixed in different proportions with PEDOT:PSS solution and deposited 
onto glass substrates. The parameters of the film deposition were optimized to avoid aggregation of the NCs 
and formation of secondary phases in them. Subsequently, the composite films were subjected to FLA 
treatment. To the best of the authors’ knowledge, this is the first study of FLA treatment of PEDOT:PSS and 
CZTS NCs in PEDOT:PSS matrix. It was revealed, that even small concentrations of PEDOT:PSS in mixed 
composites lead to the formation of optically more homogeneous films. Moreover, the FLA treatment increases 
the stability and improves the crystallinity of CZTS NCs with simultaneous decomposition of PEDOT:PSS.   
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Enhanced Tri-modal Optical-Photothermal Infrared (O-PTIR) 
Spectroscopy – Advances in Spatial Resolution, Sensitivity & 

Tri-modality (IR, Raman & Fluorescence) 
 
Optical Photothermal Infrared (O-PTIR) spectroscopy has established itself as a cutting edge vibrational 
microspectroscopy tool, offering significant advantages over the traditional FTIR/QCL & Raman spectroscopic 
tools, providing submicron simultaneous IR+Raman microscopy, in non-contact mode with high sensitivity. The 
ability to collect, for the first-time submicron IR spectroscopic data in an optical microscope has enabled new 
research outcomes across a range of application fields, such as life sciences (cells, tissues, bacteria), polymers, 
cultural heritage and microplastics. 
A new modality, “counter-propagating” has been engineered to provide for enhanced IR (and Raman) spatial 
resolution and sensitivity, through decoupling the need for a reflective objective. The IR pump beam can now be 
directed to the sample via the underside, thus allowing the collection objective for the visible probe (and Raman 
excitation beam) to be a high-NA refractive objective. This improves spatial resolution to ~300nm for both IR and 
Raman, whilst improving sensitivity, image quality and facilitating immersion objective studies. 
To further integrate vibrational spectroscopic tools into life science workflows, we coupled widefield 
epifluorescence to facilitate a novel concept – fluorescence guided (or fluorescence co-located) O-PTIR 
microspectroscopy. Rather than, or in addition to the visible image, the fluorescence image can now be used to 
guide the user to the region of interest, thus combining the well-established specificity of fluorescence imaging 
with the broad macromolecular profiling capabilities of IR spectroscopy 
Several life sciences examples from bacteria, cells and tissues will be provided to demonstrate these new 
capabilities and how they can enable new experiments and research findings.. 
 
Figures 
 

 
 
Figure 1: Left: Single E.Coli cell imaged in counter-propagating mode with 50nm pixel/step size and submicron 
simultaneous IR+Raman spectra from centre of bacterial cell. Right: Schematic of counter-propagating layout. 
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Short peptide, thin layers and the perspective of their use 
in SERS-based sensors 

Protein-mediated processes occurring in complex biological environments involve specific interactions under 
strictly defined conditions. Protein-derived peptides constitute a large group of biomolecular receptors with the 
remarkable ability to recognize various molecules and respond through a conformational transition to external 
stimuli such as local pH or the presence of biologically relevant cations. Coupling of such biology-inspired 
receptors to plasmonic nanostructures opens a new and fascinating route for creation of sensitive and selective 
nanosensors utilizing surface-enhanced Raman scattering (SERS) effect. In particular, short peptides are very 
attractive in this respect due to their bioactivity and the ease with which their structural and functional responses 
may be tuned according to environmental conditions. This underlies the design flexibility of SERS-based 
sensors employing peptide-derived receptors. 
Design of such sensors requires a deepened understanding of the dynamic structural and physicochemical 
properties of peptide layers in response to external stimuli. We propose that conformationally labile peptides 
firmly attached to plasmonic substrate by cysteine (Cys) residue and containing a tryptophan (Trp) Raman 
probe can be employed as SERS-based sensors to detect for example local pH or concentration of certain 
biologically relevant ions.  
We took the first step to achieve this goal by a comprehensive SERS study of short peptides comprising 
cysteine and/or tryptophan units. We investigated effects of terminal modifications and the amino acid sequence 
order in dipeptides composed of Trp and Cys on their SERS signals [1], the accessibility of both thiol moieties to 
interact with Ag nanoparticles for rigid cyclo(L-Cys-D-Cys) (diCys) structure, and suitability of isotopically 
labeled Cys (13C and 15N) to improve analysis of vibrational signatures within SERS response [2]. We 
demonstrated that the SERS spectra of dipeptides consisting of Trp and Cys residues were strongly dominated 
with the bands due to the vibrations of the Trp moiety. The SERS response was only slightly affected by the 
peptide sequence and terminal modifications under the fixed experimental conditions; however these two 
parameters became critical parameters when the effect of the substrate type and excitation wavelength is taken 
into consideration. We propose that the surface coverage of diCys on silver surface and thus the adsorption 
mode, which further affects the aggregation of Ag nanoparticles and the availability of the free thiol groups, can 
be guided by experimental conditions. On the other hand, the use of isotopically-labeled SERS allowed us to 
probe dynamics within the monolayer composed of L-cysteine and 13C3 and 15N L-Cys isotopologues, providing 
rare insights into murky phase transition unraveled only through this novel methodological approach [2].  
Our initial findings allowed us to evaluate the efficiency of short peptide chemisorption and its SERS features, 
as well as showed the ability of tailoring the peptide adsorption properties with the experimental protocol. 
A potential of isotopically-edited SERS approach to gain deeper insights into relationship between local 
structure/conformation and SERS signals of the adsorbed peptide was demonstrated. All of these constitute a  
valuable introductory step to the informed selection of nature-inspired of stimuli-responsive peptide motifs for 
SERS nanobiosensors. 
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Improving Nano-Biology Interaction Studies with Multi-Modal 
Raman & Enhanced Darkfield Optical Hyperspectral 

Microscopy 
 
Effective studies at the nano-bio interface require that researchers can easily observe and measure how 
nanoparticles interact with a targeted in-vitro cell or ex-vivo tissue environment. HORIBA Scientific and 
CytoViva, Inc. now provide a new multi-modal Raman and enhanced darkfield hyperspectral microscopy system 
that is highly effective for nano-biology related research. This system includes patented enhanced darkfield 
optics that enable label-free observation of nanoparticles as small as 10nm when isolated in solution and in 
cells and tissue. The optical hyperspectral imaging capability enables rapid capture of large-area hyperspectral 
images for spectral characterization and spectral mapping of nanoparticles or their drug load. Pixel-level optical 
hyperspectral data is captured based on the nanoparticle’s surface plasmon resonance, fluorescence emission 
or Rayleigh scatter. Additionally, Raman measurements from the identical field of view can be captured, which 
provides quantitative molecular fingerprint confirmation of the nanoparticles or other sample elements. Finally, 
Raman mapping of unique sample elements can also be performed when required. This presentation will 
provide a detailed overview of this new multi-modal imaging and spectral measurement capability. Specific 
illustrations of plasmonic, metal oxide, polymer and lipid-based nanoparticles interacting with cells and tissue 
will be presented. 
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When Raman and friends go to the mountains – correlative 
analysis with MountainsSpectral® 

 
 
Based on science’s most trusted analysis software platform, MountainsSpectral® is a comprehensive, dedicated 
solution for processing & combining images and other data from spectroscopic techniques including Raman, 
TERS, IR, nanoIR, fluorescence, photoluminescence, cathodoluminescence, EDX/EDS and XPS as well as 
microscopy data. 
 
In particular, it opens up new possibilities and workflows for the analysis of spectroscopic data including: 
spectral map processing and enhancement, colocalization for correlative analysis, topographic analysis tools for 
AFM images, SEM image 3D reconstruction, particle analysis and spectral analysis.  
 
 
 
Figures 
 

 
 
Figure 1: 3D model of surface topography generated from SEM images with overlay of chemical composition (EDS maps) 
on a Cobaltite sample. 
Courtesy of Emmanuel Guilmeau, CRISMAT (Caen, France), Jean-Claude Ménard, JEOL France.  
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Long Photo-Induced Enhanced Raman Scattering (PIERS) in 
Au nanoparticles embedded in TiO2 

 
Enhancing Raman scattering is known for more than 40 years now and has been thoroughly investigated. For 
this a nanostructured metallic substrate is required and it is commonly admitted that this so-called SERS effect 
can enhance the Raman intensity by a factor greater than 106 (depending on the substrate). Recently, it has 
been shown that it is possible to increase the enhancement even more if the metallic nanostructures are 
deposited on a semi-conducting surface and exposed to UV radiation prior to the detection [1]. A few tenth of 
paper have investigated this PIERS effect, however, none of them have succeeded in it making last more than 
an hour. In this presentation we will show that by co-depositing the Au nanoparticles together with the TiO2 
matrix it is possible to prolongate the duration for at least 8 days. To understand further the specificity of our 
sample structuration, we have performed cathodoluminescence experiments. The results suggest that the 
exposition to UV irradiation leads to shorten the width of the Schottky barrier between Au and TiO2 which is 
favorable to an enhancement of the chemical effect [2]. 
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Figure 1: SERS spectra of Mercaptobenzoic Acid on Au nanoparticles embedded in TiO2 before and after UV irradiation 
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A Fibre-Packaged Waveguide-Enhanced Raman Sensor 
 
Waveguide-enhanced Raman spectroscopy (WERS) has attracted significant interest as a method leveraging 
the performance, size, and cost benefits of integrated photonics for Raman spectroscopic sensing of chemical 
and biological species [1]. While all the components of a full WERS system (light source, filters, interaction 
region, spectrometer) may eventually be integrated on a single chip, current limitations mandate using a source 
and spectrometer that are off-chip. The coupling of light to and from the WERS chip is most practically done 
using optical fibres, which can be bonded to the chip to remove the vibration sensitivity and need for expensive 
alignment stages inherent to lens coupling. Fibre-coupling however requires additional components to avoid the 
background from the fibres, notably a coupler separating the forward- and backward-propagating signals [2]. 
We present a fibre-packaged waveguide-enhanced Raman spectroscopic sensor with an adiabatic directional 
coupler enabling the collection of the backscattered signal and the removal of any signal from the fibres. Its limit 
of detection was quantified by measuring varying concentrations of isopropyl alcohol (IPA) in water. The signal-
to-noise ratio (SNR) was calculated for each spectrum by normalizing the spectrum, subtracting a reference 
measurement of deionized water, and applying a penalized least squares algorithm to remove the baseline [3]. 
A fit of the evolution of the SNR with concentration suggests that the sensor's LoD for IPA lies at 0.03 mol.L -1 
(0.2 wt% in water). This LoD is the lowest reported to date for a WERS sensor without surface enhancing 
mechanism. 
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Figure: Schematic principle of WERS. A WERS sensor integrated in a flow cell for fluidic measurements. 
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Studying 2D nanomaterials using Coherent Raman scattering 
(CARS): the example of Boron Nitride 

 
Boron Nitride (BN) has attracted a lot of interest over the last years, being the counterpart to graphene, 

the ideal substrate that could preserve the high electron conductivity graphene has to offer. However, contrary 
to graphene, the lack of an accessible electronic resonance due to the large band gap (>6 eV) of BN makes its 
spontaneous Raman signal very weak. Mapping BN samples is thus cumbersome and time consuming, each 
pixel requiring few seconds of exposure time. New BN synthesis methods being such a burning research 
subject, removing the barriers for efficient characterization of BN appears crucial. Coherent Raman scattering 
(CRS) [1] techniques, such as coherent anti-Stokes Raman scattering (CARS), or stimulated Raman scattering 
(SRS) have been applied to many fields, ranging from life science, to solid state characterization. In the last 
decade, ultrashort laser pulses have been used to generate coherent processes, which greatly enhance the 
signal up to several order of magnitude. Although of limited interest for graphene [2], CRS appears to be an 
interesting candidate for 2D nanomaterial characterization when the spontaneous Raman is too weak. Still, 
research on the subject is scarce: Lafeta et al. [3] presented CARS spectra of hexagonal BN (h-BN), graphene 
and graphene/h-BN heterostructure, and Ling et al. [4] used SRS for rapid imaging and thickness 
measurements of h-BN flakes. Here, we present a work on rapid imaging of h-BN flakes using CARS 
microscopy. A fs/ps-CARS spectroscopy setup [5] was adapted to fit microscopy applications. Coherent Raman 
response of h-BN is obtained on tens of nanometers thick flakes, and compared it to the spontaneous Raman 
response. With similar band position and full width half-maximum, high signal enhancement is demonstrated. 
Thus, hyperspectral imaging of BN flakes is successfully performed within minutes, instead of hours (Figure 1). 
Thickness sensitivity could be obtained down to 11 nm, according to AFM measurements. This is very 
promising for fast characterization and quantification of thin h-BN with large spatial extent. Furthermore, this 
setup may also be well suited for fast detection and identification of other solid compounds. In particular, 
ongoing studies on simili-explosive species will be discussed in the context of threat prevention. 
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Figure 1: Side-by-side comparison of white light image and CARS hyperspectral reconstruction of an h-BN flake. 
Exposure time/pix = 100 ms. 
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Analysis of micro and nano plastic particles on porous filter 
cascade systems 

In the last years the research on micro and nanoplastic (NMP) particles in water and in air is growing very fast. 
Routines for analysis of microparticles in the range of 100 to 10 µm are very well stablished form particle 
analysis to mass spectroscopy [1]. Current efforts are focused in the submicrometer to nanometer range down 
to few tens of nanometer [2]. 
In this work we present an novel filtration system for micro and nanoparticles using a cascade stack with two 
different filter membrane. The frist filter with large pores (with diameter down to 1 µm) is produced by laser 
drilling or chemical etching. The second filter is fabricated by chemical etching of Al2O3 and can be used for 
filtration of particles down to few tens of nanometers [3]. The selectivity can be adjusted in principle trough the 
filter porosity. The main advantage of our filter system is the flexibility to be used by both scientific communities, 
first one working in mass spectrometry and the second one in particle analytics. Especially the second 
community is interested in the number of particles in size fractions, the overall size distribution as well as the 
chemical composition. Moreover, both materials, Si and Al2O3 are very well suited for many analytical NMP 
applications like µ-Raman spectroscopy, SEM AFM, AFM-Raman or other nanoanalytical instrumentations. 
As an example, we present here the latest results on NMP particle identification using Raman spectroscopy of 
two model materials, PET and PS. PET reference NMP material is prepared by cryo milling with an average 
particle size of 22 µm, PS particles are monodisperse with mean diameter of 140 nm.  
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Figures 
 

 
Figure 1: PE microparticles on Si Filter with pore size og 50 µm (left) and AFM image of PS and PE nanoparticles on 
Al2O3 Filter with pore size of 90 nm (right) 
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Local Raman spectroscopic fingerprints of TMDC-metal 
interactions 

 
Metal-mediated exfoliation of TMDCs has recently attracted considerable interest due to high yields of large size 
monolayer flakes [1]. The van der Waals interaction between metals and TMDCs enables the exfoliation of large 
size monolayers but also alters their properties due to strain and charge doping.  
First, the exfoliation of large-area monolayers on different metals (Au, Ag, Pt, Pd, Cu, Ni, Co, Cr, and Ti) will be 
presented, where the nobility of the metal was correlated with the size of the exfoliated MoS2 [2]. The oxidation 
levels were studied with XPS, while the effects of strain and charge doping are explained with Raman 
spectroscopy measurements.  
In the second part an in-depth study of the strain and charge doping fingerprints of the strong interaction 
between monolayer MoS2 and Au will be presented [3]. The interaction with different types of Au (e-beam 
evaporation, magnetron sputtering, thermal evaporation, single crystal Au (111)) was studied with AFM, Raman 
spectroscopy, TERS, and XPS. The strength and the heterogeneity of the MoS2–Au interaction, strongly 
correlates with the Au roughness and was confirmed with nanoscale TERS mapping. The TMDC-Au interaction 
is also evidenced by the appearance of additional, otherwise forbidden Raman modes, and it can be modulated 
by the force set-point of the TERS tip [4].   
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Transient Electrochemical Tip Surface-Enhanced Raman 
Spectroscopy (EC-Tip-SERS): 

Concept and Applications in Electrocatalysis and Material 
Science 

 
The development of electrochemical techniques combined to Raman spectroscopy such as electrochemical Tip- 

or Surface- Enhanced Raman spectroscopy (EC-TERS or EC-SERS) have attracted considerable attention over 

the past years by the scientific community. This spectro-electrochemical combination provides an accurate view 

over electrochemical processes occurring at an electrode by acquiring simultaneously local topography, and 

vibrational fingerprints about the material or molecules under potential control.[1] Based on the use of an 

insulated TERS tip, we introduced recently a new approach that we called EC-Tip-SERS (Figure 1). Here, 

electroactive molecules are adsorbed directly onto the tip that acts both as working microelectrode and single 

hotspot for SERS.[3] Although the spatial resolution is lost in this configuration, interesting transient mechanistic 

information can be obtained. In this communication, we will present first the use of this technique on a redox- 

and Raman- active model molecule, the Nile blue, in which a temporal resolution in the order of millisecond can 

be easily attained. Then, we will consider the use of Tip-SERS in probing molecular motion within rotaxane-

based giant assemblies containing porphyrins derivatives. Finally, we will demonstrate the use of transient EC-

Tip-SERS in scrutinizing electrocatalytic transient mechanisms, such as those associated to the oxygen 

reduction reaction towards hydrogen peroxide in water using viologen SAMs as electrocatalyts.  
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Figure 1. Transient EC-Tip-SERS setup and operando acquisitions. 
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Can a low-cost nano-rough gold substrate compete with 
commercial SERS substrates? 

Surface Enhanced Raman Spectroscopy (SERS) is a powerful non-invasive technique to detect and identify 
traces of molecules in a complex mixture. The accurate identification of molecules is based on the detection of 
distinctive vibrational modes characteristic of molecule adsorbed onto the surface. Thus, it is essential that the 
SERS support provides a SERS signal with the best spectral quality and sufficiently distinct from the noise signal 
of a control sample. We recently optimized an experimental procedure to elaborate nanorough (RMS= 2 ± 0.2 
nm) gold SERS substrates. In order to verify the detection capability of our substrate for sensing applications, we 
compared its sensitivity to three different commercial SERS substrates: Gold nanostructured supports from 
Hamamatsu (Japan), Premium Ag-Au supports from SERSitive (Poland) and RAM-SERS-Au from Ocean Insight 
(USA). SERS substrates were dipped into solutions of thiophenol (molecule commonly used in detection test) at 
10-6 M and 10-8 M. SERS measurements were performed systematically over an area of 20 × 20 µm² with 632.8 
nm and 785 nm wavelength excitations. Depending on the topography and roughness of the substrates (Figure 
1 B), x50 or x100 objectives were used. The map spectra were collected for quantitative and statistical SERS 
analysis. As an example, the average spectra of each map can be compared in Figure 1 A. Our results 
demonstrate that it is not the most sensitive (Raman intensity / Laser power ratio) SERS substrate that necessarily 
generates the best quality (low baseline intensity and high signal-to-noise ratio) spectra. We will show how our 
nanorough gold substrate can detect and identify model molecules in binary systems by using statistical tools and 
multivariate data analysis.  
Figures 

 
Figure 1: A) Average SERS spectra of thiophenol on Hamamatsu (red), SERSitive (blue), Ocean Insight (green) and on 
the nanorough gold substrate (brown) at 633 nm, after immersion in a 10-8 M thiophenol solution. B) SEM images of 
Hamamatsu, SERSitive and Ocean Insight surfaces, and AFM image of our substrate.   
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Interlaboratory comparison on relative quantification of 
titanium dioxide (TiO2) polymorphs in binary mixtures by 

Raman spectroscopy 
 
Titanium dioxide (TiO2) is a prominent semiconductor in industry and research that can be employed for a 
variety of applications. It is the most widely utilized white pigment in dyes and paints in the world, while also 
being of interest for its photocatalytic activity, as a component in pharmaceutical production, and as a food 
additive (E171). Its polymorphs of most industrial interest are anatase and rutile. These forms exhibit distinct 
physical and chemical properties (e.g. density, color, ultraviolet absorption, band gap) and differ in market price: 
from this, the industrial necessity of analytical methods for distinguishing and quantifying them arises. 
ASTM D3720−90(2019) establishes the use of X-ray diffraction (XRD) as the current standard technique to 
quantify relative concentrations of these two TiO2 phases; however, the method focuses on samples 
approaching 100 % purity of one of the two forms [1]. Moreover, this is a rather lengthy procedure, whose 
measurements can be affected by variability in the preparation of specimens and by specific contaminants. 
Raman spectroscopy is a convenient technique for the characterization of TiO2 and its polymorphs, because of 
the high cross section and distinct signals of its forms, and the minimal sample preparation required. The main 
limitation to the diffusion of Raman as a normatively accepted quantification technique is the lack of 
standardization, in terms of reference materials as well as analytical procedures and data processing; this has 
been exacerbated in the last few years by the widespread adoption of multivariate analysis methods in the field, 
often providing little information about employed procedures and parameters and with no reproducibility effort 
[3]. For these reasons, the Versailles Project on Advanced Materials and Standards (VAMAS) formed the 
Technical Working Area 42 (TWA 42) – “Raman spectroscopy and microscopy” [2]. 
In this prenormative study, the development and results of the interlaboratory comparison (ILC) conducted in 
the framework of VAMAS TWA 42 as Project 2 – “Raman spectroscopy for TiO2 nanoparticles mixtures”, will be 
presented. The ILC, comprising 10 participants from 9 countries and 11 experimental setups, investigated the 
feasibility and metrological uncertainty of Raman microspectroscopy for relative quantification of anatase-rutile 
binary mixtures sourced from commercial powders (E171) throughout the whole spectrum of ratios, and 
established standard operating procedures for preparation of stable samples apt for international transportation, 
low-variance spectral acquisition by surface mapping, and multivariate data analysis by partial least squares 
(PLS). All models succeeded to estimate the ratios with accuracies and precisions of less than 3 % in the 5 % – 
95 % range, while models constructed on most datasets suggested the possibility of surpassing this 
performance by a great margin. These results demonstrate the potential of Raman spectroscopy for becoming 
an official method for relative quantification of great industrial impact worldwide. 
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Correlative Spectroscopy and Microscopy Analysis of Micro- 
and Nanoplastics and Their Effects on Cells and Tissues 

 
Plastics environmental pollution evolved into a planetary problem over the last decades. Especially the micro- 
and nanoplastics (MNPs) particles constitute a potential health hazard for humans because of ingestion and 
inhalation. To assess the exposure level and impact on human health, we developed a novel analytical and 
automatic relocalization workflow using the Nano-Global Positioning System (nanoGPS) and Particle Finder 
technologies from Horiba [1]. This workflow is based on the application of Raman spectroscopy (spontaneous 
and stimulated) supported by complementary microscopy techniques (optical, fluorescence, electron) at the 
same region of interest in method-specific instruments from different manufacturers. Micro-Raman spectroscopy 
combined with optical microscopy was used to quantify microplastics, pigment, and additive particles 
contamination in bottled mineral water with the smallest analysed particle size of ~1 µm [2]. To overcome 
optical resolution, scanning electron microscopy (SEM) was employed to exclude both overestimation of particle 
size and underestimation of particle number for clustered MNPs. Moreover, single nanoplastics particles found 
by SEM were blindly measured by micro-Raman through relocalization and overlapping of SEM and optical 
images [3]. Next, the influence of MNPs as found in bottled mineral water on in-vivo human podocytes as 
representative kidney cells prone to accumulation of particles during lifetime was investigated. We observed 
clear changes in the biological features of plastics-treated cells compared to non-treated controls, attributed to 
cell damage through surface adhesion and uptake of plastic particles, as confirmed by cell viability fluorescence 
assays [1]. Feeding experiments on mice showed increased accumulation of MNPs in tissues from various 
organs after dextran sulfate sodium (DSS)-induced colitis. This model is similar with human ulcerative colitis 
characterized by damaged mucosal barrier function facilitating the transfer of MNPs from inflamed 
gastrointestinal tract to other organs. Thus, Raman integrated in a correlative workflow enables the chemical 
identification, localization, counting, and risk assessment of MNPs in water and complex biological matrices.  
 
References 
 

[1] G. Sarau, M. Yarbakht, B. E. Oßmann, L. Kling, J. Ast, F. Vollnhals, J. M. Deile, M. Schiffer, S. H. Christiansen, 
Horiba Readout, 54 (2020) 23-32 

[2] B. E. Oßmann, G. Sarau, H. Holtmannspötter, M. Pischetsrieder, S. H. Christiansen, W. Dicke, Water Research, 
141 (2018) 307-316 

[3] G. Sarau, L. Kling, B. E. Oßmann, A. K. Unger, F. Vogler, S. H. Christiansen, Applied Spectroscopy, 74 (2020) 
1155-1160 

 
Figures 
 

 
 
Figure 1: Spectroscopy and microscopy workflow applied to podocytes (a, b, c) and accumulation of MNPs in tissues (d).  
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Visual Exploration of Raman Spectra 

(Open Source Python Toolkit) 

 
   We are witnesses of the proliferation of Raman spectroscopy in wide range of areas from industry to 
academic research. However, regardless of domain, visual exploration of experimental data is almost always an 
indispensable step allowing us to gain insight of the processes at work in our sample. 
    In parallel, modern Raman spectrometers allow us to record an evergrowing quantity of spectra in rather 
short time (as maps for example), and therefore require performant tools for analysis of these big datasets 
(~10^9 intensity values). Having such amount of data at our disposal, one naturaly turns to machine-learning 
algortihms to extract meaning. And arguably the most widespread modern machine learning tools use python 
for its front-end (scikit-learn, TensorFlow, PyTorch). 
    Furthermore, the growing need to ensure reproducibility of results in scientific research, incites us to provide 
the explicit and verifiable code for all the steps undertaken during the data analysis. 
    With all of the above in mind, we engaged in developing a python tool for intuitive and ergonomic exploration 
of hyperspectral images, irrespective of spectrometer provider. In addition, we also developped several 
interactive tools facilitating the choice of parameters for typical spectra processing steps (baseline correction, 
denoising, CR correction, etc). 
    The main part of this talk will consist of a live demonstration of some of the capabilities of the “SpectraPy” 
toolkit. 
    If the allocated time permits, we will briefly present a typical workflow we use for the deconvolution of Raman 
spectra, namely the sequential use of PCA, NMF and MCR (this will be further developed in an usecase 
example presented by Ekaterina BUROV). 
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Figure 1:  Histogram-like representation of ~40k spectra 
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Micro-Raman spectroscopic estimation of the volume and 
surface temperature of GaN-based electronic devices 

 
 GaN-based electronic devices are promising components for radar and telecommunication applications 
[1]. Unfortunately, the reduction in size and increase in power dissipation of these devices lead to 
increasingly higher operating temperatures. As a result, their electrical properties and reliability can be 
degraded by self-heating effects. Therefore, it is crucial to accurately estimate the channel temperature in 
biased GaN-based components to improve their performance and their reliability by optimizing their 
thermal management. An example of the studied GaN-based device is shown in Figure 1-a. To estimate 

the self-heating temperature (T) of these devices, micro-Raman spectroscopy is a good technique 
allowing a spatial resolution of about 1 µm. It is generally used to estimate the volume average 
temperature of the GaN layer. When the device is biased, its temperature increases due to the Joule effect 
resulting in a shift of Raman modes attributed to the GaN semiconductor that are sensitive to this 
temperature change. For example, Figure 1-b shows a decrease in the position of the E2(high) mode of the 
GaN layer for unbiased and biased device. We can see that the temperature induces a shift in the Raman 
mode position. Thus, the self-heating temperature can be deduced using a temperature calibration curve, 
as presented in Figure 1-c for E2(high) mode of GaN. In these conditions, the estimated ΔT is 196 °C. 
However, the temperature of the metal contacts cannot be directly estimated by Raman spectroscopy. To 
circumvent this problem, the only solution is the use of the Raman micro-thermometers, such as CeO2 

particles. By measuring the Raman band shift related to these microparticles, the T of the metal contact 

surface can be evaluated. Since the micro-Raman thermometers are deposited on the entire device, T of 
the GaN semiconductor surface can also be measured. In conclusion, the use of micro-Raman 
spectroscopy combined with CeO2 micro-Raman thermometers is the only optical technique to 

simultaneously estimate the T of a semiconductor surface, a metal surface and a volume average 
through the GaN layer of a biased GaN-based electronic device. 
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Figures

 
Figure 1: (a) Photograph of the studied component (b) Raman spectra of E2(high) mode of GaN obtained for unbiased 

(solid line) and biased device (dashed line) and (c) temperature calibration curve of E2(high) mode of GaN 
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Strong correlations between optical near-field microscopy and 
far-field Raman imaging on nanorough gold SERS substrates 

 
It is largely considered that the Surface Enhanced Raman Scattering (SERS) effect is mainly due to the 
presence of localized electromagnetic fields (known as hot spots) on metallic surface under irradiation. The 
origin and the role of hot spots on a plasmonic material have been widely studied. However, since hot spots are 
due to nanoscale surface singularities, it remains a challenge to control the density of singularities on a surface 
by depositing nanoparticles from a solution or by depositing metallic grains by vapor deposition technique for 
instance. Although the thermal evaporation and the sputtering techniques are not commonly used to elaborate 
SERS surfaces [1,2], we recently optimized procedures to elaborate efficient nanorough gold SERS substrates. 
The modification of deposition parameters can induce variations of the surface topography thus leading to 
variations in the SERS enhancement factor. Raman mapping were recorded at λ = 633 nm on different 
nanorough gold substrates after immersion in a 10-6 M solution of thiophenol for 10 minutes. It is then possible 
to analyze the intensity distribution and the average Raman intensity on each substrate. By using near-field 
microscopy known as PhotoEmission Electron Microscopy (PEEM), it is possible to study densities of hot-spots 
and their energy distributions.  
Here, we will show how near-field optical microscopy (PEEM) and far-field Raman scattering are strongly 
correlated when it comes to quantifying surface physical properties. These results allow to better understand the 
SERS phenomena on a plasmonic metal surface, in addition to being able to predict the relative variations of 
the Raman enhancement factors by the quantification of hot spots on a surface. 
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Figure 1. a) Raman intensity distributions function of treatment time b) PEEM Intensity function of treatment time  
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Femtosecond Stimulated Raman Microscopy: A Novel Method 
for studying Liquid-Liquid Phase Separation 

 
Liquid-liquid phase separation (LLPS) phenomena play a central role in the formation of membranelles 
organelles in cells [1] and in the synthesis of stiff proteinaceous biomaterials [2]. Liquid–liquid phase separation 
of macromolecules is referred to as coacervationion and it is proposed that complex coacervates played an 
important role in the origin of life [3]. In the last decade, the interest in synthetic coacervates grew for its 
application in complex encapsulation of, for example, proteins [4]. Two major challenges need to be met when 
studying phase-separation processes: (i) The quantity of material required and (ii) the need to use multiple 
complex measurement techniques. Raman microscopy is a powerful technique that can overcome these 
difficulties, but until today only a few studies used Raman techniques to investigate the coacervation 
phenomena. 
We use femtosecond stimulated Raman microscopy (FSRM) as a novel method to investigate LLPS. FSRM is a 
non-linear imaging technique able to achieve full spectral coverage for each pixel with an acquisition time as 
fast as 0.1 ms and was already successfully applied to polymer characterization. [5,6] First FSRM results on 
polymeric coacervates, formed by the polyelectrolytes Poly(sodium styrene sulfonate) (PSSS) and 
Poly(diallyldimethylammonium chloride) (PDADMAC), will be presented. 
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Figure 1: (a.) FSRM chemical map of a PSSS/PDADMAC coacervate in water. It has100x95 pixels with a resolution of 1 
μm, and was recorded in ∼ 25 min. The map is colour-coded for the intensity of the polymer C-H stretch peak. (b) Raman 
spectrum from the map coacervate region and (c) Raman spectrum from the map diluted phase region. 
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In-situ Raman spectroelectrochemistry of 

graphene in concentrated aqueous electrolytes 

 
The ionic adsorption at electrode surface changes the chemical potential which has a 
substantial influence to modulate the electronic properties of material1. The interpretation of 
the role of specific ion on electrolyte/material interface during electrochemical process is not 
a simple task due to the complex interplay between the material’s properties and the 
electrochemical process. Therefore, a combination of in-situ Raman microspectroscopy with 
electrochemistry is an intriguing technique that can provide the valuable information about 
the electrochemical behavior of the layered material in an aqueous medium2. We performed 
µ-droplet in-situ Raman spectroelectrochemistry (µ-SEC) measurements on monolayer 
graphene in concentrated aqueous electrolytes of different ionic type and ionic strength to 
demonstrate the charge transfer doping (electron, hole) with alteration in the structural 
properties of graphene.  

We observed a shift in G peak position with gating of monolayer graphene by applied 
potential and monitored the position of the G peak minimum corresponding to the charge 
neutrality point (CNP). The different electrolytes have different CNP in graphene which 
could correspond to minimum in charge carrier density. However, the overall shift rate of the 
G peak (Δω) of graphene with potential was observed to be similar regardless of the ionic 
type and ionic strength. Also, we calculated the Fermi energy shift for 2.4M Al(ClO4)3 
electrolyte and calculated the doping efficiency in graphene with reference to the gate 
voltage. The doping efficiency was about 60 % in the hole doping regime at the maximum 
gate voltage of 1.6. The decrease in doping efficiency is attributed to the potential drop 
across the electrolyte/graphene interface. 
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Polarized Raman Spectroscopy of boron-doped diamond 
 

Raman spectroscopy is a fast and non-destructive method for the characterization of the composition of 

materials. Polarized Raman spectroscopy or angle resolved Raman measurement is now a rising analysis 

technique in material science. In particular, it allows the determination of the crystalline axis of the sample. 

Boron doped diamond is important in material science for electrochemical, electronic, and optoelectronic device 

applications. Using Raman spectroscopy, one can easily determine the concentration of boron in heavily doped 

diamond with metallic conductivity. Although the Raman spectrum the heavily boron-doped diamond (hBDD) 

can be fitted by a combination of classical model electronic Raman scattering and Fano effect, several features 

of hBDD remain unclear. In this work, we use polarized Raman spectroscopy to better understand the Raman 

spectrum of hBDD. Three plasma enhanced chemical vapor deposition epitaxial boron doped diamond layers 

with three different crystalline orientations (100, 111, and 113) have been studied using different excitation 

wavelengths (325, 488, 514, and 785 nm). The boron concentration within the epitaxial layers was determined 

from the unperturbed FWHM of the diamond zone-center phonon peak. Polarized Raman results varies with the 

crystalline orientation and the excitation wavelength. Collected spectra are fitted using a combination of 

classical model electronic Raman scattering and Fano effect. This analysis evidence the presence a new 

Raman peaks and a variation of the electronic Raman scattering with the crystalline orientation and the light 

polarization. 
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Figure 1: Raman intensity distribution of backscattering for the parallel (VV) and vertical (HV) polarization. 
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Collective Vibrational Effects in Carbon Nanotube Coils 
 
Carbon nanotubes (CNTs) are tiny hollow cylinders made of carbon. Raman spectroscopy is one of the most 
widespread techniques for the analysis of CNT, as it can identify their microscopic structure. In particular, much 
attention is paid to the low frequency region where the radial breathing mode peak is observed. For isolated 
tubes, a single peak is observed with a frequency that is inversely proportional to the tube’s diameter. When 
identical CNTs are packed into bundles their vibrational properties were predicted to change and additional low-
frequency modes were expected in the Raman spectrum [1]. However, the experimental study of collective 
vibrations has been limited due to the difficulty in obtaining homogeneous chirality bundles. Here, we present a 
Raman study of the collective vibrational modes arising from homogeneous bundles formed by a SWCNT coil. 
A defect-free coil forms a bundle with a single chirality CNT in the radial shape [2,3]. In such coils we observe 
two breathing-like modes (BM), in contrast to the single radial breathing mode characteristic for isolated tubes. 
We investigate the exciton-phonon coupling for these modes with resonant Raman spectroscopy finfing the 
same resonance energy for both BM peaks. Additionally, we study the diameter dependence of vibrational 
coupling by analyzing different coils and other bundling geometries. We compare our experimental findings with 
theoretical lattice dynamics of infinite bundles of identical nanotubes. These results provide an insight into intra-
tube lattice dynamics in carbon nanotubes bundles for better understanding of collective vibrational effects. 
References 
 

[1] Popov, V.N. and Henrard, L., 2001. Evidence for the existence of two breathinglike phonon modes in infinite 
bundles of single-walled carbon nanotubes. Physical Review B, 63(23), p.233407. 

[2] Shadmi, N., Kremen, A., Frenkel, Y., Lapin, Z.J., Machado, L.D., Legoas, S.B., Bitton, O., Rechav, K., Popovitz-
Biro, R., Galvao, D.S. and Jorio, A., 2016, 16(4), pp.2152-2158. 

[3] Nakar, D., Gordeev, G., Machado, L.D., Popovitz-Biro, R., Rechav, K., Oliveira, E.F., Kusch, P., Jorio, A., 
Galvao, D.S., Reich, S. and Joselevich, E., 2019. Nano Letters, 20(2), pp.953-962. 

 
Figures  

 
Figure 1: Raman spectroscopy of the Radial breathing modes of carbon nanotube coil. a) Raman spectra for tail and coil 
(isolated vs bundles effects). The peaks originating from collective vibrations are observed by RBM(B1) and RBM(B2). 
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High-speed Multicolor Stimulated Raman Imaging Enabled by a 
Compact and Robust Light Source 

 
We present our recent developments in utilizing a compact and portable light source for high-speed multicolor 
stimulated Raman scattering imaging (SRS) in biomedical and medical environments. 
 
For visualizing cells and tissue in SRS with high chemical specificity, successive images at multiple vibrational 
resonances must be acquired at video-rate speed. Recent approaches to video-rate multicolor SRS, based on 
parallel laser amplifiers or spectral focusing techniques [1,2,3], indeed allowed wavelength switching on a 
timescale of (sub)milliseconds, but restricted the tuning-bandwidth to below 300 cm-1 at maximum, significantly 
limiting the chemical specificity. In contrast, the here presented all-fiber light source is tunable within 
milliseconds across the broad spectral range between 700 and 3300 cm-1, spanning the fingerprint, silent and 
high-wavenumber regions. To demonstrate the capabilities of the light source, it was applied in a proof-of-
principle experiment for the differentiation of lipids and deuterated components with video-rate multicolor SRS 
imaging [4]. Successive images of the same sample were acquired with an acquisition time of 125 ms for each 
image (pixel dwell time of 750 ns, 100 x 100 pixel), limited only by the scanning speed and the sampling rate of 
the used home-built microscope. The excitation was switched in a frame-by-frame manner between 2150 and 
2850 cm-1 in only milliseconds, a negligible time span compared to the acquisition time. As a result, a multicolor 
video of the sample with a frame rate of 8 Hz, i.e., a sub-framerate of 4 Hz for each wavenumber was recorded. 
Differentiating lipids and deuterated components with high specificity is a key requirement of several biomedical 
investigations, such as drug screening or imaging of metabolic changes in organisms and has not been shown 
with video-rate speed before. In order to evaluate the performance of the presented system for organism study, 
it was recently used by Hongli Ni et al. to image C.elegans in both fingerprint and C-H region [5]. Three 
characteristic vibrations were imaged for a quantitative analysis of the organism’s lipid metabolism: the 1650 
cm-1 vibration (acyl C=C bond) shows the distribution of unsaturated fatty acids; the 1670 cm-1 vibration (sterol 
C=C bond) shows cholesterol distribution; the 2845 cm-1 vibration in the C-H region shows the overall lipid 
storage. Furthermore, by implementing active monitoring and closed-loop regulators, we have achieved long-
term power stability with a standard deviation of less than 0.3 % and wavelength stability better than 5 pm 
throughout 100 h. These developments constitute necessary steps for advancing SRS imaging in terms of 
reliability, ease-of-use, and specificity for applications in biomedical and medical environments.  
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Heat transport in h-BN  
 

2D materials have new and intriguing properties, including their thermal properties. Like 3D materials, there is a 
wide variety of 2D materials with all ranges of thermal conductivity that can be simply assembled on top of each 
other[1]. Moreover, the thermal conductivity is extremely anisotropic in these materials. It has been 
demonstrated in the same 2D heterostructures ratios of 3 orders of magnitude between vertical and in-plane 
thermal conductivity, a record. Moreover, the interest from a fundamental point of view is the appearance at 
room temperature of a particular regime of phonon scattering, which allows to describe the heat transport as a 
hydrodynamic flow [2]. Thanks to these characteristics, it is interesting to study their thermal properties. 
Here, we focus on the thermal conductivity of suspended h-BN. It is an interesting material because it has a 
very high thermal conductivity but is electrically insulating. Nevertheless, it is difficult to heat it with a laser 
because of its low absorbance. To overcome this problem and to perform thermal mapping, we have made two 
heating bridges of Silicon between which a flake of hBN is suspended. One of the bridges is heated by Joule 
effect while the other one allows us to calibrate the heat flow through the 2D materials. Raman spectroscopy 
measurements allow to measure the temperature at each point of the system. We were able to extract a thermal 
conductivity of h-BN around 200°C equal to 420 W.m-1.K-1. 
 

[1] Qian X et al. , Nat. Mater., 20 (2021), 1188-1202 
[2] Shi L et al, Science, 364(2019), 332-333 

 
Figures 
 

 
 
Figure 1: a) b) Schematic sketch (a) and optical image (b) of the device structure with a suspended hBN between two 
silicon heaters. c) Temperature map of Silicium, measured with a green laser, when one electrode is hot. d) Temperature 
gradiant of the 2D material between the two bridges (inset : Raman spectrum of WSe2)   All scales bar : 10 microns 
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Defects in polymer multilayer films: 
A new way to investigate based on Raman microscopy 

 
Polymer multilayer films are presents everywhere in our world. Thus, we can find them in food packaging, on 
car coatings, in phone protection films, among many other applications. But their characteristics are questioning 
as soon as a defect is present. Unfortunately, it’s not easy to locate this defect, and consequently chemically 
characterize and identify it.  
 
Confocal Raman microscopy is a perfect candidate for such issue, combining the high spatial resolution of 
optical microscopy with the chemical identification through the spectral characterization.  
 
This combination makes our Raman confocal microscope the ideal solution for non-destructive highly resolved 
characterization of the defect realizing a very fast survey mapping of the sample. 
 
 
 
Figures 
 

 
 
Figure 1: 3D Raman map of an feature in a multilayer polymer sample. The colors represents the different chemical 
fingerprint. Blue: Plastic tape. Red: Glue. Green: Feature. Map dimension: 500x500x100µm with 50x50x1µm steps. (Top) 
Map with confocal hole opened. (Bottom) Map with confocal hole closed. 
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Life Science in Live by Nonlinear Microscope and Endoscope 
 
Nonlinear imaging techniques, such as 2-photon/3-photon autofluorescence, second/third harmonic generation 
(SHG/THG), coherent anti-Stokes Raman (CARS) scattering and stimulated Raman scattering (SRS), stand out 
for life science applications by their label-free property. These techniques can be used to observe morphology of 
biological systems or targeting specific molecules in the system. Together with a fast-scanning system, nonlinear 
techniques can be also used to follow real-time dynamic biological process, such as animal metabolic process, 
molecular delivery in skin and neural activities in brain. 
We developed a fast, sensitive and compact nonlinear microscope system, which includes 2-photon fluorescence, 
SHG and SRS imaging. Our microscope has been used for medical applications (tumor diagnose [1], organoid 
observation), chemical and pharmaceutical applications (cosmetic spreading, pharmaceutical tablet quality 
control [2]) and biological applications (metabolic process [3], molecular penetration in skin[4]).  
To go one step further, we also integrate nonlinear techniques (2-photon/3-photon, SHG/THG, CARS) in a flexible 
endoscope (see Figure 1) [5], to access samples that cannot be placed in a microscope, and to observe biological 
process in a living model such as mice [6].  
In conclusion, our nonlinear microscope and endoscope can provide label-free live imaging for various biological 
and biomedical applications and can be adapted for different samples in vitro and in vivo. 

 
Figure 1: Imaging different locations on/in mice using nonlinear endoscope M-FIP.  
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Figure 1 : a) Electrothermal setup. b) 
Current tension characteristics of the device. 
c) Very efficient electrothermal frequency 
tuning of the nanodrum due to the strain 
variations. 
 

Figure 2 : a) Tip indentation setup. b) The 

tip indentation induces non uniform strain on 

the 2D semiconductor changing the gap 

locally. c) Variation of photoluminescence 

with respect to height variations of the center 

of the membrane. 
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Straintronics in 2D semiconductors 
 
Two-dimensional transition metal dichalcogenides (TMDs) have been investigated for applications in 
optomechanics and optoelectronics thanks to their properties (thickness, high Young modulus, very low mass 
and direct bandgap in monolayers). The control over strain is at the heart of many new applications in these 
fields. To highlight the interest of this topic, we achieve strong strain tuning in suspended 2D materials via 
thermal expansion and tip indentation. 
First, we propose a new scheme to tune efficiently the mechanical vibration of 2D suspended membrane. We 
investigated the efficiency of electrothermal tuning of the vibration of MoS2 nanoresonator using Joule heating 
and thermal dilatation to slightly change the intrinsic strain and modify the resonant frequency using the nano-
opto-elctro-mechanical platform (NOEM) shown in Figure 1. Considering these properties, we extract the 
thermal conductivity and demonstrate a good temperature sensitive device with a resolution of about 20mK. 
Second, to reach higher strain regime, we apply a local force on the membrane with an AFM tip indentation 
which strongly tune the optical bandgap. The non-uniform strain, obtained in this system, leads to the diffusion 
of the excitons2 and the conversion of excitons to trions3. We investigated locally the properties of a suspended 
membrane of WS1.3Se0.7 under non-uniform strain exploiting the tip enhanced photoluminescence (TEPL) under 
the AFM tip shown in Figure 2.  
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Correlative imaging of single graphene oxide flake including Raman 
microscopy technique: sample selection and limitations  

 
Graphene is of major interest for a large number of applications currently under development. However, its 
production remains complex in large quantities. Graphene oxide (GO) is much easier to synthesize and is 
therefore often used as a precursor for the preparation of reduced graphene oxide (rGO), whose morphology 
and physicochemical properties tend more towards graphene as the reduction is more advanced. However, 
rGO contains a number of structural defects that influence its physicochemical properties, such as its electrical 
and thermal conductivity, etc.  
To control this reduction, it is interesting to follow the evolution of these physico-chemical properties during the 
GO reduction process, starting with a good characterization of the properties of the initial GO. Based on its 
expertise in hybrid metrology specifically developed for measuring single nano-object [1], LNE has chosen to 
characterize the GO through the correlation of various microscopy technique on single GO flake: Raman 
spectroscopy/microscopy, Scanning Electron Microscopy (SEM), Atomic Force Microscopy and derivate 
techniques (AFM, SThM, SMM, KPFM). This correlative imaging approach implies that each limitation of each 
technique have to be considered to select the ideal sample and substrate. Moreover, strategy must be put in 
place so that when correlative microscopy is performed the location of the flakes is easy and the least invasive 
techniques are used before the most invasive ones. One of the limitations of Raman spectroscopy/ microscopy 
when performing correlative microscopy is the degradation of the sample, even at low power [2].  
We show in the poster the limitation induced by the various techniques of microscopy employed, more 
particularly the Raman spectroscopy/microscopy. 
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Figure 1: SEM observation of a GO flake deposited on SiO2 substrate before (left) and after (right) Raman spectroscopy 
laser irradiation.  
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Method for layer-resolved Raman mapping of transferred 
graphene 

 
The technique for layer-resolved Raman mapping is an extension of the previously introduced method 

of determining the number of graphene layers [1]. It’s based on the substrate’s Raman-active modes intensity 
attenuation, caused by graphene absorption. Combining this method with the standard Raman analysis [1,2] 
allows the standardization of the material regardless of the number of graphene layers. This method is 
presented in the example of transferred graphene, decomposed into the areas of single and multiple graphene 
layers and characterized separately by standard Raman analysis. 
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Figure 1: Layer-resolved Raman mapping of transferred graphene 
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Electrochemical TERS for the in situ characterization of 
structured molecular patterns 

-Towards the operando analysis of functional devices- 
 
The nanostrucuration of surfaces, with thin molecular layers or specifically designed patterns, is nowadays 
exploited for a myriad of applications (from molecular sensing to catalysis, energy storage or conversion). 
Therefore, it is essential to improve both the sensitivity of the analytical methods that are used to characterize 
these novel materials, and the accuracy of the tools employed for the nanostructuration. 
A promising candidate that fulfils these requirements is the EC-TERS (electrochemical tip-enhanced Raman 
spectroscopy) technique, which conjugates the high-quality results of the TERS analyses with the possibility of 
performing electrochemical sequences in situ [1,2]. More specifically, the work herein presented shows the 
performances of an improved EC-TERS setup, mounted in a scanning tunneling microscope (STM) [3,4], which 
was used to solve a complex electrochemical reaction (occurring on electroactive surface-grafted molecular 
layers) and gave preliminary results of surface patterning (by organic layers modification or metal oxides 
deposition). 
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Figure 1: Schematic view of the implemented EC-STM-TERS setup 
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Raman spectroscopy for measuring thermal properties of thin 
films and 2D materials 

 
Measuring the thermal properties of thin films and 2D materials is an essential step in 

correctly assessing the suitability of new materials for many applications. For example, thermal 

conductivity (κ) and interfacial thermal conductance (g) are crucial in designing optimal heat 

management in electronic devices.  

This short communication presents two Raman-based methods for measuring κ and g in thin 

films and 2D materials. The first, the opto-thermal Raman method, uses laser light as a heat source 

and Raman scattered light as a thermometer [1][2]. The second, utilize a transparent electrical heater 

for a heat source and unique material selectivity of Raman scattered light to directly measure 

temperature difference in stacked materials. 
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Figure 1: Schematic view of the sample heated by Raman laser.  
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Characterization of cancer-associated adipocytes by Raman 
spectroscopy 

 
Adipocytes are the major cellular components comprising the breast cancer microenvironment. In the early 

stage of breast cancer, cancer cells locally infiltrate the nearby adipose tissue, which results in the activation of 

adjacent adipocytes into cancer-associated adipocytes1 (CAAs). Consequently, it gives advantages to breast 

cancer cells in terms of survival, growth, and metastasis. Compared to normal adipocytes, CAAs are mainly 

characterized by a decrease in size, lipid content, adipocyte differentiation markers, and an increase in 

adipokines and inflammatory factors. We propose to use Raman spectroscopy to identify new biomarkers 

representative of the status of CAAs.  

To capture transition between adipocyte and CAAs, a 2D in vitro co-culture model, providing a contact area 

between adipocytes (differentiated 3T3-L1 cells) and breast cancer cells (MDA-MB-231, Claudin-low subtype) 

was developed. However, cell heterogeneity is a major drawback of this cell culture model. For example, each 

kinetic time is marked by the coexistence of immature (fibroblast-like) and mature (adipocyte-like) 3T3-L1 cells 

non-equally differentiated. On the other hand, the adipocyte/CAAs transition induced by breast tumor cells 

varies from one adipocyte to another. To address this issue, we adapted algorithmic tools, recently implemented 

for single cell transcriptomic analysis, to vibrational Raman spectral data. These tools, known as trajectory 

inference (TI) or pseudotemporal ordering2, aim to reconstruct evolving pathways from different cell states, 

coexisting simultaneously in a cell population. Our research focused on the use of Partition-based graph 

abstraction3 (PAGA) algorithm combined to uniform manifold approximation and projection (UMAP) to decipher 

adipocyte cells heterogeneity and highlight CAAs population. 

We show how Raman spectroscopy can be used in association with TI approach to visualize and resolve the 

cell heterogeneity of this cell model. More specifically, the results support the evidence of diverse differentiated 

adipocyte subtypes and CAAs subpopulation. This new approach will pave the way for a better comprehension 

of cell heterogeneity and may reveal new molecular states and subpopulation-specific responses to external 

perturbations. 
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Guest-Host Raman under Liquid Nitrogen Spectroscopy for the 
Acquisition of Improved Vibrational Spectra of Solids 

 
Guest-host Raman under liquid nitrogen spectroscopy (GHRUNS) involves the isolation of solid-state guest 

molecules inside cage-like host environments for the facile acquisition of their Raman spectra. This convenient 

method features reduced fluorescence, the analysis of populations in their ground states, and increased signal 

to noise ratios. Samples are also preserved through the reduction of thermal degradation and oxidation. To 

demonstrate the benefits of this new method, Raman spectra of the ubiquitous molecule C60 inside a cage of 

water ice are presented. Using this technique, a new normal mode of C60 is elucidated. The GHRUNS 

methodology is of interest to those seeking to acquire and characterize the vibrational spectra, structure, and 

properties of emissive, air-sensitive molecules. 

 
 

 

 
 
Figure 1: Raman spectrum of C60 at room temperature (black) and GHRUNS methodology (purple) under the same laser 
irradiation.  The inset photograph demonstrates resulting laser damage at room temperature. 
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Quantitative Raman analysis of TiO2 thin films prepared by a 
sol-gel process  

Titanium dioxide (TiO2) is a material well known for its usage in photocatalysis. The two most used 
phases of TiO2 are anatase and rutile. Nanocrystalline anatase is reported to be more suitable compared with 
nanocrystalline rutile for photocatalytic applications due to its higher surface area, enhanced charge separation 
efficiency and relatively larger bandgap leading to a slightly higher redox capability [1]. At atmospheric pressure, 
a phase transformation from anatase to rutile occurs at around 550 °C [2] and at approximately 800 °C anatase 
is expected to be fully converted into rutile [3]. Temperature control between these two values was proven to be 
a straightforward and efficient procedure to tune the relative concentration of both phases and thus to achieve a 
desired mixture for efficient photocatalytic activity. A quantitative determination of the phase composition of 
such mixtures is therefore desirable and of relevance if we wish to optimize the TiO2 thin film photocatalytic 
properties. Here, we present a systematic case study regarding the quantitative Raman analysis that could be 
useful for the TiO2 photocatalysis community. Our titanium dioxide thin films are synthesized using a sol-gel 
process and spin coated on p-type Si (100) substrates with a native oxide layer. The as-deposited TiO2 thin 
films are then annealed at different temperatures from 400 °C to 800 °C for 3 hours in ambient conditions. UV-
Raman (excitation wavelength of 325 nm) and visible Raman (excitation wavelength of 532 nm) spectra are 
taken in backscattering geometry under a microscope. Quantitative analysis is performed considering the area 
under the Raman peaks and the peak widths of the Raman fingerprint features of the TiO2 anatase and rutile 
polymorphs [4,5]. The procedure is further complemented by and benchmarked against X-ray diffractometry 
results obtained on the same set of samples. The results reveal the successful Raman quantitative analysis of 
the TiO2 thin film samples with the fine-tuning of their phase composition.   
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Enhancement of graphene-related and substrate-related 
Raman mode through dielectric layer deposition 

 
Enhancement of the Raman signal intensity is currently among the most researched directions in developing 

Raman-based characterization techniques of all 2D materials as it elevates detection limits of their fine structural 
properties. The interest in Raman signal intensification is also triggered by the wide range of applications it can benefit, 
such as biochemistry and biosensing, polymer and materials science, catalysis, electrochemistry, the study of high-
temperature processes, and the detection of hazardous gases [1]. In this work, we demonstrate a method for the 
enhancement of Raman active modes of hydrogen-intercalated [2] quasi-free-standing epitaxial chemical vapor deposition 
graphene and the underlying semi-insulating 6H–SiC(0001) substrate through constructive signal interference within 
atomic-layer-deposited amorphous Al2O3 passivation. We find that an optimum Al2O3 thickness of 85 nm for the graphene 
2D mode and one of 82 nm for the SiC longitudinal optical A1 mode at 964 cm–1 enable a 60% increase in their spectra 
intensities. We demonstrate the method’s efficiency in Raman-based determination of the dielectric thickness and high-
resolution topographic imaging of a graphene surface [1,3].  

The research leading to these results has received funding from the Research Foundation Flanders (FWO) under 
Grant No. EOS 30467715, the National Science Centre under Grant Agreement No. OPUS 2019/33/B/ST3/02677 for 
project “Influence of the silicon carbide and the dielectric passivation defect structure on high-temperature electrical 
properties of epitaxial graphene,” and the National Centre for Research and Development under Grant Agreement No. 
LIDER 0168/L-8/2016 for the project “Graphene on silicon carbide devices for magnetic field detection in extreme 
temperature conditions.” 
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Figures 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Theoretical (dashed lines) and experimental (square symbols) enhancement 
factor (EF) for the SiC LO A1 mode at 964 cm-1 (marked in beige), the Si mode at 520 cm-1 (marked in gray), and the QFS 
graphene 2D mode at 2708 cm-1 (marked in black), all as a function of the Al2O3 physical thickness. 
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Enhanced Tri-modal Optical-Photothermal Infrared (O-PTIR) 
Spectroscopy – Advances in Spatial Resolution, Sensitivity & 

Tri-modality (IR, Raman & Fluorescence) 
 
Optical Photothermal Infrared (O-PTIR) spectroscopy has established itself as a cutting edge vibrational 
microspectroscopy tool, offering significant advantages over the traditional FTIR/QCL & Raman spectroscopic 
tools, providing submicron simultaneous IR+Raman microscopy, in non-contact mode with high sensitivity. The 
ability to collect, for the first-time submicron IR spectroscopic data in an optical microscope has enabled new 
research outcomes across a range of application fields, such as life sciences (cells, tissues, bacteria), polymers, 
cultural heritage and microplastics. 
A new modality, “counter-propagating” has been engineered to provide for enhanced IR (and Raman) spatial 
resolution and sensitivity, through decoupling the need for a reflective objective. The IR pump beam can now be 
directed to the sample via the underside, thus allowing the collection objective for the visible probe (and Raman 
excitation beam) to be a high-NA refractive objective. This improves spatial resolution to ~300nm for both IR and 
Raman, whilst improving sensitivity, image quality and facilitating immersion objective studies. 
To further integrate vibrational spectroscopic tools into life science workflows, we coupled widefield 
epifluorescence to facilitate a novel concept – fluorescence guided (or fluorescence co-located) O-PTIR 
microspectroscopy. Rather than, or in addition to the visible image, the fluorescence image can now be used to 
guide the user to the region of interest, thus combining the well-established specificity of fluorescence imaging 
with the broad macromolecular profiling capabilities of IR spectroscopy 
Several life sciences examples from bacteria, cells and tissues will be provided to demonstrate these new 
capabilities and how they can enable new experiments and research findings.. 
 
Figures 
 

 
 
Figure 1: Left: Single E.Coli cell imaged in counter-propagating mode with 50nm pixel/step size and submicron 
simultaneous IR+Raman spectra from centre of bacterial cell. Right: Schematic of counter-propagating layout. 
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SmartSamplingTM: A revolution in Raman imaging 
 
From its beginning more than 50 years ago, the Raman microscopy went through many stages that have 
marked its history. Thus, starting from the point spectral acquisition at the micron scale, the capability to acquire 
Raman images opened the door to more and more applications. Then, the ability to the multichannel detectors 
to be faster and faster improved the speed of measurement and so increased the performances of such Raman 
imaging systems with less than a millisecond acquisition time per spectrum. However, such performances are 
possible only on high Raman scattering samples, reducing the concerned applications. 
 
With our solution, we now offer the ability to all applications to improve their speed of Raman imaging. Based on 
the video contrast, this patented algorithm segments the map area in regions of interests of different sizes. 
Consequently, a quick preview based on high quality spectra is obtained in few seconds and then this rough 
image is improved step by step, detail by detail. Thus, good quality images are obtained after only few minutes 
when it needs hours or days to be completed in classical point-by-point mapping. 
 
In this presentation, we detail how this approach will revolutionize the Raman imaging in all application 
domains, from physical to life sciences. 
 
 
Figures 
 

 
 
Figure 1: Covallaria cells. (Left) 14 minutes SmartSamplingTM Raman image. (Right) Equivalent point by point image 
obtained in 14 minutes. 
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Improving Nano-Biology Interaction Studies with Multi-Modal 
Raman & Enhanced Darkfield Optical Hyperspectral 

Microscopy 
 
Effective studies at the nano-bio interface require that researchers can easily observe and measure how 
nanoparticles interact with a targeted in-vitro cell or ex-vivo tissue environment. HORIBA Scientific and 
CytoViva, Inc. now provide a new multi-modal Raman and enhanced darkfield hyperspectral microscopy system 
that is highly effective for nano-biology related research. This system includes patented enhanced darkfield 
optics that enable label-free observation of nanoparticles as small as 10nm when isolated in solution and in 
cells and tissue. The optical hyperspectral imaging capability enables rapid capture of large-area hyperspectral 
images for spectral characterization and spectral mapping of nanoparticles or their drug load. Pixel-level optical 
hyperspectral data is captured based on the nanoparticle’s surface plasmon resonance, fluorescence emission 
or Rayleigh scatter. Additionally, Raman measurements from the identical field of view can be captured, which 
provides quantitative molecular fingerprint confirmation of the nanoparticles or other sample elements. Finally, 
Raman mapping of unique sample elements can also be performed when required. This presentation will 
provide a detailed overview of this new multi-modal imaging and spectral measurement capability. Specific 
illustrations of plasmonic, metal oxide, polymer and lipid-based nanoparticles interacting with cells and tissue 
will be presented. 
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When Raman and friends go to the mountains – correlative 
analysis with MountainsSpectral® 

 
 
Based on science’s most trusted analysis software platform, MountainsSpectral® is a comprehensive, dedicated 
solution for processing & combining images and other data from spectroscopic techniques including Raman, 
TERS, IR, nanoIR, fluorescence, photoluminescence, cathodoluminescence, EDX/EDS and XPS as well as 
microscopy data. 
 
In particular, it opens up new possibilities and workflows for the analysis of spectroscopic data including: 
spectral map processing and enhancement, colocalization for correlative analysis, topographic analysis tools for 
AFM images, SEM image 3D reconstruction, particle analysis and spectral analysis.  
 
 
 
Figures 
 

 
 
Figure 1: 3D model of surface topography generated from SEM images with overlay of chemical composition (EDS maps) 
on a Cobaltite sample. 
Courtesy of Emmanuel Guilmeau, CRISMAT (Caen, France), Jean-Claude Ménard, JEOL France.  
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A Fibre-Packaged Waveguide-Enhanced Raman Sensor 
 
Waveguide-enhanced Raman spectroscopy (WERS) has attracted significant interest as a method leveraging 
the performance, size, and cost benefits of integrated photonics for Raman spectroscopic sensing of chemical 
and biological species [1]. While all the components of a full WERS system (light source, filters, interaction 
region, spectrometer) may eventually be integrated on a single chip, current limitations mandate using a source 
and spectrometer that are off-chip. The coupling of light to and from the WERS chip is most practically done 
using optical fibres, which can be bonded to the chip to remove the vibration sensitivity and need for expensive 
alignment stages inherent to lens coupling. Fibre-coupling however requires additional components to avoid the 
background from the fibres, notably a coupler separating the forward- and backward-propagating signals [2]. 
We present a fibre-packaged waveguide-enhanced Raman spectroscopic sensor with an adiabatic directional 
coupler enabling the collection of the backscattered signal and the removal of any signal from the fibres. Its limit 
of detection was quantified by measuring varying concentrations of isopropyl alcohol (IPA) in water. The signal-
to-noise ratio (SNR) was calculated for each spectrum by normalizing the spectrum, subtracting a reference 
measurement of deionized water, and applying a penalized least squares algorithm to remove the baseline [3]. 
A fit of the evolution of the SNR with concentration suggests that the sensor's LoD for IPA lies at 0.03 mol.L -1 
(0.2 wt% in water). This LoD is the lowest reported to date for a WERS sensor without surface enhancing 
mechanism. 
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Figures 
 

 

Figure: Schematic principle of WERS. A WERS sensor integrated in a flow cell for fluidic measurements. 
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Ag-NPs decorated Vanadium Carbide MXenes hybrid film as efficient 

SERS Substrate for the sensing of Gemcitabine 

 

Abstract  

The 2D MXene materals have established the promising impact in the surface enhacned 

Raman spectroscopy (SERS) application. Due to excellent plasmonic and anti-fluorescent 

properties the Mxene could be a potential SERS substrate for the sensing of drugs. The 

AgNPs decorated vanadium carbide (V2CTx) MXenes has been proved to be excellent 

material due to its intermediate inter-layer spacing, short-range charge transfer (CT) and 

acting as Fermi level mediator between metal and drug fermi level. The numerous efforts 

have been madeto synthesize the V2CTx materials with efficient inter layers space for better 

inter layer charge transtion and plasmonic effects. Herein, we report the synthesis and 

characterization of vanadium carbide sheets using environental friendly etchant (LiF+HCl). 

The fabricated multilayerd V2CTx was delaminated with the novel intercalant triethylamine 

(TEA) which resulted in deceased interlayer spacing of 8.13 Å and enhanced the shelf life 

by up to six weeks. The prepared V2CTx was treated with self-assembled silver 

nanoparticles (AgNPs) to fabricate the 2D hybrid materials as a potential SERS substrate 

for the sensing of ultra-trace quantities of anti-cancer drug gemcitabine (GMC). The 

developed analytical approach posed an unprecedented limit of detection of 10-12 M with a 

wide dynamic range of 10-4-10-12 M. The AgNPs@ V2CTx SERS sensor has achieved a 

Raman signal amplification corresponding to an enhancement factor of 109, with high 

sensitivity and reproducibility. 
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Electronic band structure of Two-Dimensional Rhombohedral 

WSe2 homobilayers 

 
Twisted layers of atomically thin two-dimensional materials realize a broad range of novel quantum materials with 
engineered optical and transport phenomena arising from spin and valley degrees of freedom and strong electron 
correlations in hybridized interlayer bands1,2. Here, we report experimental and theoretical studies of WSe2 homobilayers 
obtained in stable configurations of 2H (60° twist) and 3R (0° twist) stackings by controlled chemical vapor synthesis of 
high-quality large-area crystals3,4,5. We directly reported the electronic and structural properties of bilayer WSe2 with the 
two stacking orders using micro-Photoluminescence (µ-PL) and micro-Raman spectroscopy, angle-resolved 
photoemission spectroscopy measurements (ARPES), and Density Functional Theory (DFT) calculations. Nano-ARPES 
clearly demonstrated that our bilayer with AB stacking shows a high spin-orbit coupling of about 500 meV. Our work 
opens up new perspectives in the development of optoelectronic and spintronic devices made of easily processable TMDs 
materials. 
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Figure 1:  Optical image of CVD-grown WSe2 bilayer flakes 
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NanoMesureFrance: A single entry point for structuring the 
nanomaterials industry around reliable data 

 
Nanomaterials are formidable sources of innovations and are used in all industrial sectors. However, their 
development is hampered by the fact that the reproducibility of industrial production processes is difficult to 
achieve [1], harmonised testing methodologies are lacking to implement their different regulatory definitions [2], 
regulatory requirements for which harmonised test methods are not always available and an often negative 
perception by society [3]. The lack of traceability [4] regarding the use of these chemical substances, the risks of 
which are sometimes still poorly assessed, and the fragmentation of French stakeholders do not favour the 
establishment of a context conducive to the marketing of products incorporating nanomaterials. 
 
These various obstacles are partly due to the difficulties in obtaining reliable and comparable data, while the 
characterisation of nanomaterials is complex. In order to respond to these issues, this communication proposes 
to introduce the NanoMesureFrance initiative. This innovation centre, led by LNE and supported by the French 
State (via BPI, the French Public Investment Bank) and the Ile-de-France region for three years, aims to create 
a sustainable structure aiming at strengthening confidence in nanomaterials and associated innovations through 
improved quality characterisation data. NanoMesureFrance also aims to federate, within a non-profit association 
officially created in 2022, the French stakeholders concerned (nanomaterials producers & users, instrument 
manufacturers, service providers, laboratories and academic platforms) by working on the harmonisation and 
validation of the tools and methods needed to characterise key physico-chemical properties of nanomaterials at 
different stages of their life cycle. In addition to the creation of the NanoMesureFrance association, part (€1.5M) 
of the €2.8M budget for this project will be used to make the necessary investments to carry out the actions 
required to meet the specific needs discussed. The offer proposed within NanoMesureFrance will provide 
solutions adapted to the various levels of complexity and maturity of the problems expressed by its members. 
The latter will have access to a shared characterisation platform equipped with complementary instruments, to a 
range of high value-added services "around characterisation and testing" aggregating the capacities of the 
members, as well as to an Open Innovation programme conducive to the development, harmonisation and 
validation of innovative characterisation tools and methods in order to support the responsible industrialisation 
of nanomaterials and corresponding Safe-by-Design approaches. Beyond these actions, NanoMesureFrance 
will allow a better coordination of national efforts on these subjects and will defend French positions within 
European/international bodies and networks (European Metrology Network, OECD, VAMAS, AFNOR/X457, 
CEN/TC352, ISO/TC229). 
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Surface Enhanced Raman Scattering study of  
MXene based glass substrates 

 
Surface Enhanced Raman Scattering (SERS) has become a powerful technique in the detection and 

identification of biologically important molecules. MXenes are a family of two-dimensional transition metal 

carbides and nitrides that exhibit plasmonic properties, making them promising candidates for the preparation of 

SERS active substrates. It has been shown previously, that MXene based SERS substrates are able to detect 

low concentration of organic dye molecules such as rhodamine B, rhodamine 6G, methylene blue, and crystal 

violet [1]–[3]. Nowadays, the applicability of detecting these molecules using MXene compounds has been 

extensively studied. However, there is still need to broaden their possible application to the detection of small 

concentrations of bio molecules. Here, we demonstrate the SERS properties of MXenes based glass substrates 

using rhodamine B, as a model molecule and study the possibility of using SERS enhancement for human 

insulin detection. We found that spray coated MXene continuous films on glass substrates exhibited SERS 

sensitivity. In particular, rhodamine B was detected in the range of 10-3 to 10-6 M. However, the substrates did 

not show SERS activity towards human insulin. The detection limit of insulin on the spray coated MXene on 

glass did not differ from bare glass substrate, being equal to 0.25 mM. Our results show that while MXenes are 

a very promising new SERS platform, further work is needed to utilize them in detecting small bio molecules at 

biologically relevant concentrations. 
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Detection of nanoparticles by surface-enhanced Raman  
microscopy 

 
Nanoparticles are challenging to detect and image due to their size. While methods such as dynamic light 
scattering, nanoparticle tracking or scanning electron microscopy are commonly used to detect and determine 
the size of nanoparticles, either high concentrations are required or it is difficult to identify the type of particle 
that is detected.  
Although Raman scattering is able to give information about the detected molecule, it is an inherently weak 
process, with only about one in 108 photons of the excitation beam contributing to the Raman signal. However, 
this signal can be enhanced by the excitation of surface plasmons on substrates like gold nanostructures. 
Here, we show that by employing surface-enhanced Raman microscopy, we can enhance the Raman signal in 
such a way that single nanoparticles can be detected and by looking at the Raman fingerprint we can determine 
the type of nanoparticle that is observed.  
 
 
 
Figures 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Surface-enhanced Raman substrate (right SEM image) and surface-enhanced Raman microscopy image (left) 
of polystyrene nanoparticles. 
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Gold Flakes based nanostructure as new SERS sensing 
platform  

 
Plasmonics, the physics of coupled states between light and surface charge density oscillations, is a thriving 
research topic with a plethora of potential applications, like miniaturized optical antennas, plasmonic 
waveguides, meta-materials, or high-sensitivity sensing [1]. Plasmonic nanostructures are often made from 
noble metals such as gold, as it is stable under ambient conditions and shows surface plasmon resonances in 
the visible wavelength range [2].  In this project, we utilized the gold flakes as highly efficient plasmonic 
structures platform (Fig.1). Plasmonic structures were fabricated by direct focused ion beam (FIB) milling [3]. 
The thin gold single-crystalline layer with an atomically smooth surface and structures demonstrated 
outstanding optical Raman signal enhancing compared to polycrystal gold (Figure.1). The results demonstrated 
that gold flake platform shows precise, reproducible, reusable, generic plasmonic substrate which has huge 
significance for basic science, pharmacological the agricultural and economy industries. 
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Figure 1: (A) Gold flake nanostructure milling, (B) Surface enhanced Raman signature obtained by gold nanostructures   
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Characterization and harmonization for industrial 
standardization of advanced materials studied by Raman 

spectroscopy – The H2020 CHARISMA project  
 
Raman spectroscopy is becoming a key technology used in research and development for characterization of 
materials. As such, any spectrum should be reliably comparable with any other and linked to specific material 
properties. However, in real life, Raman spectra can differ between instruments and depend on the spectrometer, 
optical path or sample environment, among others, and only a limited number of calibration standards for Raman 
spectroscopy are available to date [1].   
The aim of H2020 CHARISMA project [2] is to develop new concepts to harmonize Raman spectroscopy for 
characterization across the life cycle of a material, from the product design and manufacture to lifetime 
performance and end-of-life stage. The main objectives are: development and production of universal, robust and 
readily available calibration standards and protocols for spectra acquisition and data analysis and storage; 
harmonization of raw Raman data through conversion to universal and open data format; generation of a FAIR 
[3] Raman data repository to enable exchange of spectral data between users. The project is based on strong 
cooperation between academic and industrial partners and is divided into a research-based technical part that 
will develop and analyze the tools, and the industrial part that will apply them in relevant case studies. It covers 
both experimental and theoretical Raman spectra generation, interpretation and storage following the FAIR 
principles. In the long term, CHARISMA aims to make Raman spectroscopy a widespread technology used within 
the Industry Commons concept.   
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Direct Correlative Nanoscopy Imaging of 2D Materials 
 
2D transition metal dichalcogenides (TMDCs) materials are considered of very high potential semiconductors for 
future nanosized electronic and optoelectronic devices. An information-rich nanoscale characterization technique 
is required to qualify these materials and assist in the deployment of 2D material-based applications.  
Scanning Probe Microscopy (SPM) is a powerful technique to image physical properties of 2D materials, such as 
topography, surface potential or other electrical properties. Combining SPM and Raman in a single 
instrumentation is extremely powerful as it makes imaging of both chemical and physical properties possible. As 
Raman is diffraction limited, only plasmon enhanced Raman and photoluminescence spectroscopies yield 
correlated electrical and chemical information down to the nanoscale. 
In this poster, we will report on Tip-Enhanced Photoluminescence (TEPL) and Tip-Enhanced Raman 
spectroscopy (TERS) data obtained on single crystal TMDC flakes directly grown on SiO2/Si. TEPL and TERS 
images will be correlated with contact potential difference and capacitance maps as results of Kelvin force probe 
microscopy acquisition. 
Beside these semiconductor/dielectric (SiO2) interfaces, probing TMDC/metal interfaces is also essential to 
integrate TMDCs in 2D or 3D complex structures of devices. We will show results from WS2 on silver and WSe2 
and MoS2 on gold. Such transferred surfaces exhibit nanoscale inhomogeneities observed in correlated CPD and 
Raman maps.  
Finally, TEPL together with AFM topography data on a lateral single layer WS2/WSxSe1-x/WSe2 heterostructure 
grown on SiO2/Si will be presented: nanoscale PL response variations are observed beyond the smooth nano-
resolution topography. 
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Figure 1: Correlated Tip-enhanced Photoluminescence and Capacitance measurements on WSe2 flakes 
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 Operando Raman Spectroscopy Investigations of the CO2 
Hydrogenation to Methanol on Cu-ZrO2 based Nanocatalysts  
 
The use of catalytic reactions to produce a large variety of valuable chemicals is a crucial 
process in the catalysis industry. In particular, the synthesis of methanol (CH3OH) from the 
catalytic CO2 hydrogenation reaction (CO2 HR),  has grown 

tremendously within the last few years, as it is an attractive approach to mitigate CO2 by 
converting it into high value-added chemicals. 
Within this framework we have conducted a comparative study of the CO2 hydrogenation on 
two analogues nanocatalysts, the first in the form of mixed nanopowders of Cu-ZrO2-ZnO-
Al2O3 (CZZA), and the second consisting of ultrathin film of ZrO2 grown on CuOx/Cu(111) 
surface. This comparative approach is intended to unravel the reaction mechanistic of the 
CO2 HR. To this end, we have conducted operando Raman spectroscopy measurements 
using autoclave cells under realistic reaction conditions of the pressure (10-40 bar) and 
step-wise annealing from room temperature up to 400°C. Our study shows two major 
findings. The first concerns the reaction path followed during the CO2 hydrogenation to 
methanol. It occurs via the reverse water gas shift mechanism (r-WGS). We have used 
isotopic labeling (D2) to monitor the formation of D2O specifically through the r-WGS 
process. Raman band shift of D2O and other relevant intermediates such as CO, HDO were 
detected in the gas phase (Fig.). The second finding shows high catalytic performances of 
the ZrO2/CuOx/Cu(111) ultrathin film compared to the CZZA nanopowders. It is illustrated 
by the early onset of the r-WGS process which occurs at 100°C on the ZrO2 films while it 
starts only at 200°C on the CZZA sample. Besides, the CO2 conversion via the r-WGS is 
more efficient on the ZrO2 films as it produces large amount of D2O for less consumption of 
D2 when compared to the CZZA sample. We attribute the better performances of the ZrO2 
ultrathin films to following effects: (i) the ZrO2—CuOx/Cu interface where synergistic 
phenomena occur (CO2 dissociation on ZrO2 and D2 dissociation on CuOx), (ii) the unique 
role of the dual-reaction sites of ZrO2, present in the ultrathin film, that are the strong Lewis 
acidity of Zr4+ cations and the strong Lewis basicity of both O2- anions and oxygen 
vacancies (Ov) associated with Zr3+ states. We have evidenced the presence of these sites 
thanks to XPS investigations conducted on the ZrO2 ultrathin films where the core-level 
spectra in the Zr binding energy region show the presence of two contributions, Zr4+ and 
Zr3+.  

 
Figure: Operando Raman spectra as a function of the temperature for two nanocatalysts. (A): ultrathin film of ZrO2 grown 
on CuOx/Cu(111) surface; (B) nanopowders of Cu-ZrO2-ZnO-Al2O3 (CZZA) 
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