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INFRARED OPTOELECTRONICS USING COLLOIDAL NANOCRYSTALS 
 

In this talk I will review recent progress relative to the use of colloidal nanocrystal as a low-cost strategy 
for the design of infrared sensor. In the first part, I will discuss progresses relative to inter-band transition in 
narrow band gap material such as HgTe. Over the past 10 years, huge progresses have been obtained for the 
design of finely tunable absorption in the mid infrared. Now HgTe is certainly the most tunable colloidal material 
with absorption from the visible to the THz range.  

Beyond the chemical challenge, the integration of this colloidal infrared material into photoconductive and 
photodiode devices have been far more complicated. Nevertheless, I will show how it is possible to obtain high 
performance devices which compete with the ones based on epitaxially grown semiconductors. 

In the second part, I will discuss how intra-band transition in doped nanocrystal is an alternative path to 
obtain mid infrared transition. I will mention about the origin and tunability of this doping, this include 
measurement down to the single particle level. 

 
References: N. Goubet et al, J. Am. Chem. Soc. 140, 5053 (2018); B. Martinez et al, ACS Appl. Mater. Interfaces 9, 36173 (2017); E. 
Lhuillier et al, IEEE J Selec Top Quantum Elec 23, 1 (2017); H. Wang et al, ACS Nano 11, 1222 (2017); A. Robin et al, ACS Appl. Mat. 
Interface 8, 27122−27128 (2016); E. Lhuillier, et al Nano Lett 16, 1282 (2016); S. Keuleyan et al, Nat Photon 5, 489-493. (2011). 
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Diffraction de la lumière par les nanorésonateurs  
 
 
Abstract 
Because they enhance and localize fields, nanoresonators are key elements for controlling light in modern 
optics. This control is ultimately limited by our capability to combine several nanoresonances, enable energy 
transfers between them, and understand how every individual mode precisely interfere to create new 
resonant states that overlap in space and energy. Starting from the actual leaky nature or resonator modes, 
we will review the basics: their definition, how we may compute them, normalize them, how much we excite 
them by some driving fields. Then we will move to physics: mode volume, weak and strong coupling, cavity 
perturbation theory, Fano lineshapes. 
See Laser Photonics Rev. 2018, 12, 1700113 https://onlinelibrary.wiley.com/doi/full/10.1002/lpor.201700113 
for details. 
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Nanostructures resonantly interacting with light and can be viewed as open cavities for light.  
Such cavities are characterized by significant leakage of electromagnetic energy into the 
environment. In addition to the scattering losses, open cavities can also lose energy via 
absorption losses into material degrees of freedom. The optical properties of lossy 
nanostructures can be described by means of discrete eigen-modes, also called Quasi-Normal 
Modes (QNM) or resonant-states, and the losses lead to complex values for the QNM 
eigenfrequencies, which necessarily results in divergences of the QNM fields in the far-field 
region[1].  
 
We will present in this talk our recent advances for solving this longstanding problem while 
focusing on the resonant interaction between light and subwavelength particles with a large 
refractive index featuring Mie resonances[2]. To address this problem, we first derive the pole 
expansion of the S-matrix coefficient of high refractive index scatterers[3,4,5] . In particular, we 
show that in addition to the resonant contribution, a non-resonant term must be taken into 
account to ensure the convergence of the modal expansion. In a second step, this modal 
expansion in the frequency domain is used to derive the expansion of the scattered field in 
the temporal domain by inverse Fourier transform. The theorem of residue and the causality 
principle allow us to derive an expansion of the scattered field that does not diverge far from 
the scatterer[5]. This divergence-free expression of the field shows that in the time domain, 
the scattered field also possesses resonant and non-resonant contributions. 

 

[1] Nussenzveig, H. M. (1972). Causality and dispersion relations. 

[2] Colom, Rémi, et al. “Scattered versus Internal Fields in Dielectric Scatterers: Modal 

Analysis of Anapoles and Fano Resonances” (Submitted)  

[3] Grigoriev V et al., Optimization of resonant effects in nanostructures via Weierstrass 
factorization, Phys. Rev. A, 88 (2013) 011803(R). 

[4] Brian Stout and Ross McPhedran, Egocentric physics : Just about Mie , European Physics 
Letters 119 44002 (2017) 

[5] Colom, Rémi, et al. "Modal expansion of the scattered field: Causality, nondivergence, and 
nonresonant contribution." Phys. Rev. B, 98.8 (2018): 085418. 
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Abstract 
 
 Nonclassical states of light are key components in quantum information science; in this 
domain, the maturity of semiconductor technology offers high potential in terms of ultra-
compact devices including the generation, manipulation and detection of photonic quantum 
bits. The technological maturity and optoelectronic capabilities of III-V materials make them 
an ideal platform to develop integrated quantum light sources. In particular, employing a 
transverse pump geometry enables a high control on the frequency correlations of the 
emitted states, hardly achievable in a collinear geometry.  
In this work, we demonstrate that tailoring the spatial profile of the pump beam in intensity 
and phase enables the control of the frequency correlations and the symmetry properties of 
the spectral wavefunction emitted by an AlGaAs waveguide, without post-manipulation. Using 
a spatial light modulator, we add a phase shift between the two halves of the pump beam, 
leading to a progressive splitting of the joint spectrum of the emitted photon pairs into two 
distinct lobes as the amplitude of the phase shift increases. These results enable the study of 
new effects linked to the parity control of the biphoton wavefunction, where the coincidence 
probabilities in HOM experiments feature a clear change from a bunching behavior, typical of 
bosonic statistics, to an anti-bunching behavior, typical of fermionic statistics. These finding 
open interesting perspectives for the utilization of our platform to perform quantum 
simulation of fermionic and bosonic statistics by simple frequency correlation engineering of 
photon pairs.  
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While plasmonics has seen numerous striking experimental results during the last decade, 
there is only very few  dealing with nonlinear integrated plasmonics.  This last research topic 
addresses photonic devices in which waveguide aspects are predominant and nonlinear 
effects emerges from bulk term. Our current work belongs to this difficult but promising 
topic.  We have obtained the first experimental proof of the coupling between a plasmon 
and a spatial soliton. This demonstration have been realized in a layered planar structure 
where the nonlinear layer is made of a specific chalcogenide glass  ensuring both a high 
nonlinear coefficient, a low two-photon absorption, and a relatively high power damage 
threshold. In its plasmonic part, the chalcogenide layer is separated from the 32 nm thick 
gold layer by a 10 nm thick silica layer whom the thickness was optimized by modal 
numerical simulations in order to ensure a high  effective nonlinearity of the plasmonic 
structure. 
Our experimental results reveal a strong reinforcement of the self-focusing of the incident 
beam only when it passes through the plasmonic part of the structure. This effect occurs 
when TM polarized waves are launched while no reinforcement is observed when TE 
polarized waves are considered. This is one of the signatures of the plasmon-soliton 
coupling. 
Power dependency of the recorded spatial profiles has also been studied together with the 
impact of the localization of the plasmonic structure relatively to the input facet of the light 
beam.   
In order to get a better understanding of these phenomena, we have build a spatial 
nonlinear propagation model taking into account two spatial dimensions and the different 
field profiles along the full structure (with/without the gold layer).  We get a good 
agreement between the experimental data and the numerical results. 
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Many anticounterfeiting technologies use visual effects that are concealed to the unwary 
observer. In that respect, the possibility offered by plasmonics to design covert images in a 
particular polarization state of light is particularly interesting. Here we show how pseudochiral 
plasmonic resonators hosting magnetoelectric resonances can be used to tailor spatially the 
sign and the magnitude of circular dichroism.  
We will explain how the optical response of pseudochiral plasmonic resonators can be related 
to the radiation patterns of point-like electric and magnetic dipoles. Through the shape and 
position engineering of the resonators, we will define a palette of 10 levels of contrasts 
observable only in circular dichroism. We will then illustrate the possibility to design covert 
images encoded in a pseudochiral metasurface with a reproduction of La Joconde revealed 
only in circular dichroism. 
 
Reference :  T. Sang Hyuk Yoo, J. Berthelot, G. Guida, D. Demaille, E. Garcia-Caurel, N. Bonod, 
B. Gallas, ACS Photonics (2018) DOI: 10.1021/acsphotonics.8b00730 
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Non-classical light sources such as single photon sources emitting at optical fiber 

communication wavelengths are highly interesting for quantum communication 
applications. In particular, InAs/InP Quantum Dot-Nanowires (QD-NWs) grown on silicon is a 
promising system which requires the efficient coupling of the QD emission with the 
fundamental guided mode and the shaping of the NW tip to optimize the collection 
efficiency.  

Here we report our recent efforts to obtain low density vertical wurtzite InAs/InP QD-
NWs with controlled NW morphology to reach efficient single photon emission in the 
telecom wavelength range. The QD-NWs were grown on silicon (111) substrates by Vapor-
Liquid-Solid (VLS) assisted solid-source Molecular Beam Epitaxy using In-Au droplets as a 
catalyst in-situ deposited at 500°C. First, low QD-NW density <0.1 NW/µm2 was obtained by 
using catalyst droplets with a low In/Au ratio. Then, the growth conditions of the InAs/InP 
QD-NWs have been investigated to optimize the coupling of the single InAs QD with the 
fundamental guided mode of the NW. By modifying the shell growth temperature, an upper 
taper geometry has been achieved with a tapering angle of 2°. Such a small taper angle 
should transmit into free space almost 100% of the guided light propagating upwards.  

Results obtained on single QD-NWs by micro-photoluminescence at low temperature 
revealed single QD linewidths which are limited by the resolution of the spectrometer. 
Moreover, the radiation pattern of a single InAs/InP QD-NW is Gaussian with an emission 
angle θ≈27°. Finally, the characteristic of a single photon source was verified with g (2)(0)<0.5. 
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The development of quantum networks requires efficient interfaces between stationary and 
flying qubits. A promising approach is to use micropillars (fig. 1.a) to deterministically couple 
a single photon with a single charge trapped in a semiconductor quantum dot (QD) whose 
spin acts as a memory qubit. Such devices offer the possibility to produce high-rate spin-
photon entanglement. We have previously demonstrated high quality single-photon sources 
[1] by deterministically coupling a QD to an electrically contacted micropillar cavity, albeit 
without prior identification of the QD charge state [2]. 
Here we propose to deterministically couple a micropillar cavity with a QD transition 
identified beforehand. We design a layer structure to allow optical trapping of a single hole 
and we use in-plane magnetic field spectroscopy to identify the QD optical transitions. The 
devices are fabricated using the in-situ lithography (fig. 1.b) to define a cavity centered on a 
single quantum dot with 50 nanometer accuracy [2]. The identification of the QD charge 
state during the in-situ lithography step allows to tune the micropillar parameters so that 
the cavity is resonant with the targeted trion transition. 
The device is characterized through resonant excitation, combined with weak non-resonant 
pumping. We demonstrate an occupation probability of the hole state of 85-90% and 
excellent single-photon source properties. 
With such a device, we aim at significantly increasing the Faraday rotation induced by a 
single spin [3], to get closer to an ideal spin-photon interface. 

References 
[1] N. Somaschi, et al., Nat. Photon 10, 340–345(2016). 
[2] A. K. Nowak, et al., Nat. Commun. 5, 3240 (2014). 
[3] C. Arnold et al., Nat. Commun. 6, 6236 (2015) 

Figure 1 : (a) Micropillar structure and Faraday rotation principle. (b) In-situ lithography technique. 
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The ability of nanoantennas to shape light both spatially and spectrally at the nanoscale 
renders them essential for a wide range of applications such as sensing, energy harvesting or 
the design of novel optical sources in the infrared. Nanoantennas are commonly 
characterized by ensemble measurements on extended arrays containing hundreds of 
thousands of nanoantennas, leading to collective modes and diffraction affecting the overall 
optical response.  Here, we investigate the intrinsic properties of a single nanoantenna and 
the effects of inter-antenna coupling in the near field and the far field using thermal 
radiation. 
 

 
Figure 1. (a) Schematic of a single square MIM nanoantenna (b) Near-field distribution (c) Experimental spectra of single 

MIM nanoantennas of various widths 

 

We study single and dimer metal/insulator/metal (MIM) nanoantennas (Fig. 1a) which 
constitute plasmonic resonators whose dimensions are deeply sub-wavelength [1]. Thermal 
radiation scanning tunneling microscopy [2] is used to perform super-resolved imaging of 
thermally excited fields and to reveal hot spots at the nanoantenna surface (Fig. 1b). In order 
to measure the spectral response of isolated nanostructures while getting rid of the 
overwhelming background thermal radiation spectrum, we have developed a novel 
detection method based on spatial modulation [3] of the heated sample. Spectra for 
different nanoantenna widths obtained with this technique (Fig. 1c) highlight the size-
dependent resonances supported by the resonators in the mid-infrared. These results 
provide insight on the resonant behavior of nanoantennas at the nanoscale and open new 
opportunities for the design of near-field and far-field patterns. 
 
[1] P. Bouchon, C. Koechlin, F. Pardo, R. Haïdar and J.-L. Pelouard, Optics Letters 37, 1038 (2012). 
[2] Y. De Wilde, F. Formanek, R. Carminati, B. Gralak, P.-A. Lemoine, K. Joulain, J.-P. Mulet, Y. Chen and J.-J. Greffet, Nature 

444, 740 (2006). 
[3] A. Arbouet, D. Christofilos, N. Del Fatti, F. Vallée, J.R. Huntzinger, L. Arnaud, P. Billaud and M. Broyer, Physical Review 

Letters 93, 127401 (2004). 
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Within colloidal quantum dots (QDs) research, the influence of the molecular surroundings 
on the optoelectronic properties of CdTe0.25S0.75 semiconductor nanocrystals is intensively 
studied [1]. In particular, exciton recombination processes are noteworthy for depending on 
the nature of surface coordination and therefore nanocrystal/ligand bonding. In this context, 
our work consists in probing this QD/molecule coupling from the converse point of view: we 
examine the influence of the optoelectronic properties of QDs on their ligands. More 
specifically, we evidence a correlation between the electronic structure of QDs and the 
vibrational structure of molecules. Thanks to Two-Color Sum-Frequency Generation 
nonlinear optical spectroscopy, combining visible and infrared laser beams on ligand-
conjugated QDs, we demonstrate that the vibrational response of ligands is maximum when 
QDs are pumped into their excitonic states. Given the different hypotheses commonly put 
forward, such a correlation is expected to derive from a direct overlap between the 
electronic wavefunctions, a charge transfer or an energy transfer. The theoretical modeling 
that we developed to describe this coupling concludes here in favor of an energy transfer-
based process, rather than a charge transfer. Our formal calculations showed that a classical 
dipolar interaction can account for the results, considering that the polarizability of the 
molecules is subordinate to the local electric field induced by the excitons [2]. Besides, the 
generality and the simplicity of this approach, only based on dielectrics, make it useful and 
applicable to other systems within the framework of nanophysics and nonlinear optics. 

 

[1] T. Noblet, L. Dreesen, J. Hottechamps, C. Humbert, Phys. Chem. Chem. Phys, 19, 26559 (2017) 

[2] T. Noblet, L. Dreesen, S. Boujday, C. Méthivier, B. Busson, A. Tadjeddine, C. Humbert, submitted (2018)  
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