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The stacking of two-dimensional (2D) crystals represent a new frontier in materials engineering, offering a 
degree of control that is not possible with bulk materials. Through choice of 2D material and their twist orientation, 
fundamental materials parameters can be tuned, such as the bandgap and nonlinear susceptibility.  Among the most 
exciting phenomena currently being studied are effects that arise due to the moiré lattice formed between twisted 2D 
layers.1,2 For the Mo- and W- transition metal dichalcogenide (TMD) semiconductors, excitons can become trapped 
in moiré potential wells, resulting in so-called moiré excitons. However, to date, the existence and properties of 
moiré excitons have only been inferred spectroscopically due to the sub-wavelength nanoscale nature of moiré 
lattices in these materials. Real-space nano-optical imaging of moiré excitons has proven difficult due to the 
inherently low oscillator strength of interlayer excitons and poor alignment of exciton transition dipoles with the 
antenna mode of common nano-optical probes.3  

In this presentation, I will show our recent efforts to resolve moiré physics in twisted MoSe2/WSe2 hetero-
bilayers. With combined nano-Raman and nano-photocurrent measurements, we resolve features consistent with 
domain wall reconstruction known to occur in low-angle twisted TMD heterostructures. Further, we measure sizable 
photocurrents when pumping at zero bias, which correlates with tip enhanced nano-Raman scattering, suggesting a 
strong interaction of the interlayer exciton and gap-mode plasmonic mode. Our results demonstrate the feasibility of 
direct imaging of moiré exciton properties at room temperature at their native length scales and show the potential 
for new optoelectronic phenomena in TMDs.     
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Polaritons, which are quasiparticles composed of a photon coupled to an electric or 
magnetic dipole, are a major focus in nanophotonic research of low-dimensional materials. 
Polaritons can be active in a broad range of the electromagnetic spectrum (meVs to eVs) and exhibit 
momenta much higher than the corresponding free-space radiation. Hence, the use of high 
momentum broadband sources or probes is imperative to excite those quasiparticles and measure 
the frequency-momentum dispersion relations, which provide insights into polariton dynamics. 
Synchrotron infrared nanospectroscopy[1] (SINS) is a technique that combines the nanoscale spatial 
resolution of scattering-type scanning near-field optical microscopy with synchrotron infrared 
radiation, making it highly suitable to probe and characterize a variety of polaritons. Here, the 
advances enabled by SINS on the study of key different types of polaritons from the THZ to mid-
infrared will be described[2,3].  In this work, I will exploit the polaritonic response of α-MoO3 
nanobelts, with reduced dimensionality approaching “1D-like”. The polaritons in α-MoO3 
nanobelts feature Fabry-Perot (FP) resonances, primarily from type I HP2s in the 970-1100 cm-1 
range. The modes show dependence on the geometric form factor (thickness and width) of the 
nanobelt and propagate along the [100] crystal direction. In the same crystalline axis, we also show 
the first infrared nanoimages of type I polaritonic modes in the far-IR band extending from 440 to 
490 cm-1. Those analyses are confirmed by a robust convergence among experiment and numerical 
simulations[3]. Hence, α-MoO3 nanobelts are presented as an HP2 nanocavity directly synthesized 
without the need of lithography or other post-synthetic sculpting processes. This low-dimensional 
polaritonic material opens new avenues for integrated planar IR photonics, dictating polaritons 
control and nanoresonators for phonon-enhanced molecular vibrational spectroscopy. 
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Phonon polaritons (PhPs)─lattice vibrations coupled to electromagnetic fields─in highly anisotropic media [1-4] 
display a plethora of intriguing optical phenomena, including ray-like propagation, anomalous refraction [5], and 
optical topological transitions [6], among others, which have potential for unprecedented manipulation of the flow of 
light at the nanoscale. However, the properties of these PhPs are intrinsically dictated by the anisotropic crystal 
structure of the host material [6-8]. Although in-plane anisotropic PhPs can be steered, and even canalized, by twisting 
individual crystal slabs in a van der Waals (vdW) stack [9-12], active control of their propagation via external stimuli, 
key for their implementation in nano-optical technologies, presents a significant challenge. 

 
Here [13], we report a technology in which anisotropic PhPs supported by biaxial vdW slabs can be tuned actively 

and in-situ by integrating a gated graphene layer. Excitingly, we predict active tuning of optical topological transitions 
of the polaritonic IFCs (the optical version of Lifshitz transitions in electronic systems), which enable controlling low-
loss canalization of PhPs along different in-plane directions in both single slabs and twisted heterostructures (Fig. 1). 
Our theoretical and numerical results demonstrate that such tunable topological transitions, leading to canalization of 
polaritons, are highly dependent on the Fermi level of charge carriers in graphene. Therefore, by simply applying a 
voltage, the in-plane canalization direction can be controlled in a wide range of angles, opening the door to steer 
infrared light along specific directions on demand. Excitingly, the propagating properties of the resulting hybrid 
polaritons, such as propagation length or lifetime, key for applications requiring long-lived light-matter interactions 
such as strong coupling or mid-infrared (bio)sensing, are not undermined by the ohmic losses in graphene. Apart from 
their fundamental relevance, our findings pave the way to obtaining optical topological transitions not only actively 
tunable but also electrically, enabling the integration of anisotropic PhPs with dynamically controllable properties in 
nano-optoelectronic studies and devices, such as sensors and photodetectors. 

 

 
Fig. 1. Phonon polaritons supported by biaxial van der Waals slabs can be tuned actively and in-situ by integrating a gated graphene 
layer. This enables to guide nanolight along very specific directions by simply applying an external voltage. 
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Optical nanoresonators are fundamental building blocks in a number of nanotechnology applications (e.g. in 

spectroscopy) due to their ability to efficiently confine light at the nanoscale. Recently, nanoresonators based on the 
excitation of phonon polaritons (PhPs) – light coupled to lattice vibrations – in polar crystals (e.g. SiC, or h-BN) have 
attracted much attention due to their strong field confinement, high quality factors, and potential to enhance the 
photonic density of states at mid-infrared (IR) frequencies [1]. Here, we go one step further by introducing PhPs 
nanoresonators that not only exhibit these extraordinary properties but also incorporate a new degree of freedom: twist 
tuning, i.e. the possibility to be spectrally controlled by a simple rotation (Fig. 1a). To that end, we both take advantage 
of the low-loss in-plane hyperbolic propagation of PhPs in the van der Waals crystal -MoO3 [2], and realize a 
dielectric engineering of a pristine -MoO3 slab placed on top of a metal ribbon grating, which preserves the high 
quality of the polaritonic resonances. By simply rotating the -MoO3 slab in the plane (from 0 to 45º), we demonstrate 
by far- and near-field measurements that the narrow polaritonic resonances (with quality factors Q up to 200) can be 
tuned in a broad range (up to 32 cm-1, i.e. up to  ̴ 6 times its full width at half maximum, FWHM  ̴ 5 cm-1) (Fig. 1b). 
Our results open the door to the development of tunable low-loss nanotechnologies at IR frequencies with application 
in sensing, emission, or photodetection.  

 

 

 

 

 

 

 
 
 

 
 
 
 
 
 
 
 
 

Fig. 1 PhPs nanoresonators in -MoO3 defined by placing a pristine -MoO3 slab on top of metal ribbons. a. Schematics of the 
studied structure that allows defining the nanoresonators by “dielectric engineering” and controlling them by a twist angle, . b. 
Measured relative reflection spectra, R for twist angles  =0,15,30 and 45º.  
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Low-dimensional materials, especially Monolayer transition-metal dichalcogenides, have emerged as potential 
candidate materials for next-generation ultra-thin optoelectronics devices. The quality inspection and control in the 
production of such materials are crucial for their applications, including the detection and identification of the spatial 
heterogeneity caused by various nanoscale defects. 

Here we provide a super-resolved defects identification method based on scanning near-field optical microscopy 
(SNOM) to explore the photoluminescence (PL) distribution of transferred monolayer WS2 with sub-diffraction 
spatial resolution (140 nm) in a large range (10×10 um2) in ambient environment. By performing topography 
mapping and photoluminescence nanospectroscopy, the nature of different nanoscale defects in monolayer WS2, 
such as the stack, bubble, and wrinkle, can be identified through their light emission properties, which strongly 
correlate with exciton emission modulation and tensile strain arose from local structural deformations.  

According to our study, the PL intensity drops down sharply at the stack region because of the direct-to-indirect 
bandgap transition when 1L-WS2 increases to multi-layer[1]. In the bubble region, the peeling off of WS2 from the 
substrate and the water molecules trapped inside the bubble induce a relative p-doping effect[2], leading to 
accumulation of holes in the transferred monolayer WS2 with electrical neutrality and resulting in the enhancement 
of the AT emission and weakening of the A0 emission. The resonance peak showed relative enhancement and red-
shift of about 60% and 5 nm (~15 meV) in the peak of the wrinkle. With the help of high-resolution PL mapping 
passed above the wrinkle,  the red-shift of the PL peak can ascribe to the modified band structure due to the tensile 
strain induced by the structural deformation[3], and the enhancement of PL intensity at wrinkle peak can be 
explained by exciton funneling effect[4] since the photo-generated excitons tend to drift to the lower bandgap region. 

    
Fig. 1 (a) Schematic of the near-field PL measurement system with a pyramid SNOM probe. A WS2 sample is excited by a focused 532 nm laser 

beam through the probe, and the PL signal is collected by a high numerical aperture (NA) objective. The inset shows the optical image of the 
working probe acquired by a charge-coupled device (CCD), where a focused beam spot is seen. (b) Near-field PL mapping of the sample with 

integral from 614 nm to 634 nm. (c) near field spectra of various defects in monolayer WS2. 
 

The presented approach and results deepen the understanding of the spatial emission behaviors in monolayer 
TMDs and provided a powerful tool for the identification of different local nanoscale defects in low-dimensional 
materials, which could be necessary for next-generation ultra-thin optoelectronics devices. 
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Since their discovery, two-dimensional (2D) materials have garnered much interest in the condensed matter 
community, both as platforms to investigate new physics, and as promising candidates for a variety of technological 
advances. Notably, their reduced dimensionality and tunable properties offer intriguing potential for applications in 
quantum systems and quantum information science. The strain-controlled single-photon emitters (SPEs) observed in 
2D semiconductors provide several advantages over SPEs in other materials, which tend to be limited in wavelength 
tunability, deterministic spatial control, and integrability with other device components. 

Motivated by our previous nano-optical studies of strain-localized quantum-dot-like states in tungsten diselenide 
(WSe2) [1], this work explores strain-directed and controlled localized emission with the potential of realizing 
tunable SPEs at room temperature. Here, monolayer sheets of WSe2 are transferred onto lithographically patterned 
arrays of sharp conical structures. Owing to the low defect density and single crystal nature of this material, it is able 
to strongly conform to the substrate features without breaking. In doing so, nanoscale wrinkles are formed around 
and in-between the cones, with directionality clearly influenced by the array lattice. These highly strained regions 
can effectively localize excitons, as evidenced by near-field mapping (Figure 1b), and produce similar low-energy 
emission to that seen in our previous work on nanobubbles [1]. A host of sharp spectral features emerge from these 
areas at low temperatures, which suggests that the emission is quantum in nature and tunable with strain.  

 
Fig. 1. (a) AFM topography of wrinkles in monolayer WSe2 on a patterned substrate. (b) Hyperspectral map of the same region 
showing integrated emission intensity between 780-900 nm. Colored crosses and arrows indicate the locations of the selected 
spectra shown in (c). 
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Dark excitons in transition metal dichalcogenides provide new opportunities for optoelectronic devices due to their 
long lifetimes. SThe strong spin-orbit coupling causes the conduction band to split (Fig. 1a), with the dark state not 
optically active due to a forbidden spin transition, making it difficult to access spectroscopically. It To date, it has 
primarily been detected using strong magnetic fields at low temperatures to tip the spin to allow for a some degree of 
optical emission.  
Using tip- enhanced photoluminescence (TEPL), we are able to optically detect and control the dark exciton XD 
emission as demonstrated in WSe2. A Here, a gold tip acts as a nanoantenna with polarization parallel to the tip to 
couple with the out-of-plane moment of the dark exciton (Fig. 1b) [1]. In contrast, pPerpendicular polarization is 
senses only preferentially sensitive to the in-plane moment and thus does not show darkbright moment of the bright 
excitons X0. The A tip-sample pico-cavity coupling with the out-of-plane moment allows for Purcell enhancement of 
≥2x103 ahow much?d Allows for efficient XD emission of the dark exciton even at room temperature (Fig. 1c);, and 
by dynamically controlling the tip-sample distance and associated pico-cavity mode volume we modulate the relative 
strengths of dark and brightX0 and XD emission [2].  
RecentPrevious work has demonstrated the ability to detect a dark exciton signal through a pico-cavity with local 
probe spectroscopy [1]. fFar- field studies have detected evidence of dark excitons, they yet intrinsically provide only 
a spatial average that would obscures any surface heterogeneities. In order to study and control spatial heterogeneity 
in dark exciton behavior as also desirable for exciton condensation [3], and associated with nano-bubbles [4] and 
edges, here we extend this workwe perform correlated to TEPL dark exciton nano-imaging with AFM force 
spectroscopy with few nanometer spatial resolution. 

 
FIGURE 1: (a) Split-band configurations of bright and dark exciton states. (b) Schematic of TEPL setup. (c) Bright Tip-sample 
distance dependence of bright excitonexciton intensity (red dash) increases as tip-sample distance decreases andwith emergence 
of pico-cavity enhanced emission of dark exciton satellite peak of the dark exciton (blue dash) in Wse2 appears. (d) Bright exciton 
intensity increases before contact, with dark exciton intensity increasing after contactDistinct distance dependence reflecting 
enhancement and quenching reflecting different X0 and XD lifetimes. (e)(e) Pico-cavity Intensity shows spatial variation.XD TEPL 
nano-imaging of nano-bubbles of WSe2 showing spatial heterogeneity of XD emission with <10 nm spatial resolution. 

As seen in Fig. 1c, we see an enhancement of the main Bbright exciton peak (1.65 eV) and a satellite peak 
corresponding to the dark excitons (1.61 eV) exhibit characteristic tip-sample distance dependent behavior (Fig. 1c) 
with long range field enhancement for X0, followed by short range pico-cavity induced emission of XD, transitioning 
into non-radiative quenching, with relative intensities and characteristic length scales controlled by the competition 
between Purcell-enhancement, relative lifetimes, temperature activated conversion of XD to X0 population, and non-
radiative quenchingas the tip approaches the sample surface. The bright exciton peak intensity increases dramatically 
starting 5-10 nm before the sample surface then begins to quench upon contact, The data are modelled using coupled 
rate equations [2], and correlated with where contact is defined as the point at which the force on the cantilever 
transitions from the attractive to repulsive regime (Fig. 1d). In contrast, the dark exciton signal emerges right at the 
sample surface and increases in intensity for the next 5-10 nm in which force is being applied. It then also begins to 
quench. We also see aspectral redshifts of both the bright and dark exciton under an applied force, which further allows 
to relate tip-induced to sample built in local strain suggesting strain as a mechanism to perturbing the excitonic 
emission in TMD monolayers. 
We then image the spatial heterogeneity of the dark exciton intensity revealing . There is a clear variation in strength 
X0 and XD emission of the detected dark exciton intensity (Fig. 1e), on few-nanometer length scales, with the strongest 
XD intensity occurring around the peakcorrelating in intensity with topographic of nano- of nanoscale bubbles in WSe2 
on Au. Au? What substrate?. The highly strained and non-equilibrium stress state a of WSe2 nano-bubbles have 
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previously shown a strain-localized exciton developing at nano-bubble edges [5], but the detected intensity of the dark 
exciton is not confined to the nano-bubble edges.t the nano-bubbles along with potential polymeric residue could 
increase light scattering, strengthening the detected intensity of the dark exciton signal. … what do you intend to say? 
I believe there was a paper by Jim Schuck maybe 2-3 years ago who imaged the bright exciton in TEPL and sees 
emission correlated with the periphery of the bubbles where they strain is largest. I would check into that, in fact 
include this references, and maybe say that dark exciton emission of bubbles is different from bright excition emission.  
In summary, in full spatio-spectral nano-imaging of we  image and detect dark excitons in WSe2 w. We resolve spatial 
heterogeneities in both intensity and energy associated with bubbles, and edges, and correlated with local internal and 
applied strain . By applying strain, we actively change the intensity and energy of the brightswitching and controlling 
and dark exciton emission. With better understanding of the sample, structural, and tip-plasmonic coupling conditions 
for dark excitons , they become more accessible candidates for new optoelectronic applications. 
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Phonon polaritons (PhPs) -hybrid light-matter excitations- in van der Waals (vdW) materials present very 

interesting properties for applications in nanooptics such as high field confinement, low losses and in-plane highly 
anisotropic propagation [1-3]. Recently, it was shown that by stacking two slabs of α-phase molybdenum trioxide (α-
MoO3) van der Waals material, the propagation of the polaritons along the surface of the top slab can be controlled. 
Specifically, guiding of PhPs along predetermined directions can be obtained for certain critical twisting angles 
between the relative crystal directions of the two slabs [4,5]. On the other hand, the propagation of PhPs in a α-MoO3 
slab is strongly affected by the surrounding dielectric environment, as the propagation direction can be switched along 
previously forbidden directions by inducing a topological transition when the slab is placed on a substrate with a given 
negative permittivity (the case of silicon carbide) [6]. 

 
In this work, we realize combined optical near-field and numerical simulation studies on twisted slabs of α-MoO3 

on a silicon carbide substrate. Particularly, we study the dependence of the relative crystal axes orientation between 
the two slabs on the propagation of the PhPs, and as a function of the illumination frequency. We find a topologically 
induced transition in the propagation of PhPs along the surface of the bilayer from a nearly isotropic regime to a highly 
anisotropic ray-like propagation. Our results provide in-depth fundamental knowledge about the propagation of PhPs 
in twisted slabs placed on different dielectric environments. 
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Cathodoluminescence spectroscopy in conjunction with second-order auto-correlation measurements of 𝑔𝑔2(𝜏𝜏) 
allows to extensively study the synchronization of quantum light sources in low-dimensional structures [1]. Co-existing 
excitons in two-dimensional transition metal dichalcogenide monolayers provide a great source of identical quantum 
emitters which can be simultaneously excited by an electron. In this article, we demonstrate large photon bunching 
with 𝑔𝑔2(𝜏𝜏) up to 156±16 of a tungsten disulfide monolayer, exhibiting a strong dependence on the electron-beam 
current density. To further improve the excitation synchronization and the electron-emitter interaction, we show 
exemplary that the careful selection of a simple and compact geometry - a thin, monocrystalline gold nanodisk - can 
be used to realize a record-high bunching 𝑔𝑔2(0) of up to 2152±236 [2]. This approach to control the electron excitation 
of excitons in a WS2 monolayer allows for the synchronization of quantum emitters in an ensemble, which is important 
to further advance quantum information processing and computing technologies.  

 

 
 
Fig. 1 a Artistic view for generation of highly bunched light. A high-energy electron generates multiple electron-hole pairs in hBN 
sandwich, which experience synchronized radiative recombination in the WS2 monolayer. b Strong photon bunching in hBN-
encapsulated WS2 monolayer and the same structure with a gold nanodisk measured at the same electron beam current (8 pA) and 
acceleration voltage (30 kV). c The photon bunching amplitude 𝑔𝑔2(0) is limited by the lowest electron beam current attainable by 
the instrument, while the addition of a gold nanodisk can further boost 𝑔𝑔2(0) through the local manipulation of electron beam 
current. 

  
. 
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Up to 80% of the computing energy is consumed in the data-transfer between logic and memory units [1]. Resistive 

switching memories enable modern in-memory computing architectures, where memory and logic are no longer 
separated, avoiding inefficient shuttling of information. Materials suitable for memristive switches are thus in high 
demand and among the contenders are MoS2 and h-BN nanosheets. However, their switching mechanisms are still 
debated [2,3]. 

In our work, we tightly confine light, i.e. plasmonic hotspots, within the electrically switched nanosheets [4]. This 
allows to optically track in-situ and in real-time morphological changes happening in nanoscale Au/MoS2/Au and 
Au/h-BN/Au memristive cells. This novel non-destructive and fully optical technique enables Raman, darkfield 
scattering, and photoluminescence analysis from single-digit nanometer areas, hence providing unprecedented insights 
into the underlaying mechanism of the MoS2 and h-BN memristive switching.  

 
Fig. 1 A schematics of our technique used to optically track morphological changes occurring in nanosheets upon voltage changes. 
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Typically, a quantum emitter in free space cannot interact strongly with photons due to the large mismatch between 
the emitter size and the light wavelength. Metallic nanostructures, which can support localized surface plasmon 
resonances and concentrate light into the sub-wavelength scale, are highly potential candidates for enhancing the 
light–matter interactions [1]. The interaction between plasmons in metal nanostructures and excitons in two-
dimensional transition-metal dichalcogenides has attracted tremendous attention due to its fundamental importance in 
cavity quantum-electrodynamics research and great potential in quantum information applications [2]. In this work, 
we investigate the interaction between the magnetic plasmons in differently orientated Au nanocups and excitons in 
WS2 monolayer and multilayer (Fig. 1a). By varying the orientation and size of the Au nanocups, spectral overlap 
between the magnetic plasmon mode of the Au nanocups and the excitons of WS2 monolayer is achieved (Fig. 1b and 
1c, upper and middle panel). Different resonance coupling regimes have been reached with the individual nanocups 
by adjusting the nanocup orientation on WS2 monolayer, resulting in weak to strong coupling (Fig. 1c, lower panel). 
The finite-difference time-domain (FDTD) shows that the strong coupling for the downward configuration has 
benefited from the magnetic mode, which can induce the strong near-field electric enhancement in the WS2 layer and 
intensely interact with the in-plane excitons. By varying the diameter and opening size of the downward Au nanocup, 
the magnetic plasmon resonance can be successfully adjusted to accurately match the excitons of WS2 monolayer, 
giving rise to a splitting energy up to 106 meV for the magnetic plasmon–exciton system. Both the simulated scattering 
and absorption spectra indicate that the system is in the strongly coupled regime. The coupling strength also increases 
as the number of layers increases due to more excitons participating in the coupling. The magnitude of the coupling 
strength increases with the number of layers and then saturates at ~4 layers. Our study provides a feasible approach 
toward the realization of different coupling regimes in such an individual particle/exciton transition system. 

 
Fig. 1 Fig. (a) Schematic illustrating the heterostructures composed of Au nanocups in different orientations on the WS2 
monolayer. (b) SEM images of the three representative Au nanocups in the three typical orientations on WS2 monolayer. (c) 
Measured scattering spectra of the three differently orientated Au nanocups on the SiO2 substrate (upper), PL spectrum of WS2 
monolayer (middle), and scattering spectra of the three differently orientated Au nanocups coupled to WS2 monolayer (lower), 
whose SEM images are shown in (b). 
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Fluorescence tagging of the supported lipid bilayers (SLBs) is an essential technique for imaging the particular 
components in the biological membrane. It is generally believed that the tagged lipids would participate in the liquid-
disordered (fluid) phase rather than the liquid-ordered (gel) phase. Such partition behavior of tagged lipids usually 
guides the interpretation of the fluorescence-bright or dark domain on the membrane. Here, we employ our homebuilt 
liquid-phase scanning near field microscopy (SNOM) to study lipid bilayers [1] (Fig. 1 (a) and (b)). A heating circuit 
and temperature feedback is equipped in the liquid cell for observing the movement and phase segregation of lipids 
under temperature control. We can manipulate local lipid molecules from gel phase to fluid phase by the a-SNOM tip, 
which caused the reverse of fluorescence contrast (Fig. 1 (c)). It demonstrates that there is no preferable partition for 
the fluorescence tag in the fluid or gel phases. The packing and relative motion among neighbor lipids determine the 
dipole orientation and lead to distinct EET efficiency between the gel and fluid phase. Our results not only reveal the 
fundamental issue of fluorescence tag partition but also offer a practical guide in interpreting the fluorescence contrast. 

 

Fig. 1 (a) Schematic illustration of the homebuilt liquid-phase SNOM system. (b) Schematic illustration of a a-SNOM tip to scan 
lipid bilayers. (c) The sequential a-SNOM images of the DPPC:DOPC = 1:1 SLB with 3% Texas red-DHPE fluorescence probe. 
Top row is the a-SNOM topography and the bottom row is the simultaneous recorded a-SNOM fluorescence intensity map.  
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Recent advancements in nanoscience and nanotechnology have revolutionized applications of plasmonics and 
photonics. Direct optical excitation of surface plasmons on nanostructures and thin films with free carriers brings 
about unique ways to influence light matter interactions. Novel optical materials, innovative new devices have been 
developed with significant potential to contribute to the growing technology [1] where degenerately doped, wide band 
gap metal oxides such as Al doped ZnO, ITO, doped CdO etc can replace metals as plasmonic materials. This is 
enabled by their controllable carrier density that allows tuning of their dielectric to metallic transition wavelength 
known as epsilon near zero (ENZ) wavelength (𝜆𝜆ENZ) [2]. A niche application of ENZ materials and their plasmonic 
properties is evidenced in the development of spectrally selective coatings, where the optical property of a reflecting 
metallic surface is XXX with the ability to selectively absorb light below a tailored wavelength and reflect at higher 
wavelengths. Such coatings have potential applications in areas such as solar energy conversion, thermal management, 
radiative cooling, smart windows etc [3]. The challenges being the overall complexity and thickness of the coatings 
along with their angular dependence of their spectral selectivity. 
Here we demonstrate using how surface engineering can impart spectrally selective optical properties to a ubiquitous 
substrate like stainless steel (SS) from visible to near IR. The surface engineering has been executed by coating a tri-
layer thin film (ITO/Cr/Cr2O3) each of optimal thicknesses on SS with an elementary periodic grating of ITO 
nanostructures of optimized dimensions over the substrate. Investigated from 400 – 4000 nm the coated substrate 
shows high average absorption (~90%) over the entire visible up to a particular wavelength λ0 beyond which the 
reflectivity becomes ~ 80%. In other words, the reflection coefficient is like a “step function” at that particular 
wavelength λ0 (here around ~1670 nm), which is an omnidirectional feature realized between 0֩ to 60֩, as shown in Fig 
1b. Importantly, λ0 can be tuned using proper selection of materials which has been showcased here through the 
utilization of an ENZ material i.e. ITO both in thin film and nanostructured form supported by the absorbing coating 
underneath.  
The focus is not only on the optical response which has been achieved but also on the roles played by the individual 
building blocks of this system which has been depicted in Fig 1c. The power dissipation calculation performed for 
various wavelengths from visible to IR exhibits the contribution of the underlying Cr/Cr2O3 coatings on stainless steel 
and proves its significance in bringing down the reflectivity to nearly 10% in the visible regime and also for ITO in 
playing the major role as the reflector in the near IR. Overall, the opportunistic employment of these materials in the 
right forms and dimensions has proven to develop this unique response. Therefore, the system that has been developed 
not only demands direct applications in optical devices but also exploring it from the fundamental material research 
point of view. 

              
Fig. 1a. Magnitude of electric field variation across the system, b. Simulated reflectance spectra, c. Power dissipation across different layers 
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The formation of microdroplets and their behavior are important subjects for the investigation of the origin of life 
[1] and applications such as precise material transport. Recently, the artificial formation of a micro-droplet driven by 
Marangoni convection, which is generated by irradiating a laser beam onto a thin film of light-absorbing liquid, has 
been reported [2,3]. We have found that artificial droplet generation is possible even with non-light-absorbing liquid 
by using light-absorbing substrates such as a GeSbTe film, a gold film, and plasmonic-films. Furthermore, we found 
that the generated droplet performs self-excited motion such as vibration and rotation.  

Figure1 shows the experimental setup. By sandwiching a volatile liquid (ethanol) mixed with a small amount of 
non-volatile polymer liquid (PEG) between a gold substrate and a glass substrate, a reservoir of liquid and an air gap 
with wetting film are created between the substrates. A sessile droplet can be formed on a gold film surface in the air 
gap area by irradiating a 532 nm CW laser spot (Fig. 2 and Fig. 3). We found that the droplet moves spontaneously 
even when the laser spot is fixed. The mechanism of this phenomenon is thermal Marangoni convection due to the 
local heating by the optical absorption of the gold film and the soluto Marangoni convection due to the local increase 
of PEG concentration caused by evaporation of ethanol in the light-irradiated area. 

Since the concentration of PEG in the droplet generated by the soluto Marangoni convection should be higher than 
that in the wetting film surrounding the droplet, the droplet formation involves liquid-liquid phase separation. The 
liquid-liquid phase separation is a phenomenon, in which a polymer in a liquid moves such as due to thermal 
interactions, causing the separation into a polymer-rich phase and a dilute phase [4]. It has attracted strong attention 
due to its relevance to the origin and activities of life and its potential applications including drug delivery in cells. 
Although inducing phase separation by chemical reaction is common, it is not applicable to generating and controlling 
single droplets, making it difficult to precisely analyze the phenomenon. In contrast to this, our method enables 
creation, annihilation, and transportation of single droplets at a desired position. More interestingly, we found that the 
droplets exhibit spontaneous motion such as vibration and rotation. These phenomena suggest the possibility of 
realizing a droplet robot controlled by light. A possible application includes collection and transport of targeted 
nanoparticles. We will also demonstrate that microdroplets can be generated by irradiating white light over a wide 
area on a patterned nanophotonic substrate. 
 

       

Fig.1 Experimental setup for droplet formation                 Fig.2 Droplet formation process               Fig.3 Optical Microscope image of droplet 
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“Photonics in Canada” 

By: Nikki Bulgarea and Robert Corriveau, Photons Canada. 

As the main organization representing the Canadian photonics industry and 

researchers, Photons Canada is organizing Events like, workshops, webinars, 

and networking events with the objective of increasing, fostering and accelerating 

the collaboration between industry, R&D centres and university researchers 

ensuring Canada growth through innovation in photonics. 

In 2021, Photons Canada has initiated and developed a report looking at 

strength, weakness, opportunity, and threat (SWOT) analysis for the following six 

technologies in Canada:  

- biophotonics,  

- Imaging, sensors and fusion,  

- Laser processing for advanced manufacturing,  

- Photonics integrated circuits,  

- photovoltaics and  

- quantum technologies. 

It was concluded that these photonics technologies are present and covered in 

Canada. 

In 2022, we will proceed with a more detailed SWOT analysis  by region: 

Western Provinces, Ontario, Quebec and the Maritimes. 

After an overview of the global photonics in Canada, the different aspects for the 

Western Provinces SWOT analysis will be presented for an open discussion with 

the participants. 
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The last two decades have witnessed the insatiable potential of optical techniques for sensitive studies. 
Optical detection of small nanoparticles and single molecules have often relied on fluorescence, but 
limited photophysics and the need for labeling pose severe restrictions for the broad application of 
this approach. The ubiquitous process of Rayleigh scattering offers a powerful alternative. Although 
the common intuition might be that detection of individual nanoparticles and single molecules is not 
within reach via the measurement of their Rayleigh scattering, interferometric scattering (iSCAT) 
microscopy introduced in 2004 has demonstrated the contrary [1]. Indeed, it is now possible to reach 
a remarkable real-time detection sensitivity down to single unlabeled proteins [2]. In this presentation, 
I will present the most recent advances in iSCAT analysis, reaching an exquisite sensitivity for detecting 
single unlabeled bio-particles as light as 10 kDa [3,4]. I also discuss new results in three-dimensional 
imaging and tracking of sub-cellular structures in live cells [5]. 
 
References: 
 
1- R. W. Taylor and V. Sandoghdar,  
Interferometric Scattering Microscopy: Seeing Single Nanoparticles and Molecules via Rayleigh 
Scattering,  
Nano Letters 19, 4827-4835 (2019). 
 
2- M. Piliarik and V. Sandoghdar, Direct optical sensing of single unlabelled proteins and super-
resolution imaging of their binding sites, Nature Communications 5 4495 (2014). 
 
3- A. D. Kashkanova, M. Blessing, A. Gemeinhardt, D. Soulat, V. Sandoghdar,  
Precision size and refractive index analysis of weakly scattering nanoparticles in polydispersions, 
Nature Methods 19, 586-593 (2022) 
 
4- M. Dahmardeh, H. Mirzaalian Dastjerdi, H. Mazal, H. Köstler, V. Sandoghdar,  
Self-supervised machine learning pushes the sensitivity limit in label-free detection of single proteins 
below 10 kDa,  
https://doi.org/10.21203/rs.3.rs-1635524/v1 (2022).  
 
5- M. Küppers, D. Albrecht, A. D. Kashkanova, J. Lühr, V. Sandoghdar,  
Confocal Interferometric Scattering Microscopy Reveals 3D Nanoscopic Structure and Dynamics in 
Live Cells,  
https://doi.org/10.21203/rs.3.rs-1690188/v1 (2022). 
 
 
 

https://doi.org/10.21203/rs.3.rs-1635524/v1
https://doi.org/10.21203/rs.3.rs-1690188/v1


   
High throughput imaging of thermal conductivity and interfacial thermal 

conductance with nanoscale resolution 
 

Andrea Centrone1, Mingkang Wang,1,2 Georg Ramer,1,2 Vladimir Aksyuk2 
1. National Institute of Standards and Technology, Gaithersburg, MD 20899 USA 

2. University of Maryland, College Park, MD 20742, USA 
E-mail: andrea.centrone@nist.gov  

 
Accurate knowledge of thermal conductivity (η) and interfacial thermal conductance (G) at the nanoscale is critical 

for engineering thermoelectrics, memristors and other advanced electronic devices and for studying thermal transport 
in nanostructured or quantum materials. State of the art, time-domain thermoreflectance (TDTR) is a high signal-to-
noise, pump-probe, technique that measures η and G by reconstructing the sample time-domain photothermal 
expansion as a function of the probe delay time. However, TDTR spatial resolution is limited to the micrometer scale 
and requires long measurement times (≈ 120 s per point), even when coating the sample with a metallic (reflective) 
transducer layer to increase its sensitivity. Photothermal induces resonance (PTIR) [1,2] is a scanning probe technique 
that uses the tip on an AFM to transduce the sample photothermal expansion and to enable IR spectroscopy at the 
nanoscale. However, conventional AFM probes do not have sufficient sensitivity or bandwidth to capture the fast 
sample thermalization that could be used to extract the sample thermal properties at the nanoscale.    

Here, we develop an optomechanical cantilever probe and customize PTIR setup to directly capture at once the 
entire time-domain sample thermal expansion dynamic due to the absorption of IR laser pulses with nanoscale 
resolution. This novel setup can measure thermal dynamic events with ≈ 10 ns temporal resolution, ≈ 35 nm spatial 
resolution, and high sensitivity concurrently, thanks to a very low detection noise (≈ 1 fm/Hz1/2) over a wide (> 100 
MHz) bandwidth. Such high sensitivity, wide bandwidth measurement enables fast data acquisition (≈ 20 ms) and 
nanoimaging of η and G with a throughput ≈ 6000 × faster than macroscale-resolution TDTR and ≈ 500000 × faster 
than for measurements with conventional AFM cantilevers. This feat is achieved by improving the nanophotonic AFM 
transducers design (≈ 5 × higher lateral stiffness, ≈ 3 × lower measurement noise, and ≈ 4 × larger bandwidths than 
previous attempts [3]), by integrating a novel wavelength-tunable IR excitation laser with a 200 × faster repetition rate 
(200 kHz) and by developing a custom FPGA data acquisition system that digitizes and process the data at the high 
rates (0.8 GHz) required by fast scanning.  

As a proof-of-principle demonstration, we obtain 100 × 100 pixel maps of η and G in 200 s with a small relative 
uncertainty (∆η ≈ 10 % and ∆G ≈ 5 %) on a ≈ 3 µm wide polymer particle. Importantly, such measurements do not 
require extensive probe calibration (as for other AFM-based measurements) or a metallic transducer layer on the 
sample (as for TDTR).  

This work paves the way to study fast thermal dynamics in materials and devices with nanoscale resolution, which 
is critical, for example, to study the thermal properties of grain boundaries and of filaments in memristive devices.  
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Mid-Infrared (mid-IR) spectroscopy in the 2-20 µm spectral region could play a relevant role in the field of label-
free biosensors, being a valuable tool for the chemical identification of molecular species and even for probing the 
molecule conformations in some cases, due to the specificity of mid-IR vibrational fingerprints. Nevertheless, the long 
wavelengths of IR radiation and the small dipole moment of most molecules prevent the routine application of mid-IR 
spectroscopy to study nanometer-thick layers. In the mid-IR, a promising alternative to Surface Plasmon Polariton 
(SPP)-assisted biosensors, widely exploited in the visible range, could be represented by Bloch Surface Wave (BSW)-
based biosensors. BSWs are electromagnetic states sustained at the interface between a continuous dielectric medium 
(in biosensors, this is usually the liquid solution containing the molecules of interest) and a periodic stack of dielectric 
materials with alternating high/low refractive indices, i.e., a one-dimensional photonic crystal (1DPC) [1]. BSWs are 
usually excited in a total reflection configuration, hence depositing the 1DPC on the surface of a prism. 

The proposed 1DPC consists of a periodic structure of alternating ZnS/CaF2 layers, both transparent up to 10 µm 
wavelength (Fig. 1a,b). The 1DPC structure was designed and optimized by means of numerical simulations carried 
out by the transfer matrix method (TMM) and the multilayers were directly deposited onto CaF2 prisms by thermal 
evaporation under high vacuum. The evaporated stack was characterized by slice-and-view with focused ion 
beam/scanning electron microscopy. Atomic force microscopy and normal-incidence mid-IR reflectance 
measurements were employed to verify the optical quality of the stack. BSWs spectra were collected in the 
Kretschmann-Raether configuration by means of a Fourier Transform spectrometer modified so as to produce a quasi-
collimated input beam for several different excitation angles θ inside the prism, in order to measure the BSW dispersion 
(Fig 1c).  

We have observed clear spectroscopic evidence of BSWs excitation for both transverse electric (σ) and transverse 
magnetic (π) polarization in the wavelength range between 3 and 8 μm [2]. At λ=5.6 µm we calculated an evanescent 
field decay length as short as ld

σ ~810 nm (Fig. 1d), instead of several wavelengths such as in mid-IR SPPs supported 
by noble metal [2]. More importantly, the nonzero horizontal propagation length of BSWs compared to the simple 
attenuated total internal reflection (ATR) may increase the interaction length with thin layers. Also, BSW sensors can 
probe both polarizations, while SPPs can probe only the π polarization. All these features could make BSW biosensors 
promising candidates for label-free molecule-specific detection of nanometer-thick layers such as antigen-antibody 
pairs.  

  

 

 

 

 
 
 
Fig. 1 (a) Pictorial sketch of the 1DPC deposited on the CaF2 prism. The IR beam impinges on the 1DPC with an incidence angle 
θ (Kretschmann-Raether configuration). (b) Cross-sectional scanning electron microscopy picture of the 1DPC. (c) BSW spectral 
features obtained by mid-IR spectroscopy at variable internal reflection angle θ with σ polarized light. (d) Square modulus of the 
electric field along the direction x perpendicular to the surface. When the incident angle is θσ BSW= 55.13°, the σ-BSW is excited 
at 5.6 µm showing a penetration distance ld

σ~810 𝑛𝑛𝑛𝑛 and a field enhancement, evaluated as the ratio between the electromagnetic 
field intensity in the external medium with (|Esurf σ |2) and without (|E0|2) the 1DPC, of about two orders of magnitude. The dashed 
red lines indicate the refractive index profile of the 1DPC.  
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Many molecules, such as porphines, porphycenes, or phenanthroperylene quinones, exhibit a reorientation of the 
transition dipole moment (TDM) during tautomerization. [1] Here, we study single hypericin molecules, which is a 
prominent phenanthroperylene quinone showing antiviral, antidepressive, and photodynamical properties. [2] 
Hypericin tautomerization that involves the migration of the labile protons is believed to be the primary photophysical 
process relevant to its light-activated antiviral activity. Despite the difficulty to isolate individual tautomers, it can be 
directly observed in single-molecule experiments. 

Confocal fluorescence microscopy combined with radially polarized excitation scanning was used to monitor the 
spatial orientation of TDM of single hypericin molecules in a Poly (vinyl alcohol) matrix. Observing abrupt flipping 
of the image pattern (as illustrated in Fig. 1) combined with time-dependent density functional theory calculations 
allows drawing conclusions about the coexistence of four tautomers and their conversion path which are difficult to 
distinguish in ensemble spectroscopy due to the overlap of the spectra. [3,4] This approach allows the unambiguous 
assignment of a TDM orientation to a specific tautomer and enables the determination of the chemical structure in situ. 

 
Fig. 1 Illustration of reorientation of the TDM during tautomerization 

Moreover, the study can be extended to a λ/2 Fabry–Pérot microcavity. [5] The modification of the local photonic 
environment by a microcavity is well simulated with a theoretical model that shows good agreement with the 
experimental data. The excited state lifetime and fluorescence intensity of single hypericin inside a microcavity are 
correlated, and a distinct jump of the lifetime and fluorescence intensity reveal the temporal behavior of the 
tautomerization with high sensitivity and high temporal resolution. The observed changes are also consistent with TD-
DFT calculations. Our approach paves the way to monitor and even control reactions for a wider range of molecules 
at the single molecule level. 
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Plasmonic effects, based on localized surface plasmons (LSP)  have been used in spectroscopic methods for increasing 
sensitivity and spatial resolution beyond diffraction limit – one can name Surface-enhanced Raman Spectroscopy 
(SERS), Tip-enhanced Raman spectroscopies (TERS), Surface-enhanced Infrared Absorption (SEIRA), Plasmon-
enhanced fluorescence, etc. In these methods, the electric component of electromagnetic field generated by plasmonic 
resonant structures (antennas or tips) and its local enhancement are utilized in spectroscopic probes, which corresponds 
to the fact that this component is in most cases responsible for the interaction with a matter [1]. However, contrary to 
that, in some methods, for instance in electron paramagnetic resonance (EPR), the magnetic component of 
electromagnetic radiation is essential [2]. 
Although, in principle, THz EPR provides high-resolution access to their properties, lack of sensitivity has precluded 
realizing this potential. To resolve this issue, the plasmonic enhancement of the magnetic component of THz 
electromagnet near fields by a new type of resonators has been proposed. A resonator composed of an array of diabolo 
antennas with a back-reflecting mirror was designed and fabricated. Simulations and THz EPR measurements 
demonstrate a 30-fold signal increase for thin film samples [3]. This enhancement factor increases to a theoretical 
value of 7500 for samples confined to the active region of the antennas. These findings open the door to the elucidation 
of fundamental processes in nanoscale samples, including junctions in spintronic devices or biological membranes.  
 

 
 

 
 
 
 

Fig. 1 a) FFMR map measured in HFEPR for 1PMR in the active orientation at 10 K; the PMR resonance area is highlighted in the inset. The colour 
scale is linear and normalized to unity. b) Comparison of the frequency profiles extracted by the experimental FFMR maps for the PMR in the active 
(1PMR-ACT), nonactive (1PMR-NA) orientations and for the reference sample constituted by bare quartz (1REF). The simulation of the PMR 
nearfield  intensity is scaled for comparison [3]. 
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The new breakthrough in Raman nanoscale chemical imaging is the measurement in liquid environment. TERS 
measurements in liquid will significantly broaden the potential application of TERS across scientific disciplines such 
as heterogeneous catalysis[1,2], electrochemistry[3,4], cellular biology [5], and biomaterials [6]. Implementation of 
TERS in liquid brings out some instrumental difficulties. AFM-TERS in liquid have been published quite recently but 
mainly in bottom [7], and top [6], optical accesses. 

In this talk, specifics of the TERS setup that enables measurements in liquid with side illumination/collection 
in order to keep optimal polarization conditions will be discussed: the design of a side access liquid cell that allows 
high-throughput optics, the possibility to perform AFM imaging in true non-contact mode in liquid, the alignment 
procedure of the Raman laser to the AFM-TERS tip in liquid using objective scanner (Fig. 1). 

  

 
Fig. 1 Laser pre-aligned on the tip in liquid environment. The tip and its reflection on the substrate can both be seen on this 

picture 
 

Thanks to those latest instrumental developments, we will present the nanoscale imaging in liquid of graphene 
oxide and carbon nanotubes immersed in water. TERS resolution in liquid down to 20 nm is demonstrated along with 
true non-contact AFM images (Fig. 2).   

 

 
 

Fig. 2 (a) AFM imaging (true non-contact mode) of graphene oxide flake in liquid, (b) TERS map of the 2D band and (c) TERS 
map of the D band. 
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Sensing local electric field is important to gain insights into catalysis, biomolecular binding (e.g., in medical 
devices), or in molecular electronics. The smallest field sensor is a single polar chemical bond, whose vibrational 
resonance shifts in electric fields and is known as a Stark probe. Here, we show for the first time how ionic double 
layers can sometimes penetrate molecular layers, and how this can be measured and controlled. 

 Molecular self-assembled monolayers (SAMs) support polar bonds for sensing. However, little is understood about 
charge transport or ionic movement within SAMs because direct measurements are extremely challenging. We find 
here that ions are excluded from SAMs by surrounding phenyl groups, preventing the formation of a penetrating 
electrical double layer and thus directly modifying the local field on the nanoscale. This has important consequences 
for driving-force sensitive surface reactions taking place in mixed, multi-molecular, or ‘dirty’ environments.[1] 

Plasmonic nanogaps using the NanoParticle-on-Mirror (NPoM) geometry enhance Raman intensities by 108, 
facilitating high signal-to-noise spectroscopy of only a few hundred molecules and significantly increasing spectral 
quality by minimizing averaging effects.[2] Our previous work utilized this to perform a mechanistic analysis of 
molecular catalysts: revealing the first direct evidence of an intermediate state involving a thiol linker.[3] Co-opting 
this approach, we now address a topic with little agreement in literature: the interaction of the electrical double layer 
and SAMs. We combine theoretical and experimental approaches in tracking multiple vibrational modes of a SAM 
with a C≡N Stark reporter group moiety in response to electrochemical fields (Fig.1a).[4] 

We observe Stark shifts in multiple vibrational modes that cannot be described by the commonly used linear-field 
density functional theory model. Instead, we show that modelling the movement of a single local ion close to the C≡N 
group describes the results well, with ion movement of only 2 Å accounting for most vibrational changes. By sterically 
hindering ions from accessing the C≡N group using a mixed SAM system with a larger biphenyl molecule (Fig.1b) 
we observe strong impacts on the Stark shifts. We fully suppress Stark shifting in heavily diluted mixtures and decrease 
the Stark effect for intermediate mixtures (Fig.1c), supporting our conclusion that stacking of phenyl groups prevents 
electrical double layer formation within SAM layers. We thus identify and control the position of the electrical double 
layer at a SAM interface. 

 
 

Fig. 1 a. Electrochemical nanogap spectroscopy from single plasmonic junctions. b. Schematic of ion movement near pure and 
mixed self-assembled monolayers. c. Molecular Stark shifting in pure and mixed self-assembled monolayers. 

  
† Present address: Department of Electrical and Computer Engineering, University of Victoria, Victoria, British Columbia, Canada 

References 
[1] Moore, E.E.; Cobb, S.J.; Coito, A.M.; Oliveira, A.R.; Pereira, I.A.C.; Reisner, E. 2022, PNAS 119, e2114097119. 
[2] Kamp, M.; de Nijs, B.; Kongsuwan, N.; Saba, M.; Chikkaraddy, R.; Readman, C.A.; Deacon, W.M.; Griffiths, J.; Barrow, S.J.; Ojambati, 
O.S.; Wright, D.; Huang,J.; Hess, O.; Scherman, O.A.; Baumberg, J.J. 2020, PNAS 117, 14819 
[3] Wright, D.; Lin, Q.; Berta, D.; Földes, T.; Wagner, A.; Griffiths, J.; Readman, C., Rosta, E.; Reisner, E.; Baumberg, J.J. 2021, Nat Catal, 4, 
157. 
[4] Wright, D.; Sangtarash, S.; Mueller, N.S.; Lin, Q.; Sadeghi, H.; Baumberg, J.J.; submitted (2022) 



   
 Terahertz Spoof Surface Plasmon Polariton sensor on thin Silicon-Nitride 

membrane  
 

Mohsen Haghighat1, Levi Smith1, Thomas Darcie1 

 

1. Department of Electrical and Computer Engineering, University of Victoria, 
Victoria, BC V8P 5C2, Canada 

E-mail: mohsenh@uvic.ca 
 

Our Terahertz System-On-Chip (TSoC) enables high-speed baseband pulse transmission along with low-loss and 
low-dispersion by creating circuits on a thin (1 μm) Silicon Nitride membrane [1]. Spoof surface plasmon polariton 
(SSPP) waveguides are candidates to enable miniaturized terahertz integrated circuits and systems [2]. Tapered SSPP 
structures have been used for focusing or channeling terahertz radiation to micron-scale volumes for near-field 
imaging, spectroscopy, and sensing applications [3]. Previous work related to this application has used a conical 
structure [3]. Here we focus on a planar on-chip integration using a Goubau line [4]. We use an open-circuited line to 
create a high-intensity field at the tip of a tapered Goubau line. 

In this work, we simulate a tapered and corrugated SSPP device integrated onto our experimentally compatible 
TSoC platform for THz focusing. Fig. 1 shows the electric field magnitude of simulated Tapered SSPP at three 
different frequencies (e.g., 0.25, 0.50, and 0.75 THz). The simulation is used by the commercial finite element method 
(FEM) solver ANSYS HFSS, and a terminal solution with a single wave port is used to simulate the structure. The 
conductor is Gold (Au) with 200nm thickness on a 1 μm Silicon-Nitride substrate with a length and width of 2mm. 
The length waveguide is 0.5mm shorter (e.g., 1.5mm) to observe the focusing on the surface of metal and dielectric. 
By integrating a tapered SSPP Goubau transmission line we can increase the local field intensity 
at the tip by more than 15dB from 0.1 to 1 THz. The reflection magnitude intensity changes in the presence 
of different chemicals, and it can be optimized based on a particular analyte.  

Frequency / Mag. 
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Electrical field intensity on the surface: The magnitude of E field along the waveguide: 
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Fig.  1. The simulation of the planar tapered SSPP Goubau line on Si3N4 membrane for THz focusing and Magnitude of Electric 
field (in dB Scale) along the waveguide 
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Surface-Enhanced Raman scattering (SERS) is a well-known phenomenon that provides an increment of up to 10ଵ  in 
the number of Raman scattered photons.1 SERS is achieved through the excitation of surface plasmon polaritons 
(SPP’s) at the surface of metal nanoparticles/nanostructures leading to highly concentrated local electrical field 
hotspots (HS) beyond the diffraction limit.2 Presence of a probe molecule inside of a strong HS results in a SERS signal 
which could pass the instrumental detection threshold. While the enhancement factor (EF) is the most common 
parameter to report the quality of the SERS substrates,3 but the broad ranges of definitions, experimental and theoretical 
procedures and the lack of a temporal and spatial resolution make this parameter an unreliable factor. Providing the 
universal standards to evaluate and compare different SERS substrates based on the temporal and spatial variations of 
the SERS signals is the central pursuit of our work. Though evaluation of the signal in the average SERS regime would 
provide useful insight toward the quality of the substrate, we also implement the high fluctuation regime to relate the 
signal characteristics to physical features of the HSs either density or strength. As shown in Fig.1, for the average 
SERS regime the signal fluctuates symmetrically around the mean value with the small Mean Absolute Deviation 
(MAD) while in the high fluctuation regime SERS signal could fluctuate further from the mean value which would 
lead to higher MAD. 

 

Fig1. Temporal fluctuation of the SERS signal obtained from the same substrate for two different regimes. a. 1mMPyridine, b. 50 nM Nile Blue 
 

Fig.2 implies the evaluation parameters and results for two commercial gold substrates in both average and high 
fluctuation SERS regimes. Additionally, we collect data in the solution phase to benefit from the dynamic variation of 
the signal. 

 

Fig2. Evaluation Parameters of the SERS substrate. a. Average SERS regime, b. High fluctuation regime 

According to Fig.2, substrate A demonstrates higher temporal fluctuations but its stronger signal leads to a smaller 
RMAD. The higher mean and maximum intensity from Substrate A could root from different possible scenarios: higher 
density of HSs, possession of stronger HSs, or both. To link the behavior of substrates to their physical properties we 
move to the high fluctuation regime which reveals that the Density of Active Area (DAA)-the fraction of nonzero 
events- for both substrates are similar, however, substrate B still produces higher counts. Thus the better performance 
of Substrate A arises from the stronger HSs rather than a higher density of HSs. Consequently, our analysis directs 
how to employ the various evaluation parameters in different regimes to evaluate and compare the SERS substrates.   
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Abstract: Surface-enhanced Raman scattering (SERS) spectroscopy has been recognized as a 

promising technology for biomedical analysis and clinical diagnosis thanks to its high sensitivity 
and label-free operation. As a real-time probe of the exogenous metabolites of cells, SERS exhibits 
simpler, faster, and less expensive advantages. The tumor microenvironment (TME) is a very 
complex cellular ecosystem characterized by an altered metabolism. Analysis of the SERS spectra 
of the metabolisms from breast cancer cells allows the identification of characteristic patterns in 
the extracellular environment of breast cancer cells before and after radiotherapy treatment. The 
release of specific metabolites from cells that have resisted radiotherapy treatment may have 
significant implications in tumor recurrence after therapy. Here, we fabricated the plasmonic 
substrates based on silver nanoparticles enhancing the Raman signal of metabolites from the cell 
supernatant and performing irradiation of cells with different irradiation doses (Gy5 and Gy20). 
The recorded SERS spectra from the extracellular environment after 2-week of radiotherapy 
exhibit meaningful differences between control and irradiated cells (see Fig.1).  

 

 
Fig. 1 SERS spectra (left) and Two-Dimensional Principal Component Analysis (right) of extracellular environment of breast 

cancer before treatment and after 2 weeks of treatment 
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The excitation of localized plasmon resonance on nanoparticles followed by the interaction with organic molecules 
leads to new pathways of chemical reactions [1]. Although a number of physical factors (temperature, illumination 
regime, type of nanoparticles, etc.) are affecting this process, the role of the chemical factors is underestimated [2, 3, 
4, 5]. Challenging this assumption, here we studied the kinetic of plasmon-induced homolysis of five alkoxyamines 
(AAs) with different chemical and electronic structures using electron paramagnetic resonance (EPR) (Fig. 1).  
 

 
Fig. 1. Overview of the experimental strategy. A - Scheme for the direct intramolecular excitation mechanism via localized surface plasmon (LSP) 
resonance and location of HOMO, LUMO levels, B - Scheme of plasmon-induced homolysis of alkoxyamines using AuNPs-C4H9, C - the structure 
of organic layer, D -TEM image, and UV-Vis spectra of AuNPs-C4H9, E- structures of alkoxyamines investigated. 

 
The kinetic data revealed the dependence of plasmonic homolysis rate constant (kd) with the HOMO energy of AAs, 
which cannot be described by the kinetic parameters derived from thermal homolysis experiments. The observed trend 
in kd allowed to suggest the key role of intramolecular excitation mechanism supported by the DFT calculations, 
additional spectroscopic characterization, and control experiments. This observation suggests that the electronic 
structure of organic molecules may play a key role in other related reactions in plasmon catalysis 
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     Optical waveguides of subwavelength dimensions, for enabling on-chip all optical or electro-optic modulation has 
remained a challenge in terms of efficient light coupling with low propagation losses. Epsilon near zero (ENZ) 
materials like indium tin oxide (ITO) offer multiple advantages for realizing such a on-chip device. Transparent in the 
visible ITO undergoes a dielectric to metal transition at the ENZ wavelength, at which the real part of its dielectric 
constant (Re(𝜖𝜖)) becomes zero[1]. The near zero relative permittivity and refractive index below 1 nucleates interesting 
optical properties therein like perfect absorption (PA)[2], local electric field enhancement and high nonlinearities[3]. 
In parallel the conducting nature of the oxide allows for electro-optic modulation where the refractive index of the 
material may be modulated by an applied voltage. Here we propose a sandwich waveguide structure of stacked ITO 
multilayers on glass substrate, with a low electron density ITO (n=1e27 m-3) having ENZ wavelength 2.22 µm of 
thickness 10 nm in between two higher electron density ITO (n=2e27 m-3) having ENZ wavelength 1.52 µm of 
thickness 50 nm and 90 nm respectively. In the attenuated total internal reflection (ATR) configuration this stack 
allows for exciting modes in the middle ITO waveguide in wavelength regimes where the stack behaves as a metallic-
dielectric-metallic metamaterial.    

Finite element modelling simulations performed on the above structure shows feasibility of efficient light coupling 
into the waveguide in the spectral range 1.7 - 2.1 µm. Figure 1a shows the effective dielectric constant of the sandwich 
waveguide showing a protracted spectral region with Re(𝜖𝜖) close to zero. Figure 1b plots the y-component of the 
Poynting vector quantifying the energy transport along the dielectric ITO channel in an analogous ITO waveguide 
where the third ITO layer is replaced by 40 nm of Au, for incident excitation of 1.88 µm. Figure 1c then shows the 
variation of the Poynting vector along the dashed line in figure 1b showing the energy localization within the 10 nm 
waveguide. Across the applicable spectral window our results show that approximately 1/3rd of the incident power is 
successfully coupled into the proposed waveguide using a simple stacked multilayer of ITO. We further discuss 
experimental realisation of the waveguide and electro-optic modulation of the same by application of bias across the 
ITO channel. 

 

Fig. 1 (a) Effective relative permittivity vs wavelength of the stacked multilayer ITO. (b) Y-Component of Poynting's vector mapped across 
the simulation model domain with ITO1 (n=1e27 m-3)-ITO2 (n=2e27 m-3)-Au (c) Y-Component of Poynting's vector along the dashed line 
in figure 1(b). 
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In this paper, split-ring-resonator (SRR) meta-atoms (metamaterials) are placed between the two conductors of a 
coplanar strip (CPS) THz transmission line (TL). This CPS TL is designed on a thin (1μm) Silicon Nitride membrane 
which enables operation up-to 3 THz. Adding a SRR in a TL introduces a resonance corresponding to a negative 
permeability (𝜇𝜇 < 0) [1] which appears as a stopband [2]. In the previous work [3], equal sized meta-atoms are placed 
near a guided-wave CPS TL which led to a single resonance and narrow stopband. In this work, we widen the stopband 
by varying the radius of each meta-atom. This study has been performed by the ABCD matrix approach [4].  

Fig. 1(a) illustrates a CPS TL loaded with a single SRR. In Figs. 1(b, c), obtained by simulation (HFSS), the electric 
field intensity is observed off and on resonance, respectively. Modifying the radius of a SRR changes its resonant 
frequencies. In Fig. 2, the TL containing one SRR is compared with TL containing three and four SRRs in terms of 
the 𝑆𝑆21 parameter. In Fig. 2(a), all the SRRs have the same radius in both configurations; however, the TL with three 
SRRs has a wider stopband. In Fig. 2 (b), the radii of SRRs, of the TL with three SRRs, are changed which corresponds 
to a variation in the equivalent inductance and capacitance and a wide stopband (about 0.1 THz). Therefore, by adding 
more SRRs, not only is it possible to further widen the stopband and thus the region where 𝜇𝜇 < 0, also we can further 
weaken components in the stopband as depicted in Fig. 2 (c) which the TL contains four different radii SRRs.  
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Fig. 1. (a) CPS TL containing a single SRR. (b) and (c) Electric field pattern in off and on 
resonance, respectively. 

(a) 

 

(b) 

 

(c) 

 
 

Fig. 2. 𝑆𝑆21 parameter of CPS TL containing SRRs. The dashed line characterizes a TL containing one SRR. The solid line 
characterizes a TL including three and four SRRs. (a) All the SRRs have equal radii. (b) The three SRRs have different 

radii. (c) Four SRRs with different radii. 
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Electromagnetic wave absorbers are widely used for various applications including stealth technology and 
minimizing EM wave interference between automobile electronic components. There are many previous studies 
especially in the X-band(8-12GHz) region to design an absorber attached to PEC with design methods such as the 
frequency selective surface(FSS) [2],  metamaterial and multilayer methods[3]. In the case of the FSS study, the 
absorption performance reaches about -15dB reflectance (lower reflectance refers to better absorption performance).  
Reflectance below -20dB has been reported when either TE or TM polarization has been specifically selected. In the 
multi-layer case aimed for a broadband operation, the thickness of an absorber has to increase significantly to assure 
the absorption performance. Earlier studies have shown a -10dB reflectance with thickness 3.04mm and -20dB with 
thickness 10mm. For practical applications, it is highly desirable to design a thin X-band absorber with reflectance less 
than -20dB covering all polarizations and broadband. 

To achieve the high absorption performance with ultrabroadband operation, nonlocal absorbers enabling the 
universal impedance matching(UIM) have been suggested[1]. In this study, we present a nonlocal metamaterial 
absorber which was designed to meet the UIM condition approximately. A broadband absorber is made of silicone 
rubber with an embedded double layered conductive wire. Wires of each layer contains a resistor, marked in cyan color  
in Fig. 1(a). The overall thickness of an absorber is about a quaterwavelength while the size of an unit is also of  
subwavelenth scale. Full wave numerical calculations shows a good performance with results on the reflectance in the 
X-band of the proposed structure illustrated in Fig.1 (b). We achieve a reflectance less than -20dB which is smaller 
when compared to other studies of similar thickness. Other additional strengths of our work are summarized in the 
Table 1 with comparisons to previous studies. 

 Reflectance TE, TM cover Thickness Number of materials Flexibility 

FSS method[2] -15dB some possible 3~7mm 2~3 X 

Multilayer[3] -10dB possible 3mm~ 3~5 X 

This study -20dB possible 4mm 3 O 

Table. 1 Comparison Analysis of X-band Absorbers. 

 

Fig. 1 (a) CST modeling. (b) Simulation result 
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3D chiral metasurfaces show great advantages in modulating the spin-states of the electromagnetic waves, and thus 
give crucial opportunities to next-generation bio-sensors and optical communication devices[1,2]. However, the lack of 
arbitrary structure controls and giant CDs hinders the application of 3D metasurface.  

Here, we have developed a focused ion beam (FIB) defined origami method, which can generate 3D curved 
configurations in micro/nano-scale by FIB global irradiation of the planar cantilevers, showing great potential in the 
realization of multifunctional metasurface that can hardly be achieved by 2D patterns. The curved deformation during 
the FIB irradiation comes from the tensile stress that induced by the ion-matter interaction. As shown in Fig.1, by 
simultaneously modulating the cantilevers’ patterns and FIB irradiation parameters, the curved 3D architectures with 
controllable shapes and curvature down to 175 nm are taken shaped over a large scale. 

A chiral metasurface consisting of curved asymmetric split ring resonators (SRR) with intrinsic chirality is designed 
and shown in Fig.2. Because the curved arm of the SRR breaks the symmetry in z-space, the chiral metasurface shows 
asymmetric chirality for the light illuminate from different directions. Greater CDs at 5.2 μm can be observed for the 
backward incident compared to the forward incident. The CDs change with the curved angle of the metasurface, and 
metasurface with 60° curved angle show highest CD of 0.85/0.71 by simulation/experiment for backward beam 
incidence, while the CD is shrunk to -0.29/-0.29 for forward incidence. The near-filed distribution shows the 
asymmetric chirality comes from the electronic and magnetic dipoles are neither parallel nor vertical, which results in 
that 𝑝𝑝 ∙ 𝑚𝑚��⃗ ≠ 0 and |p�⃗ × m���⃗ | ≠ 0. 

FIB defined origami not only shows a new method to build up 3D metasurfaces with asymmetric chirality, but 
also inspiring a new approach to designing multifunctional and high efficiency photonic devices. 

 
Fig. 1 Diverse curved structures fabricated by FIB defined origami method 

 
 

Fig.2 The SEM image and the optical properties of the asymmetric chiral metasurface  
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Infrared near-field spectroscopy provides unique capabilities for exploration of the nanoworld as it combines the 
information density of optical techniques with the spatial resolution of atomic force microscopy of ~10 nm. Despite 
rapid technological development in the past decades, the availability of suitable table-top laser sources still severely 
limits the accessible infrared spectral range [1]. 

 

Fig. 1 Synchrotron light sources allow for infrared near-field spectroscopy in an ultrabroadband spectral range. (a) Infrared spectral 
radiance of different synchrotron light sources in comparison to blackbody (BB) radiation at 2000 K. The large gap (LG) bending 
magnet at the National Synchrotron Light Source II (NSLS-II) in Upton, USA provides one of the highest infrared spectral 
radiances of existing synchrotron light sources. Figure adapted from reference [2]. (b) Sketch of a synchrotron infrared near-field 
spectroscopy (SINS) setup. Figure adapted from reference [3]. 
 

In the large part of the infrared spectral region where no suitable table-top laser sources are available, accelerator-
based near-field techniques provide an alternative approach [3–6]. As shown in Fig. 1a, synchrotron light sources 
deliver infrared radiation with several orders of magnitude higher spectral radiance than thermal blackbody 
radiation [2]. Thus, synchrotron infrared near-field spectroscopy (SINS) enables nanoscale material studies in an 
ultrabroadband spectral range down to 320 cm-1 (9.7 THz) (sketch of a SINS setup shown in Fig. 1b) [3–5]. 

Referring to Fig. 1a, the National Synchrotron Light Source II (NSLS-II) at Brookhaven National Lab, Upton, 
USA has a mid- to far-infrared spectral radiance that is among the highest of existing synchrotron light sources [2]. 
Exploiting this high spectral density, we are currently commissioning a new SINS setup at NSLS-II. At its final 
stage, we expect our setup to push the spectral limit of SINS to wavenumbers in the range of 100 cm-1 [2]. We will 
illustrate our current SINS capabilities via near-field spectroscopy data of isotropic and anisotropic bulk materials, 
thin films, and polariton interferometry of 2D and van der Waals materials.  
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All-dielectric sub-wavelength sized Mie resonators have emerged in the last decade as promising building blocks for 
optoelectronic devices, since they provide the possibility to efficiently redirect and concentrate light with low 
absorption losses [1]. The optical modes in high-index dielectric nanoparticles originate from the excitation of optically 
induced displacement currents and can be both magnetic and electric in nature. The combination of these two kinds of 
resonant modes and the exploitation of higher order multipolar modes offers opportunities for directional and 
polarization controlled emission from nanoemitters [2]. However, the investigation of the intricacies of the Mie 
resonances at the sub-wavelength scale has been hampered by the limitations of conventional near-field methods. In 
this work, we address the spatial and spectral mapping of multipolar modes of a Si island by near-field hyper-spectral 
imaging. A Si resonator, realized by solid state dewetting [3], with diameter of 320 nm and sitting atop a 2 µm SiO2 
substrate, Fig. 1a), is investigated by scanning near-field optical microscopy (SNOM) in scattering configuration, Fig. 
1b). The normalized near-field spectrum collected at the apex of the island, illuminated by a tilted supercontinuum 
laser source, is reported in Fig. 1c), together with the finite difference time domain (FDTD) near-field spectrum. 
Simulated and experimental spectra are in good agreement, allowing to identify the main higher order multipolar 
resonances that result from the resonant modes of the antenna. Fig. 1d) shows the near-field map of the resonance at 
730 nm, and exploiting the morphology of the sample simultaneously acquired [the island position is highlighted by 
white circles in Fig. 1d) and e)] allows a direct comparison with the FDTD map of the same resonance, Fig. 1e). 
Experimental and simulated maps show striking similarities in the spatial distribution of the hot spots that are typical 
of the mode. 

Fig. 1 a) SEM image of a single Si resonator. b) Sketch of the experimental setup: the tilted illumination from the supercontinuum 
laser is scattered by the island and the scattered light (yellow cone) is collected by an aperture near-field probe. c) Normalized 
SNOM scattering spectrum collected on top of the dewetted island (purple) and corresponding FDTD spectrum (dark green), the 
spectral positions of different high order resonances (magnetic and electric quadrupole and hexapoles) are indicated. d) and e) 
Experimental SNOM and simulated maps relative to the magnetic quadrupole MQ’. 
 

The combination of numerical and experimental results allows a full comprehension of the sensitivity of magnetic light 
with respect to the thickness of the substrate and the angle of illumination [4]. Moreover, this detailed analysis indicates 
how such sensitivity affects the near-field scattering pattern of the antenna, suggesting a novel approach to control the 
position of the localized electric field maxima to engineer an important aspect of the coupling between emitters and 
antenna: instead of placing the emitter on the hotspot, the hotspot can be moved on the emitter position, offering a 
versatile tuning tool to control the absorption of the emitter itself. 
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Toward realizing intelligent devices based on the interactions of light and matter, we utilize a photochromic 

diarylethene single crystal, which is reversibly isomerized into colored and colorless states while maintaining their 
crystalline state by light irradiation (Fig. 1(a)) [1,2]. Previously, we reported local excitation by local electric field 
enhancement with an Au-coated metal probe to the surface of a colored photochromic crystal. We found that a chain 
of photoisomerization was spontaneously formed where nanometer-scale transparent pathways were generated [1]. In 
other words, a complex pattern was memorized as a result of near-field light excitation. In this study, we examined the 
addition of another memory to existing photon pathways in the photochromic material. We characterized the effects 
of such additive memory on the original memory or originally formed pathways. 

The measurements were performed using a double-probe scanning near-field optical microscope with two probes; 
one probe was on the upper and the other on the lower side of the crystal sample. After forming a memory path with 
the upper metal probe, the optical near-field on the rear side was measured within a 2-μm square area by scanning the 
optical fiber probe (Fig. 1(b)). After forming and observing such a path, which is referred to as “P1” hereafter, we 
horizontally displaced the local excitation point by an amount of 1 μm and formed another path, of which observation 
was called “P2”. We then returned the local excitation point to the original position and observed the path again (called 
“P1’”) (Fig. 1(c)). Nanoscale near-field optical structures were observed, indicating the formation of two memories. 
The cross-correlation between P1 and P2 and that between P1’ and P2 are demonstrated in Figs. 1(c,i) and 1(c,ii), 
respectively, for the size of the extracted structure. A negative correlation was observed in the optical near-field scale 
(~100 nm), indicating that the nanometer-scale memory paths were different from each other regarding different local 
optical excitation points. The mechanical distortion caused by the first path generation (P1) exclusively constrained 
the formation of the second path (P2), leading to the formation of different pathways. In other words, a history-
dependent effect was observed due to optical near-field excitations added via different positions. Finally, we compared 
P1 and P1’, where local optical excitations were generated at the same point before and after the addition of another 
memory P2 (Fig. 1(c,iii)). These structures are positively correlated; that is, the structures are consistent for the same 
local optical excitation even after the addition of path P2. This indicates the conservation of the memory pathways. 

These results suggest that the nano-photoisomerization in the photochromic diarylethene single-crystal implements 
sequential multiple memory structures, where the original memory provides constraints for the subsequent memory 
formations and is preserved even after the additional path formations. This paves the way for novel functionalities by 
near-field optics combined with photoisomerization in photochromic materials on the nanometer scale. 

 
Fig. 1 (a) Photochromic diarylethene molecules and the photoisomerizations. (b) Schematics of the experiments.(c) (i) Cross-correlation of P1 and 

P2. (ii) Cross-correlation of P1’ and P2.(iii) Cross-correlation of P1 and P1’ for the size of the extracted structure. 
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Since the original concept of image force microscopy was demonstrated by Kumar Wickramasinghe’s group at 
the University of California, Irvine in 2010 [1], Photo-induced force microscopy (PiFM) as it is now commonly called 
has seen an incredible expansion into many different scientific disciplines. Applications ranging from biophysics [2], 
polymer studies [3] and nanoplastics [4], nanocomposites [5], semiconductors [6], geosciences [7], nanoplasmonics 
[8], and renewables [9].  The ability for PiFM to be sensitive to both organic and inorganic material, operate in a non-
contact mode of atomic force microscopy, operate on rough to smooth samples and to be sensitive to monolayers, all 
while demonstrating the highest spatial resolution nano-IR modality, have all contributed to this success.     

 
The mechanism of PiFM uses mechanical force instead of optical detection to measure the near-field optical 

interaction between the tip and sample. PiFM leverages local polarization of the sample by tip-enhanced optical 
illumination, resulting in highly localized forces acting between the tip and sample which are easily detected by AFM. 
Mechanical detection eliminates the problem of background scattering seen in s‑SNOM, giving PiFM a superior SNR 
and greatly enhancing ease-of-use and quality of data on most samples. The basic tip-sample optical interaction in s-
SNOM and PiFM is quite similar – the same near field illumination and local polarization of the sample that emits 
scattered photons in s-SNOM also generates the mechanical forces detected in PiFM [1]. Thus, one might expect s-
SNOM and PiFM to have similar spatial resolution; however, PiFM generally shows superior resolution by virtue of 
its increased SNR for a given tip radius. In PiFM, the tip-sample interface generates two types of short-range forces: 
(1) the usual van der Waals (vdW) force that NC-AFM relies on for mapping the topography of the sample surface, 
and (2) the photo-induced force (PiF) generated by near field illumination. Both forces act over a very short range, 
coming into play only when the tip is atomically close to the sample surface (~10 nm or less). PiFM utilizes two 
vibrational modes of the rectangular AFM cantilever to measure the two forces independently – the interatomic vdW 
force with one mode, and the photo-induced force (PiF) with another. Since the vibration of the two modes is 
completely independent, motion in one mode generally does not influence the other. Assigning each of these forces to 
its own vibrational mode of the cantilever is accomplished by modulating the vdW force at or near the resonant 
frequency of one mode (as is normally done in NC-AFM by mechanically driving the cantilever vibration and 
monitoring its response) and modulating or pulsing the excitation light so that it generates the PiF at the resonant 
frequency of another cantilever mode. Due to the high quality-factor Q of the cantilever resonance, even tiny forces in 
the range of pN can excite measurable oscillations, making this approach ideal for measuring small photo-induced 
forces.  

 
A review of published PiFM work on nanoscale applications will be presented, showcasing this new-frontier 

technique and it’s potential. Many recent developments in real world applications, in process monitoring and defect 
review on unpublished applications and use cases will be presented.    
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Poly(3-hexylthiophene) (P3HT) is well-recognized for forming π−π stacked crystalline films and nanowires. In this 

study, we identified a new planar crystalline P3HT architecture assembled by hexyl side chains by building a home-
made scanning near-field optical microscopy and confocal microscopy in glove box.[1] The atomic force microscopy 
results indicated that both the π−π stacking and side-chain stacking nanowires were crystalline ribbons decorated with 
amorphous fringes. The different stacking structures of the nanowires led to different interchain coupling strengths and 
hence spectroscopic properties. Both types of nanowires were characterized using confocal microscopy and home-
made scanning near-field optical microscopy. The coexistence of the planar side-chain stacking structure in P3HT 
films and nanowires along with the π−π stacking architecture leads to multiplicity in their optical properties.[2]  

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 SNOM-fluorescence imaging of the P3HT NWs. (a and b) Simultaneously recorded AFM topography (a) and SNOM-
fluorescence intensity map (b) of the P3HT NWs. Cross-sectional profiles of the linecuts in (a) and (b), respectively. (e) Structural 
model of the transition from the π−π stacking to the side-chain stacking in the NWs. The directions of interchain and intrachain 
coupling were also indicated. 

  
. 
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     It is known that the presence of loss in plasmonic systems broadens plasmon linewidths.  This relationship is 
explicitly displayed in the commonly used formula for the linewidth of a plasmon in spectral units: Γ[eV] = ℏ

𝑇𝑇2
 , where 

𝑇𝑇2 is the total decay time of the plasmon [1].  The linewidth of a plasmon peak in nm is given by Γ[𝑛𝑛𝑛𝑛] = 𝜆𝜆0Γ[eV]
𝐸𝐸0

  
where 𝜆𝜆0 is the plasmon resonance wavelength and 𝐸𝐸0 is the plasmon resonance energy in eV.  Adding loss to the 
surrounding medium then allows for plasmons to exchange their energy with the absorbing medium, so that 𝑇𝑇2 is 
necessarily decreased which results in an increase in the plasmon linewidth. 

 

Fig. 1 (a) Scattered power for 20 nm gold encased in PMMA and P3HT obtained using a dark field microscope.  The linewidths 
are the full width at half the maximum (FWHM) of each of the peaks. (b) COMSOL simulations for a 20 nm gold nanoparticle 
embedded in 120 nm layers of various surrounding media.  The media used in (b) were: 𝜀𝜀1 =  𝜀𝜀P3HT, 𝜀𝜀2 =  Re{𝜀𝜀P3HT},  𝜀𝜀3 =
 Re{𝜀𝜀P3HT} + 0.3𝑖𝑖, 𝜀𝜀4 = 5 + Im{𝜀𝜀P3HT}𝑖𝑖, 𝜀𝜀5 = 5 + 0.3𝑖𝑖 and , 𝜀𝜀6 = 5. 

     Dark field microscopy was used to measure the scattering signal from 20 nm gold nanoparticles encased in 120 nm 
thin layers of both lossy and non-lossy materials to determine the plasmon linewidths.  The organic polymer P3HT, 
commonly used in organic photovoltaics, was used as the lossy medium and PMMA was the non-lossy medium.  The 
results of the dark field measurements are shown in Fig. 1 (a).  Intuitively, and as expected from the linewidth formula 
shown above, adding loss to the surrounding medium should broaden plasmon linewidths [2], but here we see the 
opposite; P3HT has a much narrower cross section than PMMA.  To verify this odd result, Lumerical FDTD 
simulations were performed which showed good agreement with the measured spectra.   

     Using a Green function scattering theory, it was found that the dispersion in both the real and imaginary parts of 
the permittivity have a significant impact on the plasmon linewidth.  Figure 1 (b) shows the results of COMSOL 
simulations, which calculated the Green function propagator, S, for a 20 nm gold nanoparticle embedded in a variety 
of 120 nm thick surrounding media.  PMMA is not dispersive while P3HT has a large dispersion for both the real and 
imaginary parts of the permittivity near the plasmon peak.  In the Rayleigh scattering regime, the plasmon resonance 
condition for a small nanoparticle is met when 𝜀𝜀1 = −2𝜀𝜀2, where 𝜀𝜀1 is the nanoparticle permittivity and 𝜀𝜀2 is the 
permittivity of the surrounding medium.  The plasmon resonance is swept through much faster for P3HT than for 
PMMA due to the high dispersion of P3HT which causes a reduction in the plasmon linewidth.  Also, the magnitude 
of the permittivity plays an important role in narrowing linewidths.  In Fig. 2, the 𝜀𝜀6 = 5 peak has a narrow linewidth 
of 28 nm, even without dispersion.  This is because, although the surrounding medium lacked dispersion, a large real 
permittivity red shifts the plasmon peak into a region where gold has a high dispersion, and so this greater dispersion 
in the gold nanoparticle narrows the linewidth.  Therefore, the commonly used linewidth formula is inaccurate when 
considering dispersive and lossy media such as P3HT, and when dispersion is involved, lossy media can even yield 
narrower linewidths than non-lossy media. 
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We are exploring a strategy for optical information processing by developing an integrated planar plasmonic 
calculator [1]. The device we propose is a 2D modal plasmonic cavity made of crystalline gold, as shown in Fig.1A. 
The double hexagonal shape of the cavity is engineered by Focus Ion Beam milling. This specific shape offers a rich 
plasmon modal landscape enabling the transport and the treatment of the optical information through the device. The 
input and output nodes, defined by the apexes of the double hexagon, are linked via interacting plasmon modes. Surface 
plasmons convert the near-infrared incoming laser femtosecond pulses into visible photons in order to build the desired 
logical operations in remote region of the device[2,3]. This wavelength up-conversion, called nonlinear 
photoluminescence (nPL), is a sensitive nonlinear probe for the plasmon local electric field [4] and characterizes the 
outputs of the logic gate (see fig.1 B). 
 

Controlling the interaction between mobilized surface plasmons is a critical point in the operation of the 
calculator. This is achieved by adjusting the polarization of the entry nodes and controlling the phase of the plasmon 
interference pattern. To do so, we implemented a spatially steerable diffraction-limited temporally-synchronized dual 
excitation nodes capable of accommodating any non-trivial device geometry. Our control strategy allows for an agile 
reconfiguration of truth table of the logic gate. The Boolean values are encoded on the input nodes into the polarization 
states of the two optical stimuli feeding the calculator. 
 

With this specific geometry, we are able to reconstruct the truth table of all basic logic operations [5]. Taking 
advantage of the coherent effects when the input nodes are temporally synchronized, we demonstrate an XOR gate and 
a half-adder based on plasmon interferences. 
 

 
 
Fig. 1 A. Colorized scanning electron microscopy image of a double hexagonal shaped Au cavity. The white scale bar 
is 500 nm. B. Nonlinear photoluminescence wide field image of the cavity under two beams excitation, positioned in I1 
and I2 respectively. Both beams are horizontally polarization (white arrow) and the relative phase between the two 
pulses is 98 ± 11°. 
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Plasmonic slot waveguides produce highly localized electromagnetic (EM) fields over a wide range of frequencies 
which makes them suitable for applications varying from modulators [1] to optical tweezers [2]. They support modes 
with long propagation lengths and high group velocities in the optical communication regime [3], allow sharp bending 
angles at lower levels of losses [4], and are easy to fabricate. In addition, the metal layers provide contacts down to the 
subwavelength scale and being good thermal conductors, improve heat dissipation in the circuitry [5]. Among several 
other applications, these properties of gap plasmon-based waveguides can be used to interface Si photonics and 
electronics which can potentially lead to highly miniaturized and faster communication devices.  

However, their practical implementation requires reliable computation of several waveguide parameters and 
determination of metal geometry that optimizes the performance of the structure. Several works in the past have 
analyzed the metal-insulator-metal structures but the majority of them use the numerical analysis approach. Numerical 
simulations are resource-intensive and do not offer any insights into the actual interactions taking place between the 
EM waves and the metal.  Our goal here is to build a simple theoretical framework to explain the reflection and 
propagation of EM waves in the slot, compute their modal properties, and identify the desired optimal configuration. 

In our previous work, we studied the 2-D slit geometry in real metals [6]. We derived an analytic expression for 
reflection coefficient in the slit using the effective index approximation. Our approach eliminated the need for any 
numerical techniques including numerical integration. We compared the values of the reflection phase with a past work 
and found agreement to within 0.06 rad [7]. The Fabry-Pérot model was used to calculate the optical cross-sections, 
field intensity, and power inside the slit and this allowed us to establish the condition for maximum power transfer in 
the slit as shown in Fig. 1(a). The narrowest slits generated the highest field intensities but in contrast, the power 
peaked for slit configurations that produced equal scattering and absorption cross-sections at resonance. 

 

Fig. 1 (a) Variation of power, optical cross-sections with the width of a slit, power in the slit is maximum for equal values of scattering (σs) and 
absorption (σa) cross-sections at resonance. (b) Reflection amplitude vs incidence angle in a plasmonic slot waveguide of width 30 nm at different 
wavelengths (617 nm, 705 nm, 756 nm). (c) Lumerical FDTD simulations showing the electric field in a 60 nm slot waveguide on a glass substrate 

In our current work, we focussed on a 3-D plasmonic slot waveguide. Linearly polarized EM waves were incident 
on the slot at an angle θ. First, we derived an analytic equation for the reflection coefficient in the slot by assuming the 
metal to be a perfect conductor. Next, we invoked the effective index approximation to incorporate the losses of a real 
metal into our equation. Fig. 1(b) shows the theoretically calculated values of reflection amplitude in the slot 
waveguides for different wavelengths. They were validated against numerical FDTD simulations. The values of the 
reflection coefficient were used to determine the guiding condition for the waveguide and other modal properties such 
as group velocity and propagation length which are key in designing high-performance plasmonic slot waveguides. 
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Trapping single hexagonal boron nitride (hBN) nanoflakes in a double nanohole using optical tweezers made it 

possible to obtain a nonlinear response from sub-diffraction limit area where it was pumped with low power continuous 
wave laser (~10 mW). Here, we demonstrate second harmonic generation (SHG) at 486.5 nm from the hBN nanoflakes 
mixed with gold nanorods illuminated at 973 nm. It is promising to use the gold nanorods with resonance tuned at 973 
nm since they provide around 1000 times more electric field intensity over double nanoholes. The SHG is not resolved 
from the nanorods alone, or the nanoflakes in absence of the nanorods. This scheme can be used in telecommunications 
band signal detection using silicon-based detectors and ultra-fast imaging [1,2].    

 
Fig. 1 Initial source (973 nm) and second harmonic signal (486.5 nm) spectrum 
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Polaritons in metals and 2D materials have been extensively studied over the past decade due to their fundamental 
interest and as a platform for applications in telecommunications and sensing. The wavelength of these polaritons is 
generally small compared to that of a photon of the same frequency, making them very attractive to manipulate light 
at deep-subwavelength distances. However, it simultaneously introduces a challenge in the coupling between 
propagation light and plasmonic modes, since the momentum mismatch between the two makes the in/out-coupling 
of this process intrinsically weak. 

In this work, we address some fundamental limits in the coupling of radiation to surface polaritons [1]. We study 
the scattering properties of point-like scatterers over a polariton-supporting surface and quantify the coupling of light-
to-polaritons cross-section for this process as a function of the scatterer effective polarizability. We further find a 
generalization of the optical theorem to surface polaritons, which remarkably leads to a fundamentally maximum limit 
on light-to-polariton coupling cross-section, under plane-wave illumination. 

We furthermore show that the fundamental limit described above can be overcome by a small scatterer placed at 
a suitable distance from a planar surface, under illumination by an adequately focused light beam [2]. We present 
rigorous closed-form prescriptions for the modulation of the incident light beam which maximizes this coupling, 
depending on the characteristics of the scatterer and surface, and show that it can lead to complete coupling to surface 
polaritons (Fig. 1a). We corroborate the analytical results by performing rigorous fully-numerical simulations using 
realistic setups, which exhibit a very strong enhancement of the absorption into surface plasmons under the prescribed 
optimal conditions (Fig. 1b,c). 

Our results open a practical route to circumvent the long-standing photon-polariton wavelength mismatch problem 
in Nanophotonics. 

 

 
Fig. 1 (a) Dependence of the maximum coupling fraction 𝐴𝐴max on frequency 𝜔𝜔 and particle-surface separation 𝑎𝑎 for a point 
dipole above a semi-infinite Drude metal film with plasma frequency 𝜔𝜔p and damping 𝜔𝜔p/100, approaching 100% for a wide 
combination of the two parameters. (b,c) Numerical simulations of the near-field under optimal illumination in the (a) absence 
and (b) presence of a Si spherical scatterer with diameter 𝐷𝐷 (represented by open and solid circles, respectively) at a distance 𝑎𝑎 
from the surface of a Ag semi-infinite-film. The presence of the Si sphere enhances the absorption into silver plasmons to ~80%. 
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Due to their confined and enhanced localized electric field, plasmonic nanostructures are systems providing 
extreme sensitivity to their close environment. Consequently, the deformation of a flexible substrate permits the 
modulation of the Localized Surface Plasmon Resonance (LSPR) of plasmonic gold nanostructures via the induced 
change in the geometry [1]. This should allow the development of high sensitivity deformation sensors. 

The 2D chirality of gold nanoparticles on a substrate leads to a large change in the LSPR depending on the direction 
of rotation of a circularly polarized source. This introduces the notion of circular dichroism (CD) which corresponds 
to the difference in response between right and left polarization. Since chirality is strongly dependent on geometry, it 
can be expected that a change in the latter via the application of a deformation leads to a significant variation in circular 
dichroism [2].  

The chosen chiral antenna is composed by a central cylinder with six “satellites” ellipsoids, as shown on Fig.1 (a). 
We used electron beam lithography to fabricate the structure on solid substrate, as shown on the SEM image on Fig.1 
(b), and then transferred on a flexible substrate with a homemade process.  

Here, we present the results of a combined numerical and experimental study. We used the Finite Difference Time 
Domain (FDTD) method to optimize the circular dichroism and its variation, as shown on Fig.1 (c,d), via the 
implementation of a homemade deformation model. The circular dichroism variation was experimentally investigated 
and compared with numerical simulations thanks to in situ scattering measurement with an integrating sphere.  

 
  

 

 

 

 

 

s 

 

 
 
 

Fig. 1 (a) Schematic of the structure consisting of a central cylinder with six “satellites” ellipsoids and the associated parameters. 
(b) SEM image of the structure. (c) FDTD Circular Dichroism spectra of the structure at 0% and 20% of deformation. (d) FDTD 

maps of the maximum CD as a function of different parameters. 
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Using the dual-tip scanning near-field optical microscope (SNOM), we experimentally measured directional 
surface plasmon polaritons (SPPs) at an air-gold interface excited by a dipolar emission from an aperture tip. The 
experimental results are supported by numerical simulations based on the Bethe-Bouwkamp model. 

Different geometries, including slits and nanoantennas, have been shown to excite SPPs with directional 
properties[1-2]. In this work, an automated dual-tip SNOM was used to map directional SPPs in the near-field of an 
air-gold interface [3]. Two aperture tips of an automated dual-tip SNOM were exploited to excite and map the SPP 
pattern in the near-field. To perform the near-field measurement, the excitation tip was stationary, illuminating a 
monocrystalline gold platelet at a wavelength 𝜆0 = 1.55 µ𝑚, and the excitation tip mapped the SPPs near-field 
angular pattern around the excitation tip.   

Figures 1(a) and (b) show SEM images of the excitation and detection tip apex, respectively. The directional 
measured near-field pattern of the SPPs is observed in Fig. 1(c). When the excitation aperture tip is considered as a 
nanoantenna, due to its geometry, the directional pattern results from both in-plane magnetic and out-of-plane 
electric dipoles excitation [4-5].  

 
Fig. 1 SEM  images of (a) excitation (b) detection tips. (c) Near-field measurements of the SPPs directional propagation due to 
the dipolar emission from the excitation aperture tip. (d) Simulated magnetic field intensity. The scale bar denotes 1 µm. 

   
To simulate the SPPs angular distribution pattern,  we have used the Bethe-Boukamp model employing an out-of-plane 
electric dipole and in-plane magnetic dipole at the center of the aperture. Figure. 1(d) depicts the corresponding 
magnetic field intensity calculated in a plane 20 nm above the gold platelet, using the FDTD Solver Lumerical. In 
parabolic-like gray regions, no optical data is accessible. The good agreement between the measured near-field and 
the simulation verifies that the out-of-plane electric and in-plane magnetic dipoles are excited due to the asymmetry 
of the aperture tip apex geometry. 
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Abstract: We experimentally demonstrate high coupling of light to surface polaritons by means of 
an optimized scatterer placed at a suitable distance from a polariton-supporting surface. 
Specifically, we consider poorly-absorbing gold disks acting as nearly-perfect resonant scatterers, 
which we separate from a gold film by means of a dielectric silica spacer. This configuration leads 
to resonant coupling between externally incident light and plasmon polaritons in the film with 
associated cross sections that approach the fundamental limit ~λ2 imposed by the light wavelength 
λ. Our method introduces a disruptive, efficient way to solve the in/out-coupling problem in 
nanophotonics. 
 

We experimentally demonstrate a high coupling of light to surface polaritons by means of optimized scatterers 
placed at a suitable distance from a polariton-supporting surface. Specifically, we consider poorly-absorbing gold 
disks acting as nearly-perfect resonant scatterers, which we separate from a gold film by means of a dielectric silica 
spacer. In this configuration, the scatterer develops a strong induced dipole under external illumination tuned to the 
particle resonance, which mediates the coupling between light and surface polaritons. However, if the scatterer is too 
close to the surface, the resonance is quenched by the very same coupling that we intend to achieve, thus reducing 
the overall dipolar strength and, consequently, the efficiency of the coupling scheme. By separating the particle from 
the surface, an optimum distance is found for which a compromise between resonance strength (increasing with 
separation) and efficiency of coupling (decreasing with separation) is optimized. Here, we report experimental 
results showing nearly complete coupling by means of gold-disk scatterers coupled to plasmon polaritons in a planar 
gold surface. To this end, we measure the infrared reflectance spectra of the scatterer-spacer-surface system, from 
which we extract the effective polarizability as well as the associated coupling cross sections, which approach the 
fundamental limit ~λ2 imposed by the light wavelength λ. Our experimental data are in agreement with numerical 
simulations, which we complement with analytical theory. These findings provide a  disruptive, efficient approach 
to solving the long-standing problem of unity-order in/out coupling in nanophotonics. 
 

 
Fig 1: Scheme of the coupling configuration and working principle. A dipolar scatterer is placed close to a 
polariton-supporting substrate and illuminated under normal incidence conditions. The scatterer develops an 
induced dipole that couples to the surface polaritons. If the scatterer is placed too close to the surface, the light 
emission that it produces (i.e., the scattered field) is strongly quenched by the sought-after coupling to 
polaritons, thus reducing the overall dipolar strength of the combined scattered-substrate system. By separating 
the particle from the surface, an optimum distance is found for which the compromise between large strength 
(increasing with separation) and strong coupling to polaritons (increasing with decreasing distance) is optimized.  
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Aluminum nanostructures are now considered as one of the most efficient building blocks for obtaining plasmonic 
resonances in blue-UV. Moreover, arrays of metallic nanoparticles can sustain hybrid modes between Localized 
Surface Plasmon Resonances (LSPR) and grating Rayleigh anomaly, called Surface Lattice Resonances (SLR). These 
modes exhibit a Fano-like shape and a lower linewidth compared to the LSP mode of an isolated particle [1].  

On the other hand, optical nanoantennas such as plasmonic nanostructures can significantly enhance the 
photoluminescence (PL) of nearby emitters. Although enhancement factors of several orders of magnitude have been 
reported for quantum dots or molecules, the weak spatial overlap between the emitter and the electromagnetic modes 
of the nanoantenna lessens the luminescence enhancement magnitude in the case of bulk materials. 

 Here, we study the coupling between the excitonic emission of a wide-bandgap semiconductor emitter, attached 
to the Al metal part, which acts as both an antenna and a light amplifier. The device we propose is composed of a solid-
state ultraviolet emitter based on a thin film of zinc oxide coupled with an array of aluminum nanoparticles, as shown 
Fig. 1 (a). The Al nanorod array is designed to sustain SLR in the near ultraviolet. We use electron beam lithography 
to fabricate the aluminum nanostructures and plasma assisted sputtering to deposit ZnO thin film [2], as shown on the 
AFM image on Fig. 1 (b).  

We experimentally demonstrate that ZnO’s PL emission can be increased up to a factor of 3 with the addition of 
the structures, as shown Fig. 1 (c, d). We also demonstrate that SLRs are more efficient for the ZnO luminescence 
enhancement compared to localized surface plasmon resonances and observe the difference in behavior between 
possibilities in the tuning wavelength of the structure.  

 

Fig. 1 (a) Schematic of the structures consisting of an array of Aluminum nanoparticles on top of a ZnO thin film. (b) AFM 
image of the structure. (c) Photoluminescence spectra of the ZnO film with and without the structures. (d) Corresponding 

enhancement spectra. 
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The resonance of a plasmonic nanoresonator depends on the density of free electrons 𝑛𝑛0, as the resonant frequency 
of the system is proportional to the plasma frequency of the underlying material [1]. A straightforward idea to 
introduce a change of 𝑛𝑛0, and thereby a change in the plasma frequency, is by means of capacitive charging. Since the 
capacitance for a typical nanoresonator is on the order of ten attofarads, even for applied voltages in the order of tens 
of volts only few hundreds of additional electrons can be pushed on the surface of the resonator. Due to the large 
intrinsic density of free electrons, the induced relative change in 𝑛𝑛0 is on the order of 10-4. This makes plasmonic 
resonances pretty robust against charging and corresponding spectral changes difficult to observe. 

In order to surpass the limitations of typical capacitive systems, ion gels have been employed in earlier works 
leading to an increase in capacitance due to the proximity of additional ions to the metal surface [2,3]. However, one 
of the drawbacks of this approach is a very slow switching time as well as occurrence of hysteresis which likely 
originate in surface chemistry effects [3]. 

Here, we demonstrate fast electrical modulation of the plasmonic resonance of a single electrically connected gold 
nanorod. We employ lock-in techniques to measure the relative change of the scattering signal 𝛥𝛥 𝑆𝑆 𝑆𝑆0⁄  in the spectral 
range from 500 to 900 nm, while driving our structure with up to 50 kHz in frequency and up to 30 V in voltage 
amplitude. The obtained results are of the expected order of magnitude according to existing theories, which we 
discuss in detail. Our results form the basis for the thorough understanding of numerous effects in earlier publications 
including the so-called plasmoelectric potential [4].  

  

Fig. 1 a) Colored SEM images of the electrically connected gold nanoresonator for capacitive charging. Scale bar is 500 nm, and 100 nm in the 
inset.  b) Unchanged scattering spectra 𝑆𝑆0 (top) and relative change of scattering 𝛥𝛥𝑆𝑆 𝑆𝑆0⁄  under applied potentials (bottom), in experiment (left) 
and simulation (right). 
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An optical antenna is a nanostructure that can convert an incident free radiation into a localized excitation, and the 
reciprocal. Being able to perform different functions, such as entrance and exit ports, energy harvesting systems, 
directional emitters, or substrates for enhanced spectroscopies, they have become vastly used as building blocks for 
nanophotonic devices [1]. Optical antennas are usually made with resonant nanoparticles, whether metallic or 
dielectric, but it is still a challenge to obtain structure exhibiting multiple broadband resonances, over a large span of 
wavelengths. This kind of structures could be interesting for fields such as nonlinear optics or multiple harmonics 
generation. 

Here, we studied a self-similar, fractal-like structures, known as the Cayley Tree, as broadband optical antennas 
[2]. The aluminum nanoparticles based on this specific shape were fabricated using electron beam lithography on TEM 
compatible substrate (15-nm-thick Si3N4 membranes). Using Electron Energy Loss Spectroscopy (EELS), we 
experimentally evidenced that a single aluminum Cayley tree, a simple self-similar structure, sustains multiple 
plasmonic resonances. The comparison with Finite Difference Time Domain (FDTD) simulations allowed us to 
distinguish between bright “extremity” modes and dark “core” modes [3].  

We experimentally observed that the spectral position of these resonances spans over a wide range of frequencies, 
from ultraviolet to thermal infrared, and can be tuned by adapting the length of the different parts of the particle. As 
such, Cayley Tree based nanostructures would be of high interest in a variety of applications as photodetection, light 
harvesting, surface-enhanced spectroscopy and even nonlinear optics. 

 

 
Fig. 1 (a) Schematic FDTD-simulated extinction spectra for aluminum Cayley trees with different generations.  

(b) Energy-filtered EELS maps at different resonance wavelengths for a Cayley Tree of generation 3, showing the bright 
“extremity” modes (upper three) and dark “core” modes (lower three). 
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