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Introduction

We owe the first prediction of what is today known as infrared radiation to Émilie du Châtelet in Dissertation sur la nature et la propagation du feu, in 1737 [1]. She understood that red light heats more than blue light, and that there are "des corps qui brûlent la main qui s'en approche, et qui ne donnent aucune lumière" ("some objects burn the hand that approaches them without emitting any light"). Herschel was the first to experiment with infrared by using a crude monochromator and a thermometer in 1800 [2]: he noticed that beyond the red part of the visible light, "something", that behaved just like light does, was still able to heat up his detector. In 1880, Samuel Pierpont Langley invents the bolometer, the first actual infrared detector [3]. Langley's bolometer was built from two platinium strips covered in carbon black and connected to a Wheaston bridge. Under infrared absorption, platinium wires would heat up and the change in resistance was measured with a precise galvanometer. With such a crude device, Langley was capable of detecting infrared radiation emitted by a cow 400 meters away. Bolometers were improved over almost 100 years before the apparition of a competing technology. They were especially developed for the military, because of the key strategic advantage they offer to gather intelligence on an enemy's position and movement. Interestingly, bolometer-like systems also exist in nature: some snakes (boas, python and rattlesnakes) possesses "pit-organs" that are basically biological bolometers [4]. Those organs allow their hosts to sense infrared radiation emitted by their prey, and enable night hunting.

The first apparition of infrared quantum detectors, sensitive to a photon flux rather than to an energy flux, came from the development of narrow-bandgap semiconductors such as InSb and HgCdTe in the 1950's. At the same time, Albert Rose proposed an extensive explanation of the photoconduction processes in semiconductors with a detailed analysis of both electron and hole carriers importance [5]. His work enabled the rise of semiconductor photodetectors in the visible, UV and infrared ranges, that quickly overperformed other historical technologies.

The main issue with this approach is that the number of available narrow-bandgap semiconductors is very limited, even if alloying narrow-bandgap materials with other elements (HgTe with Cd in mercatel, for example) offers a bit of flexibility. In the 1970's, thanks to the development of molecular beam epitaxy, a whole new playground opens with the demonstration of the first semiconductor heterostructure by Leo Esaki [6]. This concept allow to design low energy transitions at the device level thanks to the exploitation of quantum confinement. In those heterostructures, it is possible to engineer intraband transitions with doped semiconductors, to build barrier layers filtering one specific carrier, or even control the wave-functions of electrons and holes over the whole device. It is a major paradigm shift compared to traditional narrow-bandgap-based detectors: instead of changing the bulk material bandgap through metallurgy and alloying, transitions can now be engineered on-demand in heterostructures thanks to quantum simulation and well-controlled epitaxial growth.

Despite the technological progresses, infrared imagery is still not accessible to the wide public, due to the prohibitive cost of detectors arrays. Consequently, semiconductor-based Short Wave, Mid-Wave and Long-Wave technologies are limited to military, scientific or spatial applications. Bolometers, while being a cheaper alternative, present the major drawback of being limited to slow-speed detection, incompatible with the developing needs of high framerate cameras for self-driving cars, high-speed material sorting or infrared LIDAR development.

Colloidal semiconductor nanocrystals appeared at the beginning of the 1990's [7], and quickly benefited from the epitaxial semiconductor community background. Synthesized in apolar solvent using inorganic chemistry concepts, their mass production is much easier than that of epitaxial heterostructures, and they have already found a number of applications based on their photoluminescence properties. They are notably used as down-converters for TV screens (in Samsung QLED series,

Organisation of the manuscript

This manuscript is divided in four chapters. The first chapter is dedicated to a presentation of the background of my PhD work, from the synthesis of colloidal nanocrystals to their integration in infrared-sensing devices. I also introduce how transport occurs in arrays of colloidal nanoparticles, as well as the relevance of carrier dynamics study.

In the second and third chapters, I am interested in photo-transport dynamics in systems of decreasing bandgap. Starting from the Near Infrared with colloidal mercury telluride nanoplatelets in the second chapter, I give a picture of the opto-electronic properties of this new promising 2D material, then I present two ways of probing the dynamics of photo-excited carriers in arrays of this material. In the third chapter, I switch to a Mid-Wave Infrared absorbing material: mercury telluride quantum dots. For the first time, we probe the photocurrent dynamics at the band-edge of devices made from such narrow-bandgap materials. Doing so, we are able to study hot carrier effects, under illumination with photon energies far above the material absorption band-egde. Finally, I develop a new technique based on transient photocurrent with a high dynamic range, allowing to develop a better understanding of carrier lifetime.

The fourth chapter is dedicated to the understanding and exploitation of intraband transitions in self-doped mercury selenide nanocrystals. During three years of work on this material, the group built a deep understanding of this material. I present my early, exploratory work around intrabandbased Mid-Wave Infrared sensing devices, which allowed to identify the major drawbacks of this material. Since this material is an electron-doped semiconductor featuring intraband transitions, we were inspired by Quantum Well and Quantum Dot Infrared Photodetectors based on III-V materials, and looked for ways to uncouple optical absorption and charge transport in HgSe-based devices. I present the design and growth of core-shell structures of HgSe/HgTe, allowing to dramatically improve devices performances. In those heterostructures, the understanding of the interface between the core and the shell is crucial to control the electronic properties, so we studied the effect of pressure on the optical spectra of our narrow-bandgap nanomaterials. I then present a new approach, where we reproduce the energy landscape of III-V detectors using a binary mix of two nanocrystal populations: this allows to design an heterostrucutre at the device level rather than at the nanoparticle scale. Finally, I integrate this hybrid material into the first intraband-based multicolor photodiode. 

Nanocrystals and quantum confinement

We start by considering a simple model of Quantum Dot (QD): a semiconductor particle in a box. In this model, electrons and holes of the semiconductor material are described by two parabolic dispersion relations, one for the Conduction Band (CB) and one for the Valence Band (VB). Assuming that our semiconductor features a direct bandgap at the wavevector Γ = 0, those bands are separated in energy at the Γ point by the material bulk bandgap energy: E bulk . Dispersion relations for the electron (i.e., conduction band) and for the hole (i.e., valence band) are then:

E CB (k) = E bulk + 2 k 2 2m * e and E V B (k) = - 2 k 2 2m * h (1.1)
Where is the reduced Planck constant, k is the wavevector and m * e and m * h are the effective electron and hole masses, respectively. Those parabolic bands are represented in Figure 1.1.

Upon absorption of light in this semiconductor, an electron from the valence band is promoted to the conduction band. This process occurs for ∆k = 0, so the photon energy hν must be greater than the energy bandgap in order to be absorbed. The electron/hole pair created by this process is bounded by the Coulombic interaction and called exciton. The average distance between the two bound photo-generated charges is given by the Bohr model and called the exciton Bohr radius:

a 0 = 4π 0 r 2 m 0 m * eh e 2 (1.2)
Where r is the semiconductor dielectric constant and m * eh is the reduced mass: (m * eh ) -1 = (m * e ) -1 + (m * h ) -1 . Table 1.1 presents the Bohr radii for several semiconductor materials that will be discussed in this work. Whenever one dimension of the semiconductor particle falls below the exciton Bohr radius, quantum confinement arises in this direction.

Material E bulk (eV) m * e (in m 0 unit) m * h (in m 0 unit) a 0 (nm) Reference CdSe 1.73 0.12 0.9 5.6 [ In the case of a square box of dimensions L x < a 0 , L y < a 0 , L z < a 0 with infinite potential barriers, solving the Schrodinger equation for one band results in confined, discrete states of wavefunction:

Φ(x, y, z) = 8 L x L y L z sin n x πx L x sin n y πy L y sin n z πz L z (1.3)
And each state indexed by n x , n y , n z has the energy:

E nx,ny,nz = 2 π 2 2m * n 2 x L 2 x + n 2 y L 2 y + n 2 z L 2 z (1.4)
Where m * is either the effective electron (m * e ) or hole (m * h ) mass. Now, if we consider a spherical box of radius R < a 0 , like the one presented in Figure 1.1a, the geometry of the problem changes but the fundamental effect of the confinement on the semiconductor particle energy states stays the same: we obtain discrete levels indexed by quantum numbers n, M and L. The levels wave-functions are given in spherical coordinates by [11]:

Φ n,L,M (r, θ, ϕ) = √ 2 R 3 j L (φ n,L r/R) j L+1 (φ n,L ) Y L,M (θ, ϕ) (1.5)
Where j L are the spherical Bessel functions, Y L,M are the spherical harmonic functions and φ n,L is the n-th root of the Bessel function j L . The discrete states energies are then given by:

E n,L,M = 2 φ 2 n,L 2m * R 2 (1.6)
Where again, m * is either the effective electron or hole mass. Those energies are degenerated relatively to M and the corresponding states are usually noted nL with n = {1, 2, . . .} and L = {S, P, D, F, . . .}. As shown on Figure 1.1b, those energy states can be seen as discrete cuts into the bulk semiconductor bands, at wavevectors k = φ n,L /R.

As pictured in Figure 1.1b, the density of states in the valence band is usually much higher than the density of states in the conduction band. This is due to the strong difference between electron and hole effective masses, making that the dispersion of the valence band is usually much lower than that of the conduction band. As a result, the discrete levels of the valence band can often be seen as a quasi-continuum of states.

The bandgap energy of the newly obtained nanostructure is directly obtained by taking the energy difference between the ground states of the conduction band (1S e ) and the valence band (1S h ):

1. 1 Colloidal nanocrystals

E G = E 1Se -E 1S h = E bulk + 2 φ 2 1,0 2m * e R 2 -- 2 φ 2 1,0 2m * h R 2 = E bulk + 2 π 2 2m * e R 2 + 2 π 2 2m * h R 2 = E bulk + 2 π 2 2m * eh R 2 (1.7)
Where m -1 eh = m -1 e + m -1 h is the electron-hole reduced mass. At that point, we see that the signature of quantum confinement apart from the quantization of states is the appearance of a confinement energy that is added to the bulk bandgap energy of the semiconductor:

E C (R) = 2 π 2 2m * eh R 2 (1.8)
Which scales as 1/R 2 , meaning that the smaller the particle, the higher its bandgap energy.

The optical bandgap of the nanocrystal defines the absorption band-edge of the material, and is obtained by renormalizing the bandgap with the Coulombic interaction between the photo-generated electron and hole [12]:

E op G = E bulk + 2 π 2 2m * eh R 2 - 1.8e 2 ∞ R (1.9)
Where ∞ is the dielectric constant of the material.

Since the absorption band-edge of the nanocrystal depends on its size, so does its emission properties. Indeed, as pictured in Figure 1.2, a photo-excited quantum dot will emit light upon recombination of the electron-hole pair. Because of energy conservation, the wavelength of the emitted photon will correspond to the bandgap of the nanocrystal. Moreover, since a quantum dot have flat, non-dispersive states, it features a direct bandgap (i.e. the top of the valence band and the minimum of the conduction band are found at the same wavevector). This makes that all quantum dots should be capable of light emission, even if the material they are made with features an indirect bandgap in the bulk form. This is notably the case for silicon nanocrystals [13]. It is of course possible to observe quantum confinement in other geometries than the sphere. Figure 1.3 provides examples of 1D, 2D and 3D confinement. In the case of 3D confinement, we often speak about 0D object, and of 2D objects in the case of 1D confinement. Structures confined in only one dimension were the first to be studied, and are usually called Quantum Wells (QW), when those confined in two dimensions are called Quantum Wires, or nanowires. The density of states (i.e., the probability to find an electron (or a hole) state at a given energy is also given in Figure 1. 3.

DOS E E G,bulk E E E Quantum Wire 2D confinement 1D object Quantum Dot 3D confinement 0D object Quantum Well 1D confinement 2D object Bulk 0D confinement 3D object DOS 3D ∝ E 1/2 DOS 2D ∝ E n (cte) DOS 1D ∝ E -1/2
DOS 0D ∝ δ(E) Fig. 1.3 Confinement can be observed in 1, 2 or 3 dimensions. The density of states of the semiconductor nanoparticle depends strongly on the degrees of freedom of the charge carriers in the material.

Colloidal nanocrystals: size and shape control

The introduction of quantum confined structures in the semiconductor world allowed for a paradigm shift: controlling the optical properties of a material could now be achieved by carefully tuning its size. As a result, different absorption or emission properties can be realized with the same material without the need of alloying or doping. The first realization of those quantum confined structures where obtained by Esaki using molecular beam epitaxy (MBE) [6]. During epitaxial growth, materials are deposited atom after atom on a substrate with the best possible lattice parameter match. Hence, the growth of a thin layer of GaAs between two AlGaAs barriers effectively produces a Quantum Well structure [14], confined in the direction of the material growth. The first quantum dots were also grown using this epitaxial technique: by growing a thin enough InAs layer on GaAs, the lattice mismatches cannot be relaxed and the layer dewets, forming small islands of InAs embeded in a GaInAs matrix. [15,16].

Colloidal Quantum Dots (CQDs)

As the epitaxial growth of nanostructures have found a number of industrial applications, notably for the growth of III-V semiconductors, colloidal synthesis of semiconductor nanoparticles have been developed since the 1990s. In 1993, Murray, Norris and Bawendi demonstrated the first synthesis of II-VI nanocrystals using wet chemistry approach [7]. In this paper, they demonstrated the growth of CdSe (see Figure 1.5a), CdTe and CdS nanocrystals in an apolar, coordinating solvent. Starting from a hot solvent under inert atmosphere, they conduct a pyrolisis reaction by quickly injecting the cadmium and chalcogenide precursors, ensuring a fast decomposition followed by nucleation of small nanoparticle seeds called monomers. The subsequent growth of those seed is mostly controlled by the temperature of the flask, the duration of the reaction and the presence of ligands [17]. The reaction is stopped either by introducing a large amount of organic ligands to prevent the monomers to access the nanoparticle, or quickly cooling down the flask. The reaction is followed by critical washing steps where the nanocrystals are precipited and redispersed several times to eliminate any excess of precursors or ligands. Colloidal synthesis allows the production of massive amounts of quantum dots for a cheap price, compared to epitaxial techniques that require heavy equipment. [18]. c. Scheme of a single CQD capped with organic ligands. Those ligands consist typically of a long alkyle chain functionalized to allow hybridation with the CQD's surface.

Most synthesis of II-VI nanocrystals follow the same major principles with a dissolution of the precursor, a fast nucleation followed by a controlled growth of particles. Figure 1.4a shows the typical chemistry setup used to perform such a synthesis, and an example of CdSe Colloidal Quantum Dots (CQDs) seen using Transmission Electron Microscopy (TEM). TEM imaging allows the observation of ensemble of nanoparticles as well as single objects, and reveals the crystalline character of the material (here, the zinc-blende structure caracteristic of CdSe nanocrystals).

It is very important to understand that the key parameter that made the nanocrystal synthesis as successful as they are today is the ability to produce monodisperse objects. Indeed, access to the physics of discrete states is only possible if the energy dispersion of these levels at the batch scale is low enough in front of the level spacing, to ensure that there is no overlap. In other terms, the inhomogeneous broadening brought by the size dispersion of the particles in a batch must stay low to be able to observe the effect of quantum confinement in an ensemble measurement. As pictured in Figure 1.5a, the synthesis reported by Murray, Norris and Bawendi was able to reach a level of dispersion good enough to observe a quantum confinement effect, as the size of the obtained nanocrystals has a real impact on the optical absorption of the solution.

One key parameter making colloidal QDs different from their epitaxal counterpart is the presence of ligands at the surface of the nanoparticles, see Figure 1.4c. Those ligands, at the synthesis level, usually consists in long alkyle chains (from C 10 to C 18 ) terminated with a function allowing them to bind to the surface of the nanoparticle. They have three main purpose:

• They regulate the formation of nanocrystals by forming micelles around the nanoparticle seeds and slowing down the reaction, allowing for a controlled growth rate. A slow, controlled growth rate, as opposed to fast and explosive growth, is the key to maintain a reasonable size dispersion at the batch scale.

• They stabilize the colloidal solution by ensuring that the nanocrystals are spatially separated from each other, preventing aggregation.

• They passivate the surface of the particles by binding to dangling bonds at the surface of the nanocrystal. Another way of seeing this mechanism is considering that the ligands can hybridize with in-gap trap states, effectively pushing them outside of the bandgap by creating new binding and non-binding states located inside the conduction and valence band, respectively [19].

The first target application for CQDs was based on their bright light emission, see Figure 1.5b. Figure 1.5c presents the emission spectrum of a CdSe CQD solution. With an average size around 3 nm, those nanocrystals emit green light upon excitation in the UV. There is a notable red-shift between the absorption and the emission spectum maxima of the nanocrystals: this is called the Stokes shift and is due to the coupling between light emission and acoustic phonons at the nanoparticle scale [20]. Absorbance spectra of spherical CdSe CQDs ranging from 1.2 nm to 11.5 nm with absorption and emission in the visible range. From ref. [7]. b. CdSe CQDs of different sizes in in solution, illuminated with UV light (©Nexdot). c. Absorption and emission spectra of ∼3 nm CdSe CQDs. d. Absorbance spectra of PbS CQDs with absorption and emission in the near-infrared range. From ref. [21].

Over more than 30 years, a wide variety of quantum confined nanomaterials have been developed. Starting from cadmium chalcogenides, other II-VI materials have been explored as ZnS [22] or mercury chalcogenides [23][24][25][26][27][28] Same synthesis principles can also be applied to IV-VI materials: lead chalcogenides, as example, can be prepared and have been extensively used for solar cell applications thanks to their controllable absorption in the near-infrared range, see Figure 1.5d [29][30][31].

The developpement of this new material class raised a number of questions about their toxicity. In addition to be in nanoparticle form (allowing to bypass a fair number of barriers), a significant share of those new materials are made of toxic compounds as cadmium, mercury, lead, selenide... This can be a serious concern for a wide range of biological applications as well as applications needing a large amount of material. Developpement of non-toxic materials have been pushed since 2000, including InP, Si and Ge nanocrystals for the visible range [32] and ternary I-II-VI materials as CuInSe in the near infrared [33][34][START_REF] Mcdaniel | Engineered CuInSexS2-x Quantum Dots for Sensitized Solar Cells[END_REF].

Nanoplatelets

In 2006, the group of Taeghwan Hyeon in Korea introduced a synthetic pathway to obtain 2dimensional nanoribbons of CdSe in the wurtzite structure [START_REF] Joo | Low-Temperature Solution-Phase Synthesis of Quantum Well Structured CdSe Nanoribbons[END_REF]. In 2008, Ithurria and Dubertret presented the first synthesis of two-dimensional nanocrystals with zinc-blende structure, confined in only one spatial dimension [START_REF] Ithurria | Quasi 2D Colloidal CdSe Platelets with Thicknesses Controlled at the Atomic Level[END_REF]. By introducing cadmium acetate during the growth of the nanoparticles, they were able to template the monomers assembly and to force the growth to happen preferentially in certain crystallographic directions. As a result, the growth along the [START_REF] Jang | Solution-Processed Transistors Using Colloidal Nanocrystals with Composition-Matched Molecular "Solders": Approaching Single Crystal Mobility[END_REF] axis is self-limited [START_REF] Ithurria | Colloidal nanoplatelets with two-dimensional electronic structure[END_REF], and the resulting objects present a large lateral extension (from 10 to 100 nm, see Figure 1.6) when their thickness is the only confined direction. By changing the reaction parameters (time, temperature, ratio of precursors), it is possible to control the final thickness of the 2D objects down to the monolayer, one monolayer being defined as one plane of anion plus one plane of cation. This results in a change of confinement, as can be seen on Figure 1.6a: thicker NPLs are less confined and feature a lower energy optical band edge. Adapted from [START_REF] Nasilowski | Two-Dimensional Colloidal Nanocrystals[END_REF]. b Absorbance and photoluminescence spectra of 6 monolayers CdSe NPL. c TEM picture of CdSe NPL laying flat. d TEM picture of CdSe NPL laying on the side, from [START_REF] Ithurria | Quasi 2D Colloidal CdSe Platelets with Thicknesses Controlled at the Atomic Level[END_REF]. Inset: scheme of a single NPL.

The two peaks observed in absorption spectrum (see Figure 1.6a) are attributed, in a 2D quantum well model, to transitions from the heavy-hole band to conduction band (redest peak) and from the light-hole band to conduction band (bluest peak) [START_REF] Ithurria | Colloidal nanoplatelets with two-dimensional electronic structure[END_REF]. As can be seen on Figure 1.6b, the absorption and emission features of NPL are considerably narrower than those of CQDs at the same wavelength (see Figure 1.5d). In nanoplatelets, the control of the thickness is atomically accurate, meaning that NPL are atomically flat objects. As a result, all objects in a batch have the same thickness, and since the thickness is the only confined dimension, all the objects have the same optical properties. This is a real difference between NPL and CQDs: CQD batch, as good as they can be, will always feature some size dispersion that is responsible for a heterogeneous broadening of the ensemble optical properties. In a NPL batch, since all the quantum wells have the same thickness, the spectrum of the ensemble is the same as the single object one [START_REF] Tessier | Spectroscopy of Single CdSe Nanoplatelets[END_REF]. The linewidth of the emission spectrum of NPL ensembles have been measured to be 2kT , indicating that it is indeed limited by homogeneous broadening due to non-zero temperature.

Applications

As mentioned before, the first interest of CQDs was their bright luminescence in the visible range. Nanocrystals have now reached a maturity where they are readily used as phosphor in high-end television products. Samsung QLED products include heavy-metal free InP CQDs as down-converters to produce green and red light, and a number of small and medium companies sell CQDs for lighting or biological labeling. As pictured in Figure 1.7, there are several ways to achieve light emission with nanocrystals. In the simplest applications, CQDs are optically pumped by a blue source (see Figure 1.7a). For lasing application (Figure 1.7b), CQDs are enclosed in a cavity and opticaly pumped under suficient power to acheive population inversion and stimulated emission [START_REF] Vandyshev | Lasing on a transition between quantum-well levels in a quantum dot[END_REF][START_REF] Eisler | Colorselective semiconductor nanocrystal laser[END_REF][START_REF] Moreels | Nearly Temperature-Independent Threshold for Amplified Spontaneous Emission in Colloidal CdSe/CdS Quantum Dot-in-Rods[END_REF][START_REF] Fan | Continuous-wave lasing in colloidal quantum dot solids enabled by facet-selective epitaxy[END_REF][START_REF] Geiregat | Continuous-wave infrared optical gain and amplified spontaneous emission at ultralow threshold by colloidal HgTe quantum dots[END_REF]. Light emission under electrical injection in LED devices (Figure 1.7c) have also been developed [START_REF] Caruge | Colloidal quantum-dot light-emitting diodes with metal-oxide charge transport layers[END_REF][START_REF] Wood | Colloidal quantum dot light-emitting devices[END_REF][START_REF] Jang | White-Light-Emitting Diodes with Quantum Dot Color Converters for Display Backlights[END_REF][START_REF] Gong | Highly efficient quantum dot near-infrared light-emitting diodes[END_REF] and should see first applications in high contrast, extended gammut screens in the next few years [START_REF] Wood | Inkjet-Printed Quantum Dot-Polymer Composites for Full-Color AC-Driven Displays[END_REF]. Inspired from [17].

This manuscript will not focus on light emission but rather on applications around light absorption and transduction in electrical signals (Figure 1.7d). This is the underlying principle of photodetectors and solar cells: converting incident photons into current, either to measure the incident light flux (photodetector) or to produce power (solar cells). In this sense, nanocrystals are interesting because their tunable bandgap allows for precise matching to the incident photon energy and because of the simplification of device building compared to traditional semiconductor technologies.

Colloidal nanoplatelets have also encountered a reasonnable success among academic research. Recent realisation with NPLs include lasing of nanoplatelets under optical excitation [START_REF] Guzelturk | Amplified Spontaneous Emission and Lasing in Colloidal Nanoplatelets[END_REF][START_REF] She | Low-Threshold Stimulated Emission Using Colloidal Quantum Wells[END_REF][START_REF] Grim | Continuous-wave biexciton lasing at room temperature using solution-processed quantum wells[END_REF], LEDs, NPL doping [START_REF] Dufour | Doping as Strategy to Tune Color of 2D colloidal Nanoplatelets[END_REF][START_REF] Khan | Tunable and Efficient Red to Near-Infrared Photoluminescence by Synergistic Exploitation of Core and Surface Silver Doping of CdSe Nanoplatelets[END_REF] and the development of objects with absorption and emission in the infrared range [START_REF] Izquierdo | Strongly confined HgTe 2D nanoplatelets as narrow near infrared emitters[END_REF].

Exciton dynamics

As mentioned in the precedent section, light emission motivated most of the first works on CQDs. In order to optimize the material for any desired application, one must understand what happens in a nanocrystal after excitation. Upon absorption of an incident photon of higher energy than the bandgap of the material (hν i > E G ), an electron-hole pair (or exciton) is created. This exciton can then recombine in different ways, pictured in Figure 1.8a. • The exciton can recombine radiatively via a photoluminescence process: the electron-hole pair annihilates and a photon of energy hν P L is emitted.

• One or both of the carriers can be trapped in a non-radiative state, preventing or slowing down the emission of light. In this case, the energy is mostly dissipated as thermal losses.

• If another carrier is present in one of the bands (case of a charged exciton or of multiple excitons), the exciton can undergo Auger recombination. In this case, the electron-hole pair recombines through the gap of the material and the energy is transferred to the third carrier, which will ultimately undergo thermal cooling.

• Under certain conditions, the energy of the exciton can be transferred to ligands or to a neighbor particle via non-radiative processes (FRET).

• Finally, under specific conditions the excitonic pair can be split and each carrier transferred to a neighbor nanocrystal: this is the first step toward carrier transport in nanocrystal films, that will be discussed later.

The figure of merit used to describe how good a material is for light emission is the photoluminescence quantum yield, or PLQY. The external PLQY describes the probability for an incident photon to be absorbed by the material and create an electron-hole pair that will undergo radiative recombination. The internal PLQY describes the same phenomenon, but only considers absorbed photons (i.e. is independent from the material absorbance). The internal PLQY η P L can be defined as:

η P L = Γ r i Γ i (1.10)
Where Γ r is the rate of radiative recombination and i Γ i is the sum of the rates of all the decay processes. If we consider the caracteristic time of each of the process t i = 1/Γ i , one can conclude that in order to maximize the PLQY of any material the radiative recombination has to be the fastest recombination process.

Exciton dynamics in nanocrystals are usually probed using optical spectroscopy technique. The easiest way to probe photoluminescence dynamics is to use a time-resolved spectroscopy setup where excitation is provided by a pulsed (50 ps, typically) laser. Photoluminescence of the sample is collected and sent into a fast photodetector able to measure the real-time decay of the photoluminescence signal after excitation. Figure 1.9a shows a typical time-resolved photoluminescence trace from HgTe nanoplatelets in the near-infrared [START_REF] Izquierdo | Strongly confined HgTe 2D nanoplatelets as narrow near infrared emitters[END_REF]. Being based on the photoluminescence of the sample, this techniques does not allow to easily probe non-radiative decay. More insight can be obtained using ultrafast transient absorption in pump-probe configuration. In this experiment, absorption of a sample is measured before and after its excitation by an intense, ultrafast (few tens of fs) laser pulse (the pump). Measurement of absorption is performed using a delayed fs pulse (the probe). The absorption bleach at the pulse wavelength reflects the population of the matching transition, and by scanning the delay of the probe relatively to the pump, it is possible to measure a level occupation as a function of time, as pictured in Figure 1 Figure 1.8b provides some orders of magnitude for the dynamics of the different decaying processes. The photoluminescence lifetime usually spans from a few ns to 1 µs, depending on the selection rules associated with the transition. As it can be seen on Figure 1.9a, the photoluminescence decay is rarely a single-exponential process because of the variety of pathways leading to radiative recombination, especially at the ensemble level. Traping can be as fast as a few hundreds of fs [START_REF] Bakulin | Charge Trapping Dynamics in PbS Colloidal Quantum Dot Photovoltaic Devices[END_REF][START_REF] Jain | Ultrafast Carrier Trapping in Thick-Shell Colloidal Quantum Dots[END_REF], but de-trapping (i.e. release of the carrier from their traps) can extend over very long time scales. Energy transfer such as Förster energy transfer (FRET) are usually sub-ns processes [START_REF] Taghipour | Near-Unity Efficiency Energy Transfer from Colloidal Semiconductor Quantum Wells of CdSe/CdS Nanoplatelets to a Monolayer of MoS2[END_REF], as well as Auger processes. The particular case of Auger recombination have been extensively studied by the group of Klimov in Los Alamos National Laboratories [START_REF] Klimov | Quantization of Multiparticle Auger Rates in Semiconductor Quantum Dots[END_REF][START_REF] Park | Auger Recombination of Biexcitons and Negative and Positive Trions in Individual Quantum Dots[END_REF], and one example is given in Figure 1.9b. Because Auger recombination needs an additional electron in the conduction band (or hole in the valence band) to occur, it is usually not observed under illumination leading to injection of <1 exciton per CQD. Upon higher fluence though, Auger decay prevails over photoluminescence since it occurs much faster than the multiexctiton radiative decay. There is a universal trend for Auger decay in colloidal quantum dots: regardless of the material, the lifetime of Auger processes seems to be proportionnal to the particle volume (R 3 scalling) [17,[START_REF] Klimov | Quantization of Multiparticle Auger Rates in Semiconductor Quantum Dots[END_REF][START_REF] Melnychuk | Slow Auger Relaxation in HgTe Colloidal Quantum Dots[END_REF].

In order to match a certain material to an application, it is mandatory to control the lifetime of those different radiative or non-radiative processes. Applications around light emission will need to control the non-radiative channels to improve the PLQY. Auger decay have to be tamed to perform CQD lasing, intrinsically needing strong excitation to achieve population inversion. In another hand, applications around light detection or solar energy conversion needs for the radiative recombination (as well as faster processes) to be slowed down or suppressed to ensure efficient charge extraction. This level of control is usually not achievable with core-only objects, and requires the need for heterostructures.

Wave-function engineering in heterostructures

Heterostructuration of colloidal materials came from the need to have a higher control over the optical and electrical properties of the nanocrystals. With core-only objects and with a given material, the optical properties of a CQD can only be affected by the size of the material (and, to a small extent, by its surface chemistry). The introduction of a shell made from antoher material allows to switch from bandgap engineering to wave-function engineering in nanocrystals. Type II: the hole is confined in the core and the electron delocalized in the shell. e.. Quasi-Type II band alignement. If the conduction band mismatch between core and shell material is small enough, one of the carriers can be confined in the core while the other is delocalized other the entire structure. Inspired from [17].

By carefully choosing the materials of the core and the shell, it is possible to produce different kinds of band alignements, presented in Figure 1.10. By choosing a shell material with a larger bandgap than the core material, see Figure 1.10a, the wave-function of the carriers localizes only in the core. This does not affect the absorption nor the emission energy of the material, but shields the core material from oxydation and the exciton from external perturbation and trapping at the surface states. Indeed, since the shell growth is epitaxial, the core/shell interface can present less surface defects than the core/ligand interface. This type-I configuration is mostly used for application where a high photoluminescence quantum yield is needed. Experimentally, a small red-shift of the excitonic properties is observed when growing type-I core-shell objects. Indeed, the wave-function extension in the core is always larger for a semicondcutor/semiconductor epitaxial interface rather than for a semiconductor/ligands interface, making the effective diameter of the core slightly bigger when the large-bandgap shell is grown. CdSe/ZnS heterostructures are the most popular example of type-I heterostructures [29,[START_REF] Dabbousi | CdSe)ZnS Core-Shell Quantum Dots: Synthesis and Characterization of a Size Series of Highly Luminescent Nanocrystallites[END_REF], but this kind of structure is also encoutered for infrared materials with PbS/CdS [START_REF] Justo | Optical Properties of PbS/CdS Core/Shell Quantum Dots[END_REF][START_REF] Sagar | PbS/CdS Core/Shell Quantum Dots by Additive, Layer-by-Layer Shell Growth[END_REF] and HgSe/CdS [START_REF] Sagar | HgSe/CdE (E = S, Se) Core/Shell Nanocrystals by Colloidal Atomic Layer Deposition[END_REF][START_REF] Deng | Intraband Luminescence from HgSe/CdS Core/Shell Quantum Dots[END_REF].

Inverted type-I heterostructures (Figure 1.10b), where the electron and the hole localize in the shell, are mostly studied as models to understand shell growth and carrier localization because the addition of the shell is very easy to follow by optical spectroscopy. Indeed, because of the strong bandgap difference between the core and the shell, a strong red-shift of the optical properties is expected as the shell is added to the core nanocrystal [START_REF] Zhou | Coated semiconductor nanoparticles: The cadmium sulfide/lead sulfide system's synthesis and properties[END_REF].

In type-II configurations (Figure 1.10c), an asymmetry is introduced by choosing a shelling material with a similar bandgap as the core material, but presenting a strong band offset. This way, the electron and the hole localize in different parts of the nanostructure. This configuration is particularly interesting for application where the electron-hole pair needs to be split. Spectrally speaking, the band-edge of the optical absorption is defined by the narrowest bandgap. Since the electron and the hole localize very quickly after absorption, the emission is strongly affected. Emission of light now requires a transition from the shell to the core, which is associated to a low oscillator strenght because of the poor spatial overlap of the electron and hole wave-functions. As a result, lifetime of the radiative transition is dramatically extended and can reach several µs. Examples of this heterostructure include CdTe/CdSe core-shell particles [START_REF] Kim | Type-II Quantum Dots: CdTe/CdSe(Core/Shell) and CdSe/ZnTe(Core/Shell) Heterostructures[END_REF], CdS/ZnSe [START_REF] Ivanov | Type-II core/shell CdS/ZnSe nanocrystals: Synthesis, electronic structures, and spectroscopic properties[END_REF] and PbSe/PbS [START_REF] Lifshitz | Air-Stable PbSe/PbS and PbSe/PbSexS1-x Core-Shell Nanocrystal Quantum Dots and Their Applications[END_REF][START_REF] Bartnik | Electronic structure of PbSe/PbS coreshell quantum dots[END_REF].

In quasi-type II heterostructure, the situation is somewhat between type-I and type-II alignments. The two materials have quasi-resonant conduction (or valence) bands and one of the carriers is confined while the other is delocalized over the whole structure. The main example of this structure are CdSe/CdS particles [START_REF] Peng | Epitaxial Growth of Highly Luminescent CdSe/CdS Core/Shell Nanocrystals with Photostability and Electronic Accessibility[END_REF].

More complicated shelling schemes have been explored for boosting CQDs emission properties like cascading shells [START_REF] Chen | Type-II CdSe/CdTe/ZnTe (core-shell-shell) quantum dots with cascade band edges: The separation of electron (at CdSe) and hole (at ZnTe) by the CdTe layer[END_REF][START_REF] Franzl | Exciton Recycling in Graded Gap Nanocrystal Structures[END_REF], graded shells using quasi-continuous alloys [START_REF] Choi | Major Electronic Transition Shift from Bandgap to Localized Surface Plasmon Resonance in CdxHg1-xSe Alloy Nanocrystals[END_REF][START_REF] Gao | Lowthreshold lasing from colloidal CdSe/CdSeTe core/alloyed-crown type-II heteronanoplatelets[END_REF], or asymmetric shells to induce strain in the heterostructure [START_REF] Fan | Continuous-wave lasing in colloidal quantum dot solids enabled by facet-selective epitaxy[END_REF][START_REF] Park | Asymmetrically strained quantum dots with nonfluctuating single-dot emission spectra and subthermal room-temperature linewidths[END_REF].
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Fig. 1.11 a. Effect of type-II band alignement shelling on the radiative lifetime of CdTe/CdSe CQDs, from [START_REF] Chin | Highly Luminescent CdTe/CdSe Colloidal Heteronanocrystals with Temperature-Dependent Emission Color[END_REF] b. An example of a graded, asymmetrical shell for Auger decay suppression, from [START_REF] Park | Asymmetrically strained quantum dots with nonfluctuating single-dot emission spectra and subthermal room-temperature linewidths[END_REF] c. TEM picture and scheme of core-crown nanoplatelets, from [START_REF] Nasilowski | Two-Dimensional Colloidal Nanocrystals[END_REF]. d. TEM picture and scheme of core-shell nanoplatelets, from [START_REF] Nasilowski | Two-Dimensional Colloidal Nanocrystals[END_REF].

Transport in nanocrystal arrays

Heterostructures of nanoplatelets have also been developed [START_REF] Nasilowski | Two-Dimensional Colloidal Nanocrystals[END_REF][START_REF] Mahler | Core/Shell Colloidal Semiconductor Nanoplatelets[END_REF]. Because of their 2D geometry, there are two alternative strategies to build an heterostructure around a nanoplatelet: core-crown structure, where the second material is grown in the lateral direction (see 1.11c); and core-shell structure, where the second material is added in the thickness (i.e. in the confined direction, see Figure 1.11d).

Transport in nanocrystal arrays

Previous section introduced a number of important concepts about colloidal nanocrystals and their applications. In this section, we will be interested in the transport properties of an assembly of nanocrystals in densely packed films. Being able to conduct charges in a solid made of independent NCs is the first step towards the creation of devices being able to transduct optical absorption into charge motion. A critical point that will be addressed throughout this section is the notion of internanocrystal coupling, and how it is possible to control it using physical chemistry.

Hopping transport

We consider an array of nanocrystals randomly distributed on a plane surface. The film is connected to two electrodes, commonly called source and drain electrodes. A potential difference V DS is applied to the electrodes (see Figure 1.12a), and we study how the charges (electrons and holes) can be transported inside the nanocrystal film. Because the nanocrystals are capped with long organic ligands, they are separated from each other by a few nanometers. As a result, they are poorly electrically coupled. In order to be transported from one electrode to the other, a charge has to follow a percolation path through the film, hopping from nanocrystal to nanocrystal (Figure 1.12b). Another vision is to consider the wave-function extension of the ground states of a nanocrystal: the overlap between the wave-functions of two neighbor crystals is weak (see Figure 1.12c), so each hopping step can be either a thermally activated transfer above the barrier, or a tunnel event through the barrier formed by the medium separating two nanocrystals (mostly composed of ligands). This is referred to as hopping transport.

Fundamentals of hopping transport

In hopping transport, the key parameter driving the carriers mobility is the tunnel barrier between two sites (i.e. two nanocrystals). The transparency of the barrier can be written as [START_REF] Guyot-Sionnest | Electrical Transport in Colloidal Quantum Dot Films[END_REF]:

T = exp   -2l 2m * V B 2   = exp(-βl) (1.11)
Where l is the barrier length, V B the barrier height and m * the effective mass of the carrier. β describes the extension of the wave-function in the barrier. Using a diffusive model in three dimensions, we can express the mobility of a carrier using Einstein's equations by:

D = µk B T e = R 2 6τ hop ⇔ µ = eR 2 6τ hop k B T (1.12)
Where D is the diffusion coefficient associated to charge transport, µ is the charge mobility, R is the nanocrystal size, k B T the thermal energy and τ hop is the hopping time. Each hopping step being a tunnel event, the hopping time can be written as a function of the interdot barrier transparency:

τ -1 hop 2E a h T exp(-E a /k B T ) (1.13)
Where E a is the activation energy of the hopping process, depending on the nanocrystal charging energy and on the energetic disorder. It is of the order of 50 meV for semiconductor nanocrystal films [START_REF] Guyot-Sionnest | Electrical Transport in Colloidal Quantum Dot Films[END_REF].

The electronic mobility for one channel can then be expressed as:

µ = eR 2 3hk B T exp(-βl -E a /k B T ) (1.14)
Transport in films is controlled by the hopping events from one electrode to the other. Depending on the electrodes spacing, there is between 10 (for 100 nm spaced electrodes) and a few thousands hopping steps (for 10 µm eletrodes). Charge transport is hence a diffusive process, with charges flowing through multiple percolation paths that are susceptible to change with current, temperature and film aging.

Effect of size dispersion

As our system consists in confined particles, any size dispersion in the nanocrystal population results in a dispersion of particle bandgap at the film level. Hence, bigger particles with narrowerthan-average bandgap act as trap states for hopping transport [START_REF] Guyot-Sionnest | Electrical Transport in Colloidal Quantum Dot Films[END_REF]: a carrier arriving in this site will 1.2 Transport in nanocrystal arrays see a much higher barrier to go toward the next nanocrystal, see Figure 1.13a. As a result, carriers falling in these larger nanocrystals will statistically stay longer than on smaller sized crystals, because their probability of hopping is lower. There are mostly two channels for hopping transport in disordered films: nearest-neighbor hopping (NNH) and variable-range hopping (VRH). Both channels are always active, but their relative contribution is tuned by temperature and density of states.

In nearest-neighbor hopping, the limiting factor is thermal activation over the barrier length: the carrier will hop to the closest center, even if the transition is not perfectly resonant (Figure 1.13b). This mode of hopping is mostly observed for transport at high temperature, where the thermal activation is sufficient to absorb the cost of non-resonant transitions. This is notably the observed hopping mode at high temperature for arrays of weakly-coupled metal chalchogenide nanocrystals.

Variable-range hopping has been firstly described by Neville Mott [START_REF] Mott | Conduction in Non-Crystalline Materials[END_REF] and later by Efros and Shklovskii [START_REF] Efros | Coulomb gap and low temperature conductivity of disordered systems[END_REF]. In this mode, the limiting parameter is the energy difference between the initial and final states 1.13c). Simply stated, in VRH it is more energetically favorable to hop to a site which is not the nearest, but for which the energy cost is minimal. VRH drives the conductivity in semiconductor nanocrystal films at low-temperature [START_REF] Yu | Variable Range Hopping Conduction in Semiconductor Nanocrystal Solids[END_REF].

Hopping transport in nanocrystal films is driven by the inter-particle coupling and strongly impacted by the disorder, both spatial and energetical, of the film. Control of the nanoparticle coupling must be precise, because there is a trade-off between low coupling, where the film mobility is too low to be useful; and high interparticle coupling where the wave-functions are no longer confined inside a nanocrystal. The latter case is also detrimental because the optical properties of the nanocrystals, and of the film, depend on the confinement. The next section will present how we can achieve precise control over the inter-particle barrier length by tuning their surface chemistry.

Controlling the tunnel barrier: effect of ligands

As explained above, in order to be transported in a film of nanocrystals, charges have to hop from one nanocrystal to a neighbor. Each hopping step is essentially a tunnel event through the ligands. The tunnel barrier corresponds to the medium between two nanocrystals, that we assume in our case to be constitued only with ligands. The organic ligands capping the nanocrystals will hence define the length and height of the tunnel barrier, as pictured in Figure 1.12c and Figure 1.14.

Because they are synthesized using long organic ligands, as-deposited films of nanocrystals are usually insulating, the mobility of carriers being too low to observe any collective effect at the film scale. The first approach was to perform ligand strip-off procedures [START_REF] Morgan | Electronic transport in films of colloidal CdSe nanocrystals[END_REF][START_REF] Jarosz | Photoconductivity studies of treated CdSe quantum dot films exhibiting increased exciton ionization efficiency[END_REF]. Those procedures were effective and led to conductive films (i.e., improved film mobility), but had to be performed on thin films in order to effectively strip-off a significant number of long ligands. However, because charges have to go from one nanocrystal to another, the hopping transport is extremely sensitive to the surface of the nanocrystals. Removing the organic ligands at the nanocrystals surface is very effective to ensure a close packing of particles, but affects their surface passivation, which is highly detrimental for transport. Following these attempts, ligand exchange procedures have been developed [START_REF] Yu | N-Type Conducting CdSe Nanocrystal Solids[END_REF][START_REF] Talapin | PbSe Nanocrystal Solids for n-and p-Channel Thin Film Field-Effect Transistors[END_REF]. The idea is to remove the long organic ligands and replace them by shorter ones, allowing for a better inter-particle coupling while keeping an efficient surface passivation. Examples of short organic ligands include hydrazine [START_REF] Talapin | PbSe Nanocrystal Solids for n-and p-Channel Thin Film Field-Effect Transistors[END_REF] and short thiols as ethanedithiol. Figures 1.14a and b illustrate the idea behind ligand exchange: by tuning the length of the alkyle chain from 12 to 2 carbons, here in the case of dodecanthiol (DDT) and ethanedithiol (EDT), the length of the tunnel barrier is decreased from 2 nm to 0.5 nm [START_REF] Liu | Dependence of Carrier Mobility on Nanocrystal Size and Ligand Length in PbSe Nanocrystal Solids[END_REF]. This ligand exchange toward shorter organic molecules can be done at the film level, as pictured in Figure 1.15a. A film of the nanocrystals capped with long ligands is dipped in a solution of the new, shorter ligand (typically, 1% in mass in ethanol). In solution, there is an equilibrium between ligands at the surface of the crystals and free, solvated ligands. Because of the high concentration of new ligands, this equilibrium is displaced in favor of new ligand, as pictured in Figure 1.15a. This ligand exchange process is nevertheless limited to thin films (few nanocrystals layers, typically), as the ligands can not diffuse efficiently into thick films. The macroscopic quality of the film is also affected: as the nanocrystals get closer to each other, the volume of the film contracts and cracks are forming [START_REF] Talapin | Prospects of Colloidal Nanocrystals for Electronic and Optoelectronic Applications[END_REF]. Both these issues are partly solved by repeating the deposition and exchange process several times to fill the developing cracks and build thicker films. The ligand exchange can be followed by infrared spectroscopy (FTIR) by looking at the C-H absorption bands: the efficiency of the process is typically around 80%.

Other proposed approaches proposed by groups of Talapin, Kagan or Sargent was to use small inorganic molecules as Sn 2 S 4- 6 [START_REF] Kovalenko | Colloidal Nanocrystals with Molecular Metal Chalcogenide Surface Ligands[END_REF][START_REF] Nag | Effect of Metal Ions on Photoluminescence, Charge Transport, Magnetic and Catalytic Properties of All-Inorganic Colloidal Nanocrystals and Nanocrystal Solids[END_REF], or even small ions [START_REF] Nag | Metal-free Inorganic Ligands for Colloidal Nanocrystals: S2-, HS-, Se2-, HSe-, Te2-, HTe-, TeS32-, OH-, and NH2-as Surface Ligands[END_REF] as sulfide S 2-, tiocyanate SCN -[94] or halides Cl -, I - [START_REF] Tang | Colloidal-quantum-dot photovoltaics using atomic-ligand passivation[END_REF]. In this case, the effect on the tunnel barrier is double: the length of tunnel barrier is reduced thanks to their small size, and the height of the barrier is reduced by 1 eV when compared with aliphatic chains, see Figure 1.14c. Those ions are only stable in polar solvants, which led to the development of liquid-phase transfer ligand exchange processes. This procedure is pictured in Figure 1.15b. The nanocrystals are introduced with their long cappping ligands in their apolar solvant (hexane or toluene, typically). The new ligands are introduced in a polar solvant (formamide, typically), and upon agitation the exchange surface between the two phases increases and the ligand exchange process can occur. The ion-capped nanocrystals are then stabilized by the polar solvant: a Calculated for E a = 25 meV, R = 5 nm and k B T = E a with equations 1.11, 1.13 and 1.14 .

phase transfer is observed while the long organic ligands remain in the apolar phase. This process is more efficient than solid-state ligand exchange (the exchange is complete), and allows the preparation of nanocrystal inks that can be directly deposited without any post-processing.

With the development of nanocrystal-based solar cells and devices, surface chemistry engineering of NC have been pushed to remarkably high levels. Advanced surface passivation strategies have been developed to efficiently bind to all coordinating sites of a nanocrystal using hybrid schemes [START_REF] Ip | Hybrid passivated colloidal quantum dot solids[END_REF][START_REF] Carey | Record Charge Carrier Diffusion Length in Colloidal Quantum Dot Solids via Mutual Dot-To-Dot Surface Passivation[END_REF][START_REF] Lan | Passivation Using Molecular Halides Increases Quantum Dot Solar Cell Performance[END_REF][START_REF] Sun | Pseudohalide-Exchanged Quantum Dot Solids Achieve Record Quantum Efficiency in Infrared Photovoltaics[END_REF]. 
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Fig. 1.15 Ligand exchange strategies. a. Solid-state ligand exchange (SSLE). Nanocrystals are deposited with their synthesis ligand (here, dodecanthiol, DDT) and exchanged in a solution of the new ligand (here, ethanedithiol, EDT). Arrows indicates transfer of ligands from solution to the film and back. The equilibrium is displaced in favor of the new ligand because of its high concentration in the exchange solution. b. Phase-transfer ligand exchange. Nanocrystals in apolar solvent are introduced to ionic ligands in polar solvent. Ion-capped nanocrystals are stabilized by the polar solvant, allowing them to change phase. Table 1.2 provides orders of magnitude for the expected mobilities of nanocrystal films capped with different ligands, using the equations and parameters defined in the previous section. Mobilities obtained experimentaly with solid-state ligand exchange are of the order of 10 -4 to 10 -2 cm 2 V -1 s -1 with solid state ligand exchange [START_REF] Liu | Dependence of Carrier Mobility on Nanocrystal Size and Ligand Length in PbSe Nanocrystal Solids[END_REF] and can reach 1 to 100 cm 2 V -1 s -1 with ionic ligands. Record mobilities of around 400 cm 2 V -1 s -1 have been reported by the Talapin group using "molecular solders", i.e. ligands with the same atomic composition as the nanocrystal film itself ([Cd 2 Se 3 ] 2-ligands on CdSe NCs) [START_REF] Jang | Solution-Processed Transistors Using Colloidal Nanocrystals with Composition-Matched Molecular "Solders": Approaching Single Crystal Mobility[END_REF].

Field-effect transistors

After the first demonstrations of conductive films of NCs, a tool to change the carrier density at the nanocrystal level was needed to get more insight about the carriers nature and mobility. In a film of nanocrystals under an electric field E, the current density j is given by: j = e(n e µ e + p h µ h )E (1.15) Where n e , p h , µ e , µ h are the electron (resp. hole) densities and mobilities in the film. In the bulk semiconductor community, the carrier densities and mobilities are usually extracted from Hall effect experiments, where a device is exposed to a magnetic field. There is a few reports that exploit Hall effect measurements in nanocrystal films [START_REF] Jang | Temperature-dependent Hall and field-effect mobility in strongly coupled all-inorganic nanocrystal arrays[END_REF][START_REF] Oh | Stoichiometric Control of Lead Chalcogenide Nanocrystal Solids to Enhance Their Electronic and Optoelectronic Device Performance[END_REF], nevertheless the mobilities at play in those devices are fairly low compared to that of bulk semiconductors (usually around 1 cm 2 V -1 s -1 or below), and this technique remains tricky. As a result, the wide majority of the community prefers using a Field Effect Transistor (FET) geometry to evaluate carrier mobilities in films of coupled nanocrystals.

A FET is an electronic device where the conductance of a channel can be tuned by application of a control signal. A classical FET device is shown in Figure 1.16a. In this device, a film of nanocrystals is deposited between two electrodes, called source and drain electrodes. This defines a channel: by applying a bias V DS between source and drain electrodes, a current I DS flows in the nanocrystal film. The substrate of this device is a doped silicon wafer with a thin layer of insulating silicon dioxide SiO 2 : it can be seen as a capacitor, as pictured in Figure 1.16b. Upon application of a positive bias V GS > 0 between the gate and the source electrode, electrons are injected in the NC film to screen the positive charges appearing at the surface of the dielectric. Under negative bias V GS < 0, holes are injected in the film. The evolution of the channel conductance (under constant V DS ) as a function of the gate voltage (i.e. as a function of carrier injection) is called a transfer curve and allows to determine the majority carrier in a material. If conduction in a material increases under electron injection (for V GS > 0), electrons are the majority carriers and the material is said to be n-type. Respectively, conduction under hole injection (for V GS < 0) indicates that holes are the majority carriers, and the material is said to be p-type. A material with conductivity increasing under both electron and hole injection is called ambipolar.

For a channel of length L and width W under a bias V DS , the mobility µ e of the electron (or that of the hole) can be retrieved from the slope of the transfer curve in the region of interest:

µ e = 1 C S V DS × L W × ∂I DS ∂V GS V DS =cst (1.16)
Where is C S is the surface capacitance of the gate. For a classical FET device as pictured in Figure 1.16a and b, C S = 0 r /d with r the dielectric constant of SiO 2 and d the gate thickness.

Because of their low gate capacitance (10 -8 F/cm 2 for 400 nm of SiO 2 ), classical back-gated FETs are not efficient for injecting charges in nanocrystal films. Indeed, assuming a 64% density (random close packing) for a film of spherical 5 nm NCs, the density of particles is around n p = 10 18 cm -3 . Injection of one electron per nanocrystal requires the application of an electrical field E G = en p /C S 10 8 Vcm -1 , far above the dielectric breakdown of the SiO 2 . Moreover, the gate effect for this back-gate geometry only occurs in the first 20 to 40 nm of the NC film thickness, making the gating of thick NC films impossible. In practice, back-gated transistor are used as a tool to measure the mobility of thin films of nanocrystals, but applications where the carrier densities need to be strongly tuned are not achievable.

An alternative possibility is to use a top-gated, ion-gel FET geometry [START_REF] Kim | Electrolyte-Gated Transistors for Organic and Printed Electronics[END_REF]. Presented in Figure 1.16c and d, this configuration employs an electrolytic gate made of lithium and perchlorate ions (Li + , ClO 4-) embedded in a drop of polyethylene glycol (PEG). Appendix A gives more details about the preparation of such devices. As pictured in Figure 1.16d, under positive gate bias the Li + ions percolate into the film and form an electrostatic layer around the nanocrystals, leading to injection of electrons in the NCs in order to screen the positive charges. The capacity of this gate is orders of magnitude above that of solid-state dielectric gates (around 10 -6 F/cm 2 ) allowing to strongly tune the carriers densities and making it a tool of choice to probe transport in NC films [START_REF] Lhuillier | Electrolyte-Gated Colloidal Nanoplatelets-Based Phototransistor and Its Use for Bicolor Detection[END_REF][START_REF] Lhuillier | Electrolyte-Gated Field Effect Transistor to Probe the Surface Defects and Morphology in Films of Thick CdSe Colloidal Nanoplatelets[END_REF][START_REF] Lhuillier | Investigating the n-and p-Type Electrolytic Charging of Colloidal Nanoplatelets[END_REF]. By 
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Fig carefully choosing the molar mass of the matrix polymer, this gate can be made semi-solid, allowing for easy-to-use devices. Moreover, this electrolytic transistor configuration allows to gate thick films, but suffers from a few drawbacks:

• The range of operable gate bias is restricted to the electrolyte electrochemical stability window (-3 to 3 V for in our case) to avoid electrochemical reactions within the electrolyte.

• Because the ions must diffuse into the film and because of the high density of the PEG matrix, the scanning steps must stay slow ( 1 mV/s) and the transistor does not work at low temperatures.

• The gate capacitance is not well defined, so the carrier mobility can only be estimated with a large error bar. This drawback could be partly solved by adding a fourth terminal to act as a reference, hence transforming our transistor measurement into an electrochemistry setup.

Examples of transfer curves obtained with this configuration of transistor are given in Figure 1.17. As a part of my project, I studied transport in nanoplatelets of mercury telluride (HgTe NPLs) [START_REF] Izquierdo | Strongly confined HgTe 2D nanoplatelets as narrow near infrared emitters[END_REF], and found that the nature of their majority carrier can be tuned by the choice of the capping ligand [START_REF] Livache | Charge Dynamics and Optolectronic Properties in HgTe Colloidal Quantum Wells[END_REF]. Figure 1.17b shows the transfer curve of a S 2--capped NPL device, with a clear n-type conduction indicating that electrons are the majority carriers. When the ligand is switched to EDT, as pictured in Figure 1.17c, the transfer curve shows p-type conduction, indicating that holes are now the majority carriers. In black are given the leakage currents I GS of the transistors: this is the current that flows from the film to the gate due to non-ideal insulating character of the gate. This current must always stay well below the channel current I DS .

One can also think of the FET as a tool to move the Fermi level around its rest position in the nanocrystal energy diagram. Under positive gate bias, the relative position of bands and Fermi level are modified and the Fermi level is shifted to higher energies, when under negative gate bias it moves closer to the valence band. As a result, the transfer curve allows to probe the effect of this Fermi level movement on the carrier densities n e and n h , and informs on the rest position of the Fermi level in the nanocrystal bandgap.

Energy spectrum of nanocrystal arrays

To get an accurate picture of the energy levels in a nanocrystal array, transistor measurements are not sufficient, because they do not offer any quantitative information on the exact Fermi level position. Figure 1.18a shows a typical nanocrystal band diagram with flat levels. The position of the Fermi level in this diagram will set the majority carrier and/or the doping of the nanocrystal, as indicated on the right of the figure. For most nanocrystals, the Fermi level E F lies inside the bandgap (grey area). Materials with a Fermi level situated at mid-gap are said to be intrinsic. Low electron or hole doping will bring the Fermi level higher in energy (or lower, respectively), making the material n-type or p-type. For degenerate electron doping, the Fermi level lies above the 1S e level of the conduction band and for very high degenerate doping (more than 20 electrons per dot [START_REF] Chen | Metalinsulator transition in films of doped semiconductor nanocrystals[END_REF][START_REF] Martinez | HgSe Self-Doped Nanocrystals as a Platform to Investigate the Effects of Vanishing Confinement[END_REF]), the nanocrystals behave as metal nanoparticles. As discussed in the previous section, one can determine the approximate position of the Fermi level through transistor measurements, but other strategies are needed to measure precisely the relative positions of Fermi level inside the band diagram.

Another information of high interest is the work function Φ N C of the nanocrystals. The work function is the energy needed to remove an electron from the Fermi level of the nanocrystal and bring it to vacuum, and defines the absolute energy of the nanocrystal bands. This parameter is of utmost importance to build devices, because it will define how the different material bands aligns in an heterojunction. The simple case of a contact between a metal and a n-type NC film is pictured in Figure 1.18b and c. If the work function of the metal Φ M is higher than that of the NCs Φ N C , the contact between the two leads to the formation of a Schottky barrier (1.18b). This barrier is highly detrimental for the injection of electrons from the metal to the film because a high bias is required to overcome the barrier. On the contrary, if Φ M < Φ N C , the metal and the NC film align to form an ohmic contact (1.18c), for which injection of electrons from the metal can be realized at very low bias.

A possible way to get this information is to use electrochemistry [START_REF] Liu | N-and p-Type HgTe Quantum Dot Films[END_REF][START_REF] Chen | Reversible Electrochemistry of Mercury Chalcogenide Colloidal Quantum Dot Films[END_REF][START_REF] Spittel | Absolute Energy Level Positions in CdSe Nanostructures from Potential-Modulated Absorption Spectroscopy (EMAS)[END_REF]. Using a 4-electrodes cells, it is possible to measure the position of the bands and of the Fermi level relatively to a reference electrode (typically, a saturated calomel electrode), hence allowing to construct the band diagram in absolute energy scale. The classical method used to probe the band diagram of semiconductors is X-ray or ultraviolet photoemission (XPS or UPS): this technique is also suitable for films of nanocrystals. In photoemission, a sample kept under ultra-high vacuum is illuminated with high energy photons (from UV to soft X-rays). Due to photoelectric effect, electrons are stripped from the sample and collected into a spectrometer, which discriminates electrons with their kinetic energy (see inset of Figure 1.19a). Due to energy conservation, the binding energy BE of the electron in the material can be expressed as BE = hν -KE where hν is the photon energy and KE is the measured kinetic energy. Figure 1.19 presents how XPS performed at Soleil Synchrotron allows us to reconstruct the absolute energy diagram of CdSe/ZnS core-shell nanoplatelets [START_REF] Cruguel | Electronic structure of CdSe-ZnS 2D nanoplatelets[END_REF]. A typical full-scale photoemission spectrum consists in three parts:

• At low kinetic energy (i.e. high binding energy), we observe the secondary electrons, which experienced a lot of collisions and exit the material with a very low energy. This is what is presented in Figure 1.19a for CdSe/ZnS NPLs. The cut-off of this graph corresponds to the energy which is necessary to bring those low-energy electrons into vacuum: this is the definition of the work function Φ N C .

• For intermediary energies, electrons are coming from the core levels of the materials, i.e. levels deep in the valence band of the nanocrystals. They are useful for determination of the material composition and oxidation states.

• At high kinetic energies (i.e. low binding energies), electrons are coming from the valence band of the nanocrystals. Figure 1.19b presents this kind of spectrum for CdSe/ZnS NPL. The "zero" of binding energies corresponds to electrons stripped from the Fermi level, so the cut-off of the signal (where electrons from the top of the valence band start to be extracted) corresponds to the energy difference V B -E F . Photoemission allows the extraction of Φ N C and the energy difference V B -E F , so by setting the Fermi level to E F = 0 eV, valence band position E VB and vacuum level E vac can be located in absolute energy, see Figure 1.19c. Photoemission can only observe filled states, so a complimentary method must be used to determine the energy of conduction band. We use optical spectroscopy: the optical bandgap of the nanocrystals is extracted from an absorption spectrum, see Figure 1.19d, and the electrical bandgap is obtained by renormalizing the optical gap by the Coulomb interaction using equation 1.9:

E el G = E op G + E C . E C is
of the order of 10 meV for small nanocrystals. Position of the conduction band in the energy spectrum is then obtained using E CB = E VB + E el G , and the diagram is complete.

Principles of photodetection

In a film of nanocrystals, or in a semiconductor in general, the transitions between the different energy levels of a nanocrystal impact the carrier densities in those energy levels. Those difference of carrier densities can be exploited to build photodetectors, that transduce optical absorption into electrical signals (current or voltage). There are two main types of photodetectors: photoconductors and photodiodes.

Photoresponse of a photoconductor

In a nanocrystal photoconductor, a film of nanocrystals is connected to two contacts and biased by a voltage source, as pictured in Figure 1.20a. Upon illumination, photons are absorbed by the NC film, creating electrons and holes that get transported toward the two electrodes (Figure 1.20b), thus increasing the current flowing in the detector [START_REF] Rosencher | Optoélectronique[END_REF]. Illumination is provided from the top, and a bias is applied on the film to extract the photogenerated carriers. b. Simplified band diagram of a photoconductive device under bias. Gain effect is shown: electrons are allowed to circulate as long as the hole is trapped. c. Current-voltage characteristics of a photoconductive device made of HgTe nanoplatelets [START_REF] Livache | Charge Dynamics and Optolectronic Properties in HgTe Colloidal Quantum Wells[END_REF], showing ohmic behavior. The conductance of the device is greatly increased under illumination by 808 nm light.

We consider a film of dimensions w × l × d illuminated from the top with a photon flux φ 0 , along the z axis (Figure 1.20). Assuming an absorption coefficient α for the film, the photon flux in the NC film is:

φ(z) = φ 0 e -αz
(1.17)

Absorbed photons generate electron-hole pairs: if n l , n d and p l and p d are the densities of electrons and holes under illumination and in the dark, we have:

∆n photo = n l -n d and ∆p photo = p l -p d (1.18)
The generation rate of those electron-hole pairs per unit of volume is given by:

G ex (z) = αφ 0 e -αz (1.19)
For a p-type NC film, we have p 0 n 0 and we can assume that only ∆n (i.e., the electrons) will contribute significantly to the photocurrent. Hence, assuming a lifetime τ n for the electron, the rate equation associated with photo-carrier generation and recombination is:

∆n(z) τ n -D n d 2 dz 2 ∆ n = αφ 0 e -αz (1.20)
Assuming that diffusion along the z axis is negligible (thin device), and integrating the previous equation over the thickness d of the device, we get:

∆n = φ 0 τ n d (1 -e -αd ) (1.21)
The internal quantum yield η i = (1 -e -αd ) expresses how many photons are converted into electrons in the device. The external quantum efficiency η = (1 -R)(1 -e -αd ) includes the reflectance R of the device. The electron density is then:

∆n = φ 0 τ n d η (1.22)
We apply an electric field perpendicularly to the z axis, like pictured in Figure 1.20a. The photocurrent is then given by:

I photo = j photo × w × d = ∆neµ e E × wd = (φ 0 τ n η) × (eµ e E) × w (1.23)
The responsivity R is defined by the ratio of the photocurrent to the incident power illuminating the device on the area w × l, and expressed in A/W:

R = I photo P opt = eµ e τ n ηE hν × l = gηe hν (1.24)
Where g is the photoconduction gain:

g = τ n µ e E l = τ n τ transit (1.25)
We can understand the transit time τ transit as the time taken by an electron to cross the channel from one electrode to another. If its lifetime τ n is longer than the transit time, the photoconductive gain takes values above unity: one electron can loop around the polarization circuit several times before recombination, hence contributing multiple times to the photocurrent. The common picture is that one of the carriers get trapped, allowing circulation of the other one to long as its counterpart is not available for recombination [5]. High gain values come at the price of a slow time response, since the recombination time τ n is large: this is the gain/bandwidth trade-off. Another way to observe gain is to use devices where the transit time is short due to a narrow channel, as in nanoscale devices featuring eletrodes spaced by a few tens of nanometers [START_REF] Lhuillier | Nanoplatelets Bridging a Nanotrench: A New Architecture for Photodetectors with Increased Sensitivity[END_REF][START_REF] Wang | Transport in a Single Self-Doped Nanocrystal[END_REF]. Figure 1.20c presents I(V ) characteristics of a photoconductive film of HgTe nanoplatelets in the dark and under illumination by a 808 nm laser [START_REF] Livache | Charge Dynamics and Optolectronic Properties in HgTe Colloidal Quantum Wells[END_REF]. The device shows an ohmic behavior (i.e., linear I-V characteristics) and its conductance is strongly increased under illumination, as n l n d . The main issue with photoconductors is that they have to be operated under non-zero bias and always feature dark current (i.e. current flowing in the detector when it is not illuminated), which can contribute to a significant part of the total device current, especially in narrow-bandgap materials absorbing in the infrared range.

Photoresponse of a photodiode

A photodiode, or photovoltaic detector, relies on an heterojunction to absorb photons and separate the photogenerated charges. The working principle is exactly the same as a solar cell, but photodiodes are optimized for detection rather than power generation. In a photodetector, an asymmetry is introduced in the device, allowing to strongly suppress the dark current in the structure. A scheme of a simple heterojunction device is shown in Figure 1.21a. When a p-doped and a n-doped semiconductors are brought together to form an heterojunction, a depletion region (or space-charge region, SCR) forms at the interface of the two materials. Electron-hole pairs created in this region are immediately separated due to the high built-in electric field, and pairs created outside of the depletion region can still be separated if they diffuse to the SCR [START_REF] Rosencher | Optoélectronique[END_REF]. As pictured in Figure 1.21b, generated carriers are collected at the top and bottom contacts, hence creating a current in the device. This kind of devices are built layer-by-layer, and one of the metallic contact should be transparent to allow illumination of the heterojunction. This is usually realized by using doped oxides as tin-doped indium oxide (ITO) or fluorine-doped tin oxide (FTO). An example of an actual NC-based device is presented in Figure 1.21c: the heterojunction is realized using two films of PbS nanocrystals treated by different ligands, leading to n-type and p-type films [START_REF] Chuang | Improved performance and stability in quantum dot solar cells through band alignment engineering[END_REF]. In addition, this device incorporates TiO 2 and MoO 3 layers to act as electron transport layer (ETL) and hole blocking layer (HBL) on the TiO 2 side, and hole transport layer (HTL) / electron blocking layer (EBL) on the MoO 3 side. As shown in the current-voltage I(V ) characteristics shown in Figure 1.21, a photovoltaic device shows rectifying behavior: the I(V) curve is strongly asymmetric. This results from the strong asymmetry of the band alignment: injection of electrons from ITO side is easy since Φ ITO < Φ Au , allowing the carriers to flow easily under positive bias. Under negative bias though, injection of electrons from the gold side and of hole from the ITO side is prevented by the large barriers, resulting in a very low dark current. As a result, thanks to this strong asymmetry, photodiodes can be operated at zero bias (photocurrent mode where the signal is given by the short-circuit current I SC ) or zero current (photovoltage mode where the signal is the open-circuit voltage V OC ).

The total current density in the diode under illumination is given by [START_REF] Rosencher | Optoélectronique[END_REF] :

J = J sat e qV /k B T -1 -J photo (1.26)
Where V is the applied bias and J sat is the saturation current, depending on the materials used and band alignment in the diode structure. The photocurrent density J photo is:

J photo = -eηφ 0 (1.27)
Where φ 0 is the illumination flux and η = (1 -R) 1-e -αd 1+αL D is the external quantum efficiency of the device. d is the thickness of the SCR and L D is the diffusion length of the photogenerated carriers created outside of the SCR. The main difference with photoconductors is that there is no gain effect in a photodiode.

In zero bias operation (photocurrent mode), the short-circuit current I SC is I SC = A × J photo with A the detector surface area.

In zero current operation (photovoltage mode), the open-circuit voltage V OC is:

V OC = k B T e log 1 + J photo J sat (1.28)
Finally, the responsivity of a photodiode with a surface A is given by:

R = J photo A P opt = ηq hν (1.29)
Since here electrical and illuminated sections are the same: carrier and photon fluxes are parallel.

Noise and detectivity

The responsivity of a photodetector describes its ability to transduce incoming photons into an electrical current, but does not take into account the noise of the detector. In the infrared range, because photon (and bandgap) energies become small, thermal activation of carriers is competing with optical excitation of the material. As a result, infrared detectors present much more noise than their visible counterparts. This is the main reason why those infrared detectors are generally operated at cryogenic temperatures. The ultimate figure of merit for a photodetector is its signal to noise ratio, usually expressed as the detectivity D * . The noise in a photodetector is intrinsically linked to its dark current. The signal to noise ratio indicates how well a photodetector is able to discriminate a current generated by incoming photons (signal) from the dark current.

In a perfect detector, noise have two main sources [START_REF] Rosencher | Optoélectronique[END_REF]:

• Thermal noise (also called Johnson noise) is related to the mobility fluctuation of carriers due to thermal agitation. For a semiconductor of resistance R 0 operating in the electrical bandwith ∆ν (i.e. with an integration time of 1/(2∆ν)) at the temperature T , the thermal noise is given by:

i 2 Johnson = 4k B T R 0 ∆ν (1.30)
• Generation-recombination noise (G-R noise) is due to the carrier density fluctuations due to spontaneous creation and annihilation of electron-hole pairs in the semiconductor. For a photoconductor operated in the electrical bandwith ∆ν, this noise depends on the average dark current I dark and on the gain of the detector g through:

i 2 GR = 4eI dark ∆ν (1.31)
For our nanocrystal-based devices, those two analytical formulas for noise only provide a idea of the best possible device. Indeed, noise is never thermal or generation-recombination-limited in NC-based devices, and always has to be experimentally measured. This is due to the presence of a low-frequency 1/f noise, attributed to the disordered aspect of the conductive matrix [START_REF] Lhuillier | Thermal properties of midinfrared colloidal quantum dot detectors[END_REF][START_REF] Liu | 1/f noise in semiconductor and metal nanocrystal solids[END_REF][START_REF] Lai | Low-Frequency (1/f) Noise in Nanocrystal Field-Effect Transistors[END_REF]. Figure 1.22a presents an experimental setup used to measure the current spectral density S I on an NC-based device kept at low temperature. The noise spectral density can then be obtained as S n = S 2 I . Figure 1.22b shows the results of this measurement on a HgSe/HgTe NC device (see chapter 4), with a 1/f 0.5 -limited current spectral density. The noise values measured for this device are well above the calculated thermal noise, indicating that the noise is indeed 1/f limited. The thermal activation of the noise seen in this example reflects the thermal activation of the dark current, and is the reason why certain detectors have to be operated at cryogenic temperatures to ensure a good signal-to-noise ratio. A good figure of merit expressing a signal to noise ratio for a photodetector is the Net Equivalent Power or NEP: it corresponds to the lowest optical power that is possible to measure with the device. It is given by:

NEP = S I × √ ∆ν R (1.32)
Where S I is the measured noise current density, ∆ν is measurement bandwidth (i.e. the integration time 1/2∆ν) and R is the device responsivity. The NEP is expressed in W, and the lowest the NEP, the better the detector.

The detectivity D * is the ultimate figure of merit for a photodetector. It is obtained by:

D * = √ A∆ν NEP = R √ A S I (1.33)
Where A is the device area. The detectivity is expressed in cm•Hz 1/2 •W -1 , or Jones.

Addressing infrared with nanocrystals 1.3.1 The infrared range: interest and applications

The infrared range of wavelength is historically associated with military applications. Indeed, armies have identified since the beginning of the XX th century that mastering light emission and imaging in various ranges of the infrared brings a serious strategic advantage over an enemy that does not possess this kind of technology. This is mainly due to the fact that infrared light is invisible to the naked eye. The infrared range extends from 800 nm to 100 µm and Figure 1.23 presents the different regions of interest. There are several ways of dividing the infrared range in regions, we present here on that is commonly used by academics and industry because it is based on sensor response. Starting from the red part of the visible range:

• The Near-Infrared (NIR) spans from 800 nm to 1 µm. Because of its proximity to visible range, NIR is relatively accessible and offers plenty of applications. It is the range of choice for solar-cell materials thanks to the possibility to harvest the whole visible spectrum of the sun, plus a significant part of its infrared spectrum. The existence of relatively cheap and powerfull lasers in the NIR (AlGaAs around 808 nm, Nd:YAG at 1.064 µm) makes it very useful for rangefinding and laser guidance, in combination with a well suited detector. This range of wavelength is also of strong interest for biology, as tissues are transparent to wavelengths around 900 nm.

• The Short-Wave Infrared (SWIR) extends from 1 µm to 1.7 µm. In this region, objects and bodies are, just like in the visible range, secondary sources: they reflect and diffuse light. Imaging in this range is performed using illumination by a powerful source (LEDs or lasers), and sometimes referred to as active imaging. Atmospheric transparency over the whole SWIR range and high performance of sources and detectors in this region allow long-range imaging, at nighttime and in adverse meteorologic conditions. Telecommunication wavelengths also fall in SWIR, as the lowest attenuation in glass-based telecom optical fibers is achieved around 1.5 µm.

Extended SWIR, sometimes denoted E-SWIR, extends up to 2.7 µm.

• The Mid-Wave Infrared (MWIR) spans from 3 µm to 5 µm. As seen in Figure 1.24a, this corresponds to an atmospheric transparency window. Around 3 µm, the black body emission of objects starts to prevail over the reflection of secondary sources. Black body emission for an object at the temperature T is given by:

1.3 Addressing infrared with nanocrystals

L(λ, T ) = 2hc 2 λ 5 1 e hc/(λk B T )-1 (1.34)
Where L(λ, T ) is the spectral radiance in W•m -3 •sr -1 , c is the speed of light and λ is the wavelength. Relative black body emission is shown in Figure 1.24b. As a result, the MWIR range allows thermal imaging, or passive imaging of the photons emitted by hot (i.e. above 0°C) objects and bodies. As it does not require an external source, imaging in the MWIR is perfectly stealthy. As shown in Figure 1.24b, the MWIR is more suited to image hot (>100°C) objects than room-temperature ones. As a result, MWIR detectors are perfect for missile and airplane-seeking in military applications. The MWIR range is also widely used for gas sensing and spectroscopy, since there is large number of molecules with absorption is this range of wavelength (CO 2 at 2349 cm -1 , C -H at 2900 cm -1 ).

• The Long-Wave Infrared (LWIR) corresponds to wavelengths between 8 µm and 12 µm. As pictured in Figure 1.24, the maximum of emission of a 300 K body is around 10 µm, in the middle of LWIR range. LWIR is the preferential domain to conduct thermal imaging of room-temperature objects.

• The Far-Infrared (FIR) extends between 12 µm and 100 µm. Since cold objects emit in the FIR, this range is of interest for astronomy. FIR overlaps with the THz range, and can be used for surveillance since it penetrates much deeper than other wavelengths without any ionizing hazard. 

Infrared detectors

The division of the infrared range proposed in the precedent section was based on different detector response. We will present here the current technologies and materials used to detect infrared light. Figure 1.25 presents the most widespread technologies. It is important to distinguish between the two different types of detectors used in the infrared: photodetectors and thermal detectors [START_REF] Rogalski | Infrared detectors: An overview[END_REF][START_REF] Rogalski | Infrared Detectors[END_REF]. 

Infrared photodetectors

Photodetectors, sometimes called quantum detectors, are based on transitions between bands or levels in semiconductor materials (see section 1.2.5). Upon photon absorption in the active material, an electron-hole pair is created. The electron, the hole, or both of the carriers, are then transported in the material due to an electric field (applied or built-in), hence creating a photo-current. Because the energies associated with infrared photons are low, the involved transitions have to be of low energy. In MWIR, the optical transitions start to be competing with the thermal energy k B T : a significant number of electron-hole pairs can be created due to thermal activation. As a result, MWIR and LWIR detectors have to be cooled down to increase their signal-to noise ratio. Their operating temperature is usually around 150 K for MWIR detectors and 77 to 90 K for LWIR detectors. Photodetectors are sensitive to a photon flux φ 0 .

Interband photodetectors are based on materials featuring transitions between a valence band and a conduction band. Figure 1.26a shows a simple sketch of a typical interband photoconductor made of Mercury Cadmium Telluride (MCT). Low energy interband transitions can be achieved either by using a narrow bandgap semiconductor (Ge in SWIR, InSb in MWIR) or by alloying two semiconductors of similar lattice parameters (In 1-x Ga x As in the NIR to SWIR, or Hg 1-x Cd x Te in the MWIR to LWIR).

In the NIR, silicon-based CMOS detectors are sensitive up to 1 µm, allowing for cheap, high performance imaging in this range. In particular, any CMOS-based camera (DSLR, smartphone...) is able to see in the near-infrared once its low-pass filter is removed. They can be used for active imaging, in combination to a powerful NIR light source.

In the SWIR, the main technology is based on InGaAs ternary alloy. InGaAs detectors achieve very high performances, with detectivities > 10 12 Jones at room temperature, very low dark currents and ps time response. Epitaxially grown on InP substrate, the active layer has to be hybridized to a Read-Out Integrated Circuit (ROIC) using indium beads. The presence of the InP substrate limits their operation to 900 nm for the high energy cutoff, and the band-gap of the material limits the lower energy cut-off to 1.7 µm. Extended-InGaAs can reach up to 2.7 µm using strained material. Because of the complex material processing and multiple micro-fabrication steps, they remain expensive detectors, especially for large Focal Plane Arrays (FPA). Other examples of less-sensitive detectors are PbS, PbSe There are two competing interband technologies in the MWIR: InSb and HgCdTe. Indium antimonide is a III-V semiconductor with a 230 meV (5.4 µm) bandgap at 80 K. Usually grown by Metal-Oxide Chemical Vapor Deposition (MOCVD), InSb has the largest electronic mobility known for III-V semiconductors, leading to very high quantum efficiency. InSb detectors are very sensitive with detectivities around 10 11 Jones at 5 µm and at cryogenic temperatures, but cannot be spectrally tuned due to their fixed bandgap. On the contrary, the interband bandgap of mercury cadmium telluride (HgCdTe, MCT) can be tuned over a large range by changing the cadmium content, see Figure 1.26b. As a result, MCT detectors can address either the MWIR or the LWIR [START_REF] Rogalski | HgCdTe infrared detector material: History, status and outlook[END_REF]. Grown on CdZnTe using liquid-phase epitaxy, MCT also have to be operated at cryogenic temperatures to ensure good signal-to-noise ratios. Recent MCT detectors are found in the form of unbiased homoand hetero-junctions photodiodes [START_REF] Rogalski | History of infrared detectors[END_REF]. Detectivites of few 10 10 to 10 11 Jones are achievable in the MWIR and LWIR. Generally speaking, MWIR photodetectors are expensive and controlled (because of their strategical aspect) pieces of technology, with a cost around 20 000 to 100 000 € for a camera.

LWIR interband photodetectors are usually MCT detectors with low cadmium content, operated at cryogenic temperatures with detectivities of a few 10 10 Jones. Because of the high mercury content in the ternary alloy, the active material is quite soft, leading to inhomogeneities at the FPA scale. The lack of alternative interband material in the LWIR led to the developpement of detectors based on intraband and intrersubband transitions.

Intraband photodetectors represent a change of paradigm in the field of infrared detection: instead of trying to obtain narrow interband transitions through metallurgy, alloying and bandgap en-gineering, wave-function engineering in heterostructured semiconductors is used to achieve transitions in the upper levels of the conduction band.

The best example of an intraband detector is the Quantum Well Infrared Photodetector, or QWIP [START_REF] Rogalski | Quantum well photoconductors in infrared detector technology[END_REF][START_REF] Schneider | Quantum Well Infrared Photodetectors: Physics and Applications[END_REF]. Using molecular beam epitaxy (MBE), thin layers ( 10 nm) of dopped GaAs are grown successively, separated by barriers of AlGaAs. A scheme of a device is shown in Figure 1.26c, and the conduction band alignment of the two materials is sketched in Figure 1.26d. Because they are doped, the GaAs quantum wells are populated with electrons in the ground level of their conduction band. Upon absorption of light, intraband transition occurs in the GaAs QWs. Because the upper level is aligned with the AlGaAs conduction band, the electron can be transferred to the barrier and be extracted at the contacts. As a result, QWIP are narrow-band, adjustable photodetectors: by adjusting the aluminum content and the thickness of the wells, it is possible to tune the energy of the intraband transition over the MWIR and LWIR. Quantum Dots Infrared Photodetectors are the 0-D counterpart of QWIP, relying on non-lattice matched materials to create isolated, nanoscale island of confined quantum dots to provide optical absorption [START_REF] Schneider | Quantum Well Infrared Photodetectors: Physics and Applications[END_REF].

Wave-function engineering can be pushed to the device level to build more complex structures: in Quantum Cascade Detectors (QCD), several quantum wells of different thicknesses are weakly coupled to funnel photogenerated electrons toward the contacts using a cascading effect [START_REF] Gendron | Quantum cascade photodetector[END_REF]. In superlattices, the arrangement of quantum wells is engineered to create subbands and minibands, allowing optical transitions between two subbands (inter-subband photodetector) [START_REF] Liu | Intersubband Transitions in Quantum Wells: Physics and Devices[END_REF][START_REF] Rogalski | InAs/GaSb type-II superlattice infrared detectors: Future prospect[END_REF].

Despite having good performances, intraband-based photodetectors still have to be operated at cryogenic temperatures and usually suffer from a higher dark current than their interband couterpart. Moreover, optical selection rules in 2D and 0D structures makes that absorption is forbidden at normal incidence. As a result, a grating have to be etched at the surface of the detector to ensure a good optical coupling, see Figure 1.26c.

Thermal detectors

Thermal detectors detect an energy flux instead of a photon flux. Their active material consists in a material that heats up upon absorption of infrared light: this heating effect is measured and the absorbed power is deduced. Bolometers and pyrometers are examples of thermal detectors. In bolometers, the absorber material is connected to a thermal reservoir at constant temperature through a thermal conductance G. The measurement of the absorber temperature change (with a precise resistive thermometer) allows to extract the incident power: P = ∆T × G. Thermal detectors are sensitive to the incident power hν × φ 0 rather than the incident photon flux φ 0 . Thermal detectors are cheaper than photodetectors and are intrinsically broadband detectors. They are usually operated at room-temperature with a detectivity of around 10 8 to 10 9 Jones, but can be cooled down to achieve higher performances (especially at long wavelengths). One of the key limitations of bolometers is their low refresh rate: because they are based on heating/cooling of absorbers, they are usually limited to bandwidth around 10 Hz. VO x microbolometers arrays are commercially available to the general public and equip most of the cheap thermal imagers. Deuterated Triglycerin Sulfate (DTGS) is another example of a thermal detector widely used for Fourier-transform infrared spectroscopy.

Narrow-bandgap nanocrystals

Because traditional infrared photodetectors remain based on complex, epitaxially grown materials, they remain expensive pieces of technology. As soon as conduction in films of NCs was achieved, using semiconductor nanocrystals films as active infrared material was proposed. Addressing the infrared with nanocrystals seems rather counter-intuitive at first glance. Indeed, as stated in section 1.1.1, quantum confinement in nanocrystals leads to an increase of the bandgap energy compared to the bulk material. As a result, narrow-bandgap nanocrystals can only be obtained with narrow-bandgap bulk materials. The first historical example of nanocrystals with optical properties in the NIR are lead sulfide nanocrystals (PbS), which were discussed in section 1.1.2. PbS having a bulk bandgap of 370 meV, optical absorption and emission of quantum-confined PbS NCs fall in the near-infrared (see Figure 1.5b). After several years of investigation for solar cells, they are a promising material for a new generation of NIR photodetectors.

Another strategy to build nanocrystal with narrow energy bandgap is to start with a bulk material with a zero bandgap, i.e. E bulk = 0. By looking back at the simple spherical particle model provided in section 1.1.1 and Equation 1.7, the bangap energy of a nanocrystal of size R (1S h to 1S e transition) is then given by:

E G = E 1Se -E 1S h = E bulk + 2 π 2 2m * eh R 2 = 2 π 2 2m * eh R 2 (1.35)
With m * eh is the electron-hole reduced mass. The nanocrystal bandgap is then only controlled by the confinement energy, which can theoretically be as small as desired for very large nanoparticles. This zero bulk bandgap is notably the signature of semi-metals. This section will concentrate on nanocrystals made from two semi-metals: mercury telluride (HgTe) and mercury selenide (HgSe). Calculated band structure of bulk HgTe and HgSe are presented in Figure 1.27 [START_REF] Svane | Quasiparticle band structures of beta-HgS, HgSe, and HgTe[END_REF]. The first observation on those band diagrams is that the band ordering is reversed compared to classical semiconductors: for both HgTe and HgSe, the first conduction band is a Γ 8 band (which is usually a valence band), and the Γ 6 band (usually a conduction band) is found deep below the first valence bands. The classical definition of the bandgap being the energy between Γ 6 and Γ 8 bands at the center of the Brillouin zone, this leads to the attribution of a negative bandgap to HgSe and HgTe. The first valence band is also a Γ 8 band and is degenerated for both cases. An important point is that valence and conduction Γ 8 bands touch at the center of the Brillouin zone. Fermi levels of the materials lie between conduction and valence bands, making that both materials are semi-metals with a zero effective bandgap. Graphene is another example of a semi-metal with valence and conduction bands touching at the Γ point.

Infrared interband transitions in HgTe nanocrystals

Synthesis of HgTe nanocrystals was first developped by Rogach et al. [23] in aqueous medium with a gazeous H 2 Te precursors. Kovalenko et al. [24] improved the synthesis and introduced size tunability, before Keuleyan et al. provided a more straightforward synthesis in organic solvants [27]. In this approach, mercury is introduced as HgCl 2 salt in an organic medium and heated around 80 to 100°C, and a tri-octylphosphine:tellurium complex (TOP:Te) is injected in the hot solution. After a few minutes, reaction is quenched using dodecanthiol (DDT). The nanocrystals mean size is controlled by adjusting injection temperature and reaction length. The detailed synthesis procedures can be found in appendix A. Because of the gapless character of HgTe, the resulting nanocrystals feature an interband bandgap (1S h → 1S e transition, see Figure 1.28a) whose energy is only controlled by the quantum confinement, hence by the size of the nanocrystal. Figure 1.28b presents the optical spectra of three sizes of HgTe NCs with bandgaps around 6000 cm -1 (1.6 µm, SWIR), 4000 cm -1 (2.5 µm, E-SWIR) and 2000 cm -1 (5 µm, MWIR). Those three sizes of HgTe nanocrystals will be respectively called "HgTe 6k", "HgTe 4k" and "HgTe 2k" throughout the manuscript. Those spectra show well-defined band-edges as well as excitonic features, which is an indication of a controlled (< 10%) size dispersion. One particularity of those absorption spectra is that they show a fine, intense structure around 2900 cm -1 : this is the signature of C -H bonds in the 12-C long DDT ligands. As pictured in Figures 1.28c andd, HgTe nanocrystals deviate quite strongly from the spherical shape. They are found to be tetrapodic for small sizes, before switching to a more regular tetrahedric shape for larger sizes [START_REF] Goubet | Terahertz HgTe Nanocrystals: Beyond Confinement[END_REF].

With strong, spectrally tunable interband absorption from the SWIR to MWIR, HgTe nanocrystals have encountered quite a lot of success for their integration into optoelectronic devices for infrared photodetection, starting in the Guyot-Sionnest group in Chicago [27,[START_REF] Lhuillier | Thermal properties of midinfrared colloidal quantum dot detectors[END_REF][START_REF] Keuleyan | Mid-infrared HgTe colloidal quantum dot photodetectors[END_REF] and in the Rogach group in Hong Kong [START_REF] Chen | Fast, Air-Stable Infrared Photodetectors based on Spray-Deposited Aqueous HgTe Quantum Dots[END_REF]. Recent progresses in this direction will be discussed in the next section.

Along with optical absorption in the infrared, HgTe nanocrystals also feature interband emission [27,[START_REF] Rogach | Infrared-Emitting Colloidal Nanocrystals: Synthesis, Assembly, Spectroscopy, and Applications[END_REF][START_REF] Keuleyan | Photoluminescence of Mid-Infrared HgTe Colloidal Quantum Dots[END_REF][START_REF] Abdelazim | Room Temperature Synthesis of HgTe Quantum Dots in an Aprotic Solvent Realizing High Photoluminescence Quantum Yields in the Infrared[END_REF]. Because of the presence of numerous non-radiative decay paths in the infrared, the photoluminescence quantum yield of those nanocrystals remains low, but electroluminescent devices have been demonstrated [START_REF] O'connor | Nearinfrared electroluminescent devices based on colloidal HgTe quantum dot arrays[END_REF] as well as continuous-wave lasing under optical excitation [START_REF] Geiregat | Continuous-wave infrared optical gain and amplified spontaneous emission at ultralow threshold by colloidal HgTe quantum dots[END_REF].

Another recent achievement that will be relevant for the next parts of this manuscript was the synthesis of 2-dimensional HgTe nanoplatelets. Using a cation-exchange approach, Izquierdo et al. were able to prepare HgTe NPLs from CdTe NPLs, effectively replacing each Cd 2+ cation by a Hg 2+ one while preserving the NPL structure. Those objects are nevertheless very confined (3 monolayers, 1.1 nm total thickness), with optical absorption and emission in the NIR [START_REF] Izquierdo | Strongly confined HgTe 2D nanoplatelets as narrow near infrared emitters[END_REF].

Intraband transitions in self-doped systems

Just as we demonstrated in section 1.3.2 that infrared absorption can be realized in epitaxial devices by engineering intraband or inter-subband transitions in doped systems, it is possible to obtain doped nanocrystals featuring intraband absorption in the IR. In nanocrystals, intraband absorption can be observed in the form of transitions between the first levels of the conduction band, see Figure 1.29a. If the ground level of the conduction band is occupied by one or more electrons (i.e. the nanocrystal is degeneratly electron-doped), transitions from the 1S e and 1P e are authorized. First realizations of intraband absorption was obtained by heavily doping CdSe [START_REF] Wang | Electrochromic nanocrystal quantum dots[END_REF] or HgTe [START_REF] Liu | N-and p-Type HgTe Quantum Dot Films[END_REF] nanocrystals using electrochemistry, or in nanocrystals under strong optical excitation such as in PbSe [START_REF] Wehrenberg | Interband and Intraband Optical Studies of PbSe Colloidal Quantum Dots[END_REF] or CdS [START_REF] Jeong | Mid-Infrared Photoluminescence of CdS and CdSe Colloidal Quantum Dots[END_REF]. In 2014, the Guyot-Sionnest group demonstrated self-doped mercury selenide (HgSe) nanocrystals, in which the first level of the conduction band is occupied in the steady state [START_REF] Deng | Colloidal Quantum Dots Intraband Photodetectors[END_REF]. The synthesis was refined by Lhuillier et al. with spectral tunability of the 1S e → 1P e transition other the MWIR to LWIR ranges [START_REF] Lhuillier | Infrared Photodetection Based on Colloidal Quantum-Dot Films with High Mobility and Optical Absorption up to THz[END_REF]. The procedure is very similar to that of HgTe NCs synthesis, but uses mercury oleate Hg(OAc) 2 as a Hg 2+ precursor. It is described in appendix A.

Optical spectra of medium and large HgSe nanocrystals are provided in Figure 1.29b. Two absorption features are observed for each size: the low-energy, narrow peak in the MWIR to LWIR (pale red) corresponds to intraband 1S e → 1P e transition, when the higher energy broadband feature (pale yellow) corresponds to interband transition. Both absorption features red-shift when the mean size of the nanocrystal increases, as a result of confinement loss. As seen in TEM pictures (Figures1.29c and d), HgSe NCs are much more spherical than their HgTe counterparts.

The mechanism of doping in those nanocrystals is believed to linked to NC reduction by the environnement. Indeed, the work function of HgSe NCs in presence of long ligands is high enough for the first level of the conduction band to be below the O 2 /H 2 O redox couple, located around 5 eV. As a result, water acts as a reducer and the HgSe NC are negatively charged in their steady state [START_REF] Robin | Surface Control of Doping in Self-Doped Nanocrystals[END_REF]. Interestingly, the self-doped character of this material have been observed down to the single-particle level [START_REF] Wang | Transport in a Single Self-Doped Nanocrystal[END_REF].

In recent work, the precise nature of the low energy feature for the big nanocrystals has been attributed to plasmonics rather than to pure intraband transition due to the level of doping of the big HgSe NCs (> 20 electrons per NC). This indicates that as the narrow absorption feature red-shifts, its intrinsic nature continuously transitions from intraband to plasmonic [START_REF] Martinez | HgSe Self-Doped Nanocrystals as a Platform to Investigate the Effects of Vanishing Confinement[END_REF]. Interestingly, similar effects have also been observed in coupled epitaxial quantum wells [START_REF] Askenazi | Ultra-strong light-matter coupling for designer Reststrahlen band[END_REF].

The same self-doping character have also been found in mercury sulfide HgS nanocrystals, despite HgS being a gaped semiconductor [START_REF] Jeong | Air-Stable n-Doped Colloidal HgS Quantum Dots[END_REF][START_REF] Shen | HgS and HgS/CdS Colloidal Quantum Dots with Infrared Intraband Transitions and Emergence of a Surface Plasmon[END_REF]. More recently, intraband absorption in HgTe was demonstrated in the steady-state using iodine-doped HgTe nanocrystals [START_REF] Hudson | Conduction Band Fine Structure in Colloidal HgTe Quantum Dots[END_REF], or high temperature synthesis [START_REF] Goubet | Terahertz HgTe Nanocrystals: Beyond Confinement[END_REF]. In this last approach, temperatures well above the classical synthesis (max. 120°C) are used to obtain big, unconfined HgTe microcrystals with intraband/plasmonic absorption up to the THz range. This material is currently the redest colloidal material ever reported.

To conclude on HgTe and HgSe nanocrystals, Figure 1.30 presents the available materials between 1 µm and 100 µm, from small HgTe interband nanocrystals in the SWIR to self-doped intraband HgSe in the MWIR and heavily doped HgTe microcrystals in the FIR/THz. 

Toward non-toxic infrared nanomaterials

An obvious objection to the use of HgTe and HgSe materials as active materials for a new generation of infrared detectors is the toxicity of those materials. Indeed, mercury compounds ar quite dangerous to handle, especially under nanoparticle form. A major counter-argument would be that exposure is very limited when the material is embedded in a Focal Plane Array (FPA). Moreover, as opposite to solar cells, only a very small amount of material is needed in an infrared detector ( 1 cm 2 ). As a result, we estimated that only 50 kg of HgTe material would be needed to equip every car sold in Europe in one year with a HgTe-based infrared camera, even assuming a 90% loss during deposition process [START_REF] Livache | Road Map for Nanocrystal Based Infrared Photodetectors[END_REF].

Nevertheless, heavy-metal free alternative should be explored. As narrow bandgap is associated with large density of state, and so with heavy elements, no viable alternative have been reported for infrared interband nanocrystals yet. There is more promises for intraband materials with notably silver selenide (Ag 2 Se) nanocrystals featuring intraband/plasmonic absorption in the same range as HgSe [START_REF] Sahu | Facile Synthesis of Silver Chalcogenide (Ag2E; E = Se, S, Te) Semiconductor Nanocrystals[END_REF][START_REF] Park | Mid-Infrared Intraband Transition of Metal Excess Colloidal Ag2Se Nanocrystals[END_REF][START_REF] Qu | Intraband Mid-Infrared Transitions in Ag2Se Nanocrystals: Potential and Limitations for Hg-Free Low-Cost Photodetection[END_REF][START_REF] Hafiz | Silver Selenide Colloidal Quantum Dots for Mid-Wavelength Infrared Photodetection[END_REF]. They nevertheless do not reach the level of maturity of mercury-based compounds.

NC-based detectors: toward low-cost, efficient detectors in SWIR and MWIR

To conclude this introductory chapter, we will summarize the different progresses that have been achieved in almost 10 years of mercury chalchogenide nanocrystal-based infrared photodetection. The first devices were reported in the SWIR by the Wolfgang Heiss group [START_REF] Böberl | Inkjet-Printed Nanocrystal Photodetectors Operating up to 3 um Wavelengths[END_REF], using inkjet-printed photoconductive devices. First reports on MWIR detectors were brought by the Guyot-Sionnest group in Chicago, with HgTe-based photoconductive detectors fabricated by drop-casting [27,[START_REF] Keuleyan | Mid-infrared HgTe colloidal quantum dot photodetectors[END_REF]. Figures 1.31a and b give I-V characteritics as well as photocurrent spectra of such early devices. Major improvements were brought by tuning the surface chemistry of the nanocrystals to improve mobility [START_REF] Lhuillier | Mid-Infrared HgTe/As2S3 Field Effect Transistors and Photodetectors[END_REF] or improving the film quality by switching to cleaner depostion methods [START_REF] Chen | Fast, Air-Stable Infrared Photodetectors based on Spray-Deposited Aqueous HgTe Quantum Dots[END_REF]. The experimental measurement of the noise in those devices was a huge step in rationalizing the performances of those IR-sensitive devices and bring them to a more mature stage of developement [START_REF] Lhuillier | Thermal properties of midinfrared colloidal quantum dot detectors[END_REF][START_REF] Liu | 1/f noise in semiconductor and metal nanocrystal solids[END_REF].

a.

b. c. More recent photoconductive devices have demonstrated higher performances thanks to material improvement. The integration of the HgTe active material in a field-effect transistor allowed to build efficient phototransistors in the SWIR [START_REF] Chen | Mercury Telluride Quantum Dot Based Phototransistor Enabling High-Sensitivity Room-Temperature Photodetection at 2000 nm[END_REF]. Very high responsivities above 100 mA/W were reported using As 2 S 3 -capped HgTe NCs [START_REF] Lhuillier | Mid-Infrared HgTe/As2S3 Field Effect Transistors and Photodetectors[END_REF][START_REF] Tang | Scalable Fabrication of Infrared Detectors with Multispectral Photoresponse Based on Patterned Colloidal Quantum Dot Films[END_REF][START_REF] Cryer | 300 nm Spectral Resolution in the Mid-Infrared with Robust, High Responsivity Flexible Colloidal Quantum Dot Devices at Room Temperature[END_REF]. Another interesting strategy to improve photoconductor was the hybridation of HgTe NCs in a MoS 2 2D device [START_REF] Huo | MoS2-HgTe Quantum Dot Hybrid Photodetectors beyond 2 um[END_REF]. Responsivities as high as 10 6 A/W have been reported, but overall performances of those devices remain very limited due to their slow time response and high dark current.

A huge step forward was the introduction of photovoltaic devices. Being able to build a photodiode from nanocrystals requires to have a mature active material, since the band alignment of the different diode constituents will have a strong impact on the device performance. Moreover, a vertical device requires to be able to build thick, smooth and pinhole-free NC films to prevent any electrical shorts. The first MWIR HgTe-based diode was a Schottky NiCr/HgTe/Ag paste stacking, see Figure 1.31c. This diode demonstrated in 2015 background-limited infrared photodetection (BLIP) at 90 K [START_REF] Guyot-Sionnest | Background limited mid-infrared photodetection with photovoltaic HgTe colloidal quantum dots[END_REF]. An improved structure was proposed by Ackerman et al. in 2018, using an ITO/HgTe/Ag 2 Te/Au. The heterojunction is formed between the n-type HgTe NCs and the p-type Ag 2 Te NCs. A sketch of this diode is provided in Figure 1.32a, as well as an image acquired at 80 K by scanning a lens in front of the detector to simulate multiple pixels. The introduction of plasmonic structures to boost the optical coupling in HgTe devices has been studied since 2014 [START_REF] Chen | Photocurrent Enhancement of HgTe Quantum Dot Photodiodes by Plasmonic Gold Nanorod Structures[END_REF], and was introduced to photovoltaic device in 2018 by Tang et al. to improve the performances of the diode presented in 1.32a [START_REF] Tang | Thermal Imaging with Plasmon Resonance Enhanced HgTe Colloidal Quantum Dot Photovoltaic Devices[END_REF]. Figures 1.32c and d present the structure of the diode incorporating gold plasmonic discs to boost its absorption in the MWIR, as well as an image of a Peltier cooler taken with this improved diode. The first extended short-wave (ESWIR) HgTe diode was introduced by our group using a ITO/ TiO 2 /HgTe/Au stack [START_REF] Jagtap | Short Wave Infrared Devices Based on HgTe Nanocrystals with Air Stable Performances[END_REF]. The dark current in this diode was still fairly high, and we introduced the concept of unipolar barrier to filter out the electronic dark current in this structure. Practically speaking, this unipolar barrier consists in a thin layer of a higher bandgap HgTe NCs, see Figure 1.32e. The performance of this diode was improved by more than one order of magnitude with the addition of the unipolar barrier, see Figure 1.32f. More recently, the Guyot-Sionnest group reported a flexible HgTe-based SWIR diode with higher detectivity [START_REF] Tang | Towards Infrared Electronic Eyes: Flexible Colloidal Quantum Dot Photovoltaic Detectors Enhanced by Resonant Cavity[END_REF]. Our last developpement around SWIR HgTe was the demonstration of a fully-homemade 10×10 pixels FPA in photoconductive configuration. Figure 1.32g shows an image of a focused 1.5 µm laser beam acquired with such a FPA [START_REF] Martinez | HgTe nanocrystals ink for extended short wave infrared detection[END_REF]. Finally, we recently demonstrated active imaging in the NIR using a PbS-based photodiode, with devices sensitive enough to detect diffused light at distances up to 180 m [START_REF] Ramade | Potential of colloidal quantum dot based solar cell for near-infrared active imaging[END_REF].

Finally, multi-spectral devices start to be demonstrated. Multi-band detection is very useful for applications where spectral contrast is needed and to build versatile detectors able to produce images in two very different IR ranges. Visible/ESWIR multispectral detection have been demonstrated in electrolytically-gated devices containing both CdSe/CdS nanoplatelets and infrared-absorbing HgTe nanocrystals [START_REF] Lhuillier | Electrolyte-Gated Colloidal Nanoplatelets-Based Phototransistor and Its Use for Bicolor Detection[END_REF]. A multicolor photoconductive device consisting in three sub-pixels in the MWIR (4.8 µm and 6 µm) and LWIR (9.5 µm) have been proposed by Tang et al. [START_REF] Tang | Scalable Fabrication of Infrared Detectors with Multispectral Photoresponse Based on Patterned Colloidal Quantum Dot Films[END_REF]: he uses a stamping strategy to successively transfer the three HgTe films to the final device, see Figure 1.33. A dual-band SWIR-MWIR photodiode device has also been reported, with two HgTe diodes built back-to-back [START_REF] Tang | Dual-band infrared imaging using stacked colloidal quantum dot photodiodes[END_REF]. Thanks to this back-to-back configuration, the bias on the device controls which one of the diode is operated. Chapter 2

Probing dynamics in Mercury Telluride nanoplatelets In this chapter and the next one, I will present alternative strategies to probe carrier dynamics in narrow bandgap semiconductor nanocrystals. Because we are interested in detectors, we want to get insights on transport dynamics at the device scale, which are not usually probed with classical, optical techniques. As a result, a significant experimental effort must be done to develop time-resolved techniques that are compatible with device operation and give information on relevant time scales. This first result chapter is dedicated to NIR material, and as we go toward longer wavelengths in the next chapter, specific methods have to be developed. This chapter is centered around a new material for near-infrared: mercury telluride 2D nanoplatelets. In the first section, we discuss the intrinsic limitations of optical time-resolved spectroscopy techniques to probe device dynamics, which typically spans over long time scales and involves inter-nanocrystal processes. We present in the second section optical and transport properties of the material of interest for this study, HgTe nanoplatelets. The two last sections are focused on probing the carrier dynamics by two different means: time-resolved photocurrent measurements at low frequency, and time-resolved photoemission spectroscopy.

Transport dynamics: an alternative to transient spectroscopies

Limitations of transient optical spectroscopies

Dynamics in colloidal nanomaterials are usually studied by means of (ultra)-fast optical spectroscopies as time-resolved photoluminescence or transient absorption. Time resolved photoluminescence spectroscopy allows studying the radiative excitonic decay, while transient absorption is a pump-probe technique that measures the change in absorption in a material a few ps to ns after excitation of the material by an intense, ultrashort laser pulse.

A first limitation of those transient optical spectroscopies is that they usually resolve only intrananocrystal processes: photoluminescence occurs at the nanocrystal level and pump-probe techniques are usually limited to timescales of a few ns at best. Indeed, for this kind of experiment, scanning the delay between pump and probe requires to physically move a set of two mirrors while ensuring no drift of the beam at the sample location. As a result, a 1 ns delay requires a 30 cm displacement, which is already difficult to achieve. A rough timeline of relaxation and transport processes is given in Figure 2.1: processes relevant for transport typically occur in the 100 ps to ms range, the fastest process being the hopping time. As a result, inter-nanocrystal processes are usually never probed with classical optical spectroscopy techniques. In the infrared, time-resolved photoluminescence spectroscopy techniques, relying on the observation of PL decay after a short optical excitation of the nanocrystals, are also way more complicated to setup than in the visible range. This is due to the very weak photoluminescence quantum yield of infrared nanocrystals: in the first chapter, we introduced the PLQY as η P L = Γ rad /(Γ rad + Γ nr ). The radiative rate Γ rad scales as the cube of the transition energy hν, making that PLQY is inevitably reduced in the infrared. Moreover, non-radiative decay processes become very important in the infrared range, strongly affecting Γ nr . Energy transfer toward organic ligands is notably very efficient because of the multiple absorption lines of those ligands in the SWIR, MWIR and LWIR. Figure 2.2 presents the work of Keuleyan et al. [START_REF] Keuleyan | Photoluminescence of Mid-Infrared HgTe Colloidal Quantum Dots[END_REF], who calculated theoretical radiative and non-radiative exciton decay rates in HgTe nanocrytals capped with DDT ligands (see Figure 2.2a). Resulting theoretical PLQY, shown in Figure 2.2b, is already only around 10% at 6000 cm -1 (0.75 eV), and drops around 1% for 4000 cm -1 material (0.5 eV). In the MWIR (< 0.3 eV), theoretical PLQY falls to even lower values. Those values are PLQY maximum expected values for a colloidal suspension of well-passivated HgTe quantum dots. At the device scale, where nanocrystals are close-packed and where long ligands are exchanged toward shorter ones to allow charge transport, PLQY is strongly quenched due to the increased inter-particle coupling and degradation of traps passivation. Another issue affecting the potency of time-resolved spectroscopies is the availability of efficient sources and detectors in the infrared range: ultrafast optical setups are widely spread in the visible to NIR range, but get a lot more complex and expensive in the SWIR and MWIR. Generation of high power fs pulses requires either the use of parametric amplifiers or of completely new laser oscillators [START_REF] Rezvani | Millijoule femtosecond pulses at 1937 nm from a diodepumped ring cavity Tm:YAP regenerative amplifier[END_REF]. Fast and efficient detectors in this range (typically, InGaAs in the SWIR and MCT in the MWIR) are also a lot more expensive than their silicon counterpart in the visible range. Because of that, time-resolved spectroscopy is difficult to conduct with our infrared materials, especially at the band-edge of MWIR nanocrystals. Moreover, probing narrow-bandgap nanocrystals with higher photon energy (say, at 800 nm) leads to non-trivial mechanisms due to the fact that the photon energy is several times the bandgap of the material. Hot carrier generation can notably undergo non-classical cooling leading to carrier multiplication, that will be discussed later in the next chapter [17,[START_REF] Kershaw | Carrier Multiplication Mechanisms and Competing Processes in Colloidal Semiconductor Nanostructures[END_REF].

Probing dynamics at the device scale

Alternative techniques to probe dynamics at the nanocrystal-based device scale have been reported in the last decade. Interestingly, a lot of them are inspired by transient electrical measurement techniques developed during the last century to study carrier dynamics in semiconductors and their heterojunctions [START_REF] Rosencher | Optoelectronics[END_REF][START_REF] Main | Transient Photocurrent Techniques as a Means of Characterising Amorphous Semiconductors[END_REF]. We present here a few of them that motivated our work in this direction.

A lot of the reported approaches uses the photocurrent as a probe of the carriers dynamics in the nanocrystal solid. Among them, Gao and Fidler from Klimov group in Los Alamos showed that ultrafast photocurrent measurements can be used as an alternative to transient spectroscopies to measure the intra-nanocrystal excitonic decay from an ensemble measurement at the device level. As pictured in Figure 2.3a, they use an Auston-switch configuration [START_REF] Auston | Impulse response of photoconductors in transmission lines[END_REF] with carefully matched impedance and a classical fs-pulsed laser. They were able to detect Auger decay [START_REF] Fidler | Electron-hole exchange blockade and memory-less recombination in photoexcited films of colloidal quantum dots[END_REF] and multiple exciton generation [START_REF] Gao | Carrier multiplication detected through transient photocurrent in device-grade films of lead selenide quantum dots[END_REF] (see Figure 2 Another interesting approach was introduced by the team of Vanessa Wood in Zürich, which presented transient photovoltage measurements on PbS solar cells [START_REF] Lin | Transient Photovoltage Measurements in Nanocrystal-Based Solar Cells[END_REF]. Their experiment is schematized in Figure 2.3c: a pulsed (50 ps) blue laser excites a sample under bias and illumination by a CW LED, hence using the pulsed excitation as a small perturbation of the device electrical caracteristics. Photocurrent and photovoltage transients, presented in Figure 2.3d, are interpreted as RC circuit decays and used to provide insights about charge trapping, recombination and capacitive effects in the solar cell device. Unfortunately, the bandwidth of their electrical setup does not allow to precisely resolve dynamics below 1 µs.

A last aspect around device-scale dynamics is brought by spatially-resolved experiments. Using time-resolved photoluminescence spectroscopy with a sub-wavelength resolution, the Zamkov group in Bowling green [START_REF] Kholmicheva | Mapping the Exciton Diffusion in Semiconductor Nanocrystal Solids[END_REF] and Tisdale group in MIT [START_REF] Akselrod | Subdiffusive Exciton Transport in Quantum Dot Solids[END_REF] were able to map the exciton transfer as well as it spatial and temporal decay in assemblies of PbS.

HgTe nanoplatelets: a 2D material for Near-Infrared with tunable majority carrier

The nanomaterial we are going to investigate throughout this chapter is mercury telluride nanoplatelets (HgTe NPLs). With optical properties in the near-infrared (NIR) and availability of a wide characterization toolbox for II-VI nanocrystals, this new material is an interesting platform to start the development of new experiments around carrier dynamics. Moreover, the NIR range is, while belonging to the infrared domain, close enough to the visible range. This makes that:

• NIR devices feature reasonable signal to dark ratios without requiring cryogenic cooling,

• Light sources (continuous and pulsed) are still widely available. Energy (eV)

HgTe nanoplatelets: synthesis and optical properties

1.12 eV shift The synthesis of HgTe nanoplatelets have been developed in 2016 by Izquierdo et al. [START_REF] Izquierdo | Strongly confined HgTe 2D nanoplatelets as narrow near infrared emitters[END_REF]. We explained in the first chapter that synthesis of II-VI nanoplatelets was enabled by the introduction of acetate during synthesis: it is nevertheless not possible to directly obtain HgTe NPLs. The strategy developed by E. Izquierdo and S. Ithurria at LPEM (ESPCI) was to synthetize thin (3 monolayers) CdTe nanoplatelets, and to use a cation exchange procedure, as pictured in Figure 2.4a. The optical spectrum of CdTe NPL is given in Figure 2.4b, and features sharp excitonic features in the visible range around 2.5 eV (500 nm). By introducing the platelets in a solution of Hg(OAc) 2 in oleylamine, it is possible to exchange the Cd 2+ cations for Hg 2+ over the whole nanoplatelet while preserving their 2D shape. Figure 2.4b also gives the absorption spectra of the platelets after the cation exchange, showing excitonic features around 1.4 eV (900 nm). The 1.12 eV red-shift between CdTe and HgTe NPLs is explained by the combination of bulk bandgap difference (CdTe have a 1.44 eV bandgap when HgTe is a zero bandgap semi-metal) and effective masses changes affecting the confinement energy. The resulting HgTe nanoplatelets are extremely confined objects, with an optical bandgap resulting from pure confinement: E C 1.4 eV. The fact that the excitonic features are preserved in the HgTe material is a first proof that the cation exchange process does not affect the platelet structure, i.e. that the anion network stays untouched and that the 2D shape stays unaffected. Another evidence is given by the TEM images of the material before and after exchange, as shown in Figures 2.4c andd.

It is worth noting that the same procedure can by applied to CdSe nanoplatelets to create HgSe nanoplatelets with similar optical properties. For both HgTe and HgSe NPLs, the cation exchange process is nevertheless limited to the first 1 to 2 monolayers: 3 monolayers (ML) platelets can be fully exchanged, but the same procedure conducted over ≥ 4ML NPLs lead to hybrid materials where only the external layers are effectively exchanged [START_REF] Izquierdo | Coupled HgSe Colloidal Quantum Wells through a Tunable Barrier: A Strategy To Uncouple Optical and Transport Band Gap[END_REF].

Majority carrier tunability through ligand exchange

HgTe NPLs are provided in the form of a colloidal dispersion in an organic, apolar solvant. The solvant is switched to a hexane:octane mixture (9:1 in volume) to ensure an homogeneous drying process. Films are obtained through drop-casting onto pre-patterned interdigitated gold electrodes on glass (see appendix A). Without any ligand exchange procedure, the films are insulating due to the long oleylamine ligands capping each individual platelet. Those ligands are exchanged toward shorter ones using solid-state ligand exchange approach (see section 1.2.2). The film is dipped into a diluted solution of the new ligands in acetone for 90 seconds, then rinced in clean acetone. Once the film is dry, another layer of material is deposited and ligand-exchanged. The process is repeated five to six times to build a 100 nm film. A quick, 10 s annealing at 120°C is then performed to dry the sample. The ligands we use in this study are ethanedithiol (EDT) and sulfide ions (S 2-), from Na 2 S. Upon ligand exchange, the main absorption features red-shifts to 1.35 eV ( 920 nm), consistent with a small delocalization of the wave-functions and of an increased inter-platelet coupling.

The films of EDT-capped and sulfide-capped HgTe NPLs are then integrated into a top-gate electrolytic field-effect transistor (FET) configuration, see section 1.2.3. Typical transfer curves for those two samples are given in Figures 2.5a and b. Those two curves show that conductance in EDT-treated films is maximized under hole injection, indicating a p-type behavior. On the contrary, conductance is maximized under electron injection for sulfide-treated films, indicating a n-type behavior. The two transfer curves are actually ambipolar: the conductance rises under both hole and electron injection, but the majority carrier mobility for both materials (linked to the slope of the curve, see Equation 1.16) is at least ten times higher than that of the minority carrier. It is hence possible to tune the majority carrier in HgTe NPL films by choosing the capping ligand: EDT leads to holes being the majority carriers while sulfide leads to electrons being the majority carriers.

Using photoemission on the Tempo beamline of Soleil synchrotron, we were able to reconstruct the energy diagram of both materials in absolute energy scale, see Figure 2.5c. In the case of EDTtreated films, we find the Fermi level just below the middle of the gap, in good agreement with the slight p-type behavior observed in FET measurements. The Fermi level of sulfide-capped material is found almost resonant with the conduction band, again in perfect agreement with the strong n-type doping suggested by the FET data. Interestingly, the work function is found to be quite similar for both materials, around 4.4 eV.

X-ray photoemission is also used to probe the core levels of the material, and especially the mercury core levels. The mercury 4f levels appear as a doublet 4f 5/2 -4f 7/2 with a 4 eV spin-orbit splitting, and centered around a binding energy of 102 eV, see Figure 2.5. Mercury core levels from the sulfide-treated film are found at a slighlty lower binding energies than those of EDT-treated films ( 200 meV shift), indicating that mercury states in sulfide-capped NPLs are relatively more electronrich, again in agreement with the observed trend. As the top-surface (large exposed facet) of our HgTe NPLs are terminated with Hg 2+ cations, the doping origin is likely due to a strong hybridization of mercury surface states with the ligands in the case of sulfide ions: when for EDT-capping, the sulfur atoms bind weakly with the surface of the platelets, sulfide ions can hybridize strongly with the surface mercury cations, effectively leading to the formation of an electron-rich HgS monolayer "shell", as pictured in Figure 2.5e. This is interesting to note that introducing anions on cation-terminated nanocrystals is the first step of colloidal Atomic Layer Depostion (c-ALD), a technique used to grow layer-by-layer shells on nanocrystals in solution [START_REF] Ithurria | Colloidal Atomic Layer Deposition (c-ALD) using Self-Limiting Reactions at Nanocrystal Surface Coupled to Phase Transfer between Polar and Nonpolar Media[END_REF]. Nevertheless, this dramatic change of carrier density is not usually observed on HgTe quantum dots (spherical nanocrystals): in the NPL form, the exposed facets are not the same as in the 0D case, and notably the perfect flatness of the [START_REF] Jang | Solution-Processed Transistors Using Colloidal Nanocrystals with Composition-Matched Molecular "Solders": Approaching Single Crystal Mobility[END_REF] top and bottom surfaces allows for a much higher ligand coverage and binding. In combination with the low thickness of the nanoplatelet, ligands capping those surfaces are indeed expected to have a strong effect on the nanoplatelet.

DC transport in photoconductive devices

EDT-and sulfide-capped HgTe NPL films show photoconductivity when exposed to 808 nm light (i.e. just above the band-edge of the material), see Figure 2.6a. Indeed, I(V ) curves at room temperature show ohmic behavior and positive photoresponse for both surface chemistries, but the observed modulation (I Photo /I Dark ) is much stronger in the case of EDT-capped material than in the case of sulfide. This is due to the almost degenerative doping of sulfide-capped material. For EDTcapped material, the Fermi level lie in the middle of the gap and the density of thermally activated holes p dark is low. As a result, under illumination the injected density of holes is much higher than the thermal one, resulting in a strong modulation of the hole density ∆p = p light -p dark p light . In the case of sulfide-capped material, the Fermi level lies just below the conduction band, so the thermally activated electron density is high. As a result, illumination of this sample in the same conditions than the previous one leads to much weaker current modulation, because ∆n = n light -n dark n dark .

In the following, we mainly focus on EDT-capped devices because they present the best photoconduction performances. Cooling down those devices allows to extract the activation energy of this material. In this experiment, the device is enclosed in a closed-cycle Helium cryostat and cooled down. Every 25 K, I(V ) curves in the dark and under illumination by a 808 nm laser are acquired, and the extracted current under 1 V bias is reported in Figure 2.6. The dark current in an infrared-sensing device is thermally activated through the activation of majority carrier density: this can be expressed by an Arrhenius law:

I dark (T ) ∝ exp -E A k B T (2.1)
An exponential fit of the dark current evolution with temperature at high temperature (typically between 300 K and 100 K) allows to extract this carrier density activation energy, here found around 250 meV. This value is expected to be around half the bandgap energy for a perfect semiconductor. Under illumination, we can write that the current is given by:

I light = (p dark + p light ) × µ h eE (2.2)
Under the reasonable approximation that p dark + p light p light under intense illumination, the current under illumination I light is expected to stay constant while the material is cooled down. Figure 2.6 shows that it is actually decreasing with temperature: this is a signature of mobility activation, mainly related to hopping activation in our disordered arrays of nanocrystals. As for the dark current, we can write an Arrhenius law for the hole mobility:

µ h (T ) ∝ exp -E A,µ k B T (2.3)
And a high temperature fit of the current under illumination yields a value of E A,µ = 20 meV for the hole mobility activation. Now that we have the confirmation that transport and DC phototransport can be realized with films of ligand-exchanged HgTe nanoplatelets, we desire to investigate the dynamics of these processes. To do so, we need time-resolved techniques that we can apply at the device scale. 

Probing low-frequency phototransport dynamics under gate control

As a first step toward the study of device and carrier dynamics, I focused on the development of experimental setups to probe the photocurrent dynamics in a low frequency range, that is in the continuous to 10 kHz range. Those experiments are always a good starting point to explore the photocarrier dynamics in films of nanomaterials, because they give access to a glimpse of temporal resolution without the need of complex pump-probe configuration. From this point of view, those experiments are very unambiguous, and offer a lot of additional information compared to DC measurements.

The addition of the gate control gives an additional knob to tune the material properties: by injecting holes or electrons in a nanocrystal film, we can probe the effect of those additional carriers on the photocurrent dynamics.

A first experimental setup to probe photocurrent dynamics in the low frequency range

An experimental setup offering time resolution as well as carrier injection control through field effect is presented in Figure 2.7. In this setup, we use the typical ion-gel gating strategy presented earlier. The device is built on a glass slide with interdigitated electrodes, on which are deposited a film of ligand-exchanged nanocrystals. The gate consists in a drop of polyethyleneglycol (PEG) containing Li + and ClO - 4 ions, brushed on top of the film and dried overnight. This semi-solid gate enables the gating of thick films in air, using low biases due to the very large gate capacitance, as described previously in section 1.2.3. Because this PEG gate is poorly transparent, illumination of the device must be provided from the back-side, through the glass substrate.

Illumination is provided by a laser source which is either optically or electrically chopped. Gate and drain bias are controlled by a dual-channel source-meter. The current is either measured directly by the source-meter if the chopping frequency is below 5 Hz, or fed into a transimpedance amplifier and acquired with an oscilloscope. Because the device is in a field-effect transistor configuration, the 2.3 Probing low-frequency phototransport dynamics under gate control drain bias must stay low compared with the gate bias. Practically speaking, we usually use a 100 mV drain bias, while the gate bias is scanned between -2 V to 2 V. 

Transport dynamics in HgTe NPL under gate control

The material we studied in the configuration were EDT-capped HgTe nanoplatelets, because they present the best DC modulation under illumination. Using a 808 nm laser source, we excite the interband transition of HgTe NPL. Data obtained under gate control and for a 100 Hz modulated light are presented in Figure 2.8a. The photoresponse dynamics of this material is clearly tuned under gate bias: under electron (i.e. minority carrier) injection at positive gate biases, the response of the device is strongly accelerated compared to the dynamics observed under hole (i.e. majority carrier) injection. Evolution of the rising and falling times, measured on photocurrent traces with exponential fits, are provided in Figure 2.8b. The holes can circulate in this material as long as they do not get trapped in the shallow hole trap states above the valence band. Under negative gate biases, the hole trap states get filled by injected holes, increasing the lifetime of photo-generated holes in the conduction band and slowing the photoresponse of the material. Under electron injection though, those traps are emptied, allowing for a fast photocurrent dynamics. Under large electron injection, photocurrent dynamic start to be slower because electrons are now the majority carrier, and their traps are filled [START_REF] Lhuillier | Investigating the n-and p-Type Electrolytic Charging of Colloidal Nanoplatelets[END_REF][START_REF] Lhuillier | Nanoplatelets Bridging a Nanotrench: A New Architecture for Photodetectors with Increased Sensitivity[END_REF]. The time response as a function of gate bias (Figure 2.8b) actually reproduces almost perfectly the transfer curve of the device (see Figure 2.5a). In this configuration, the photocurrent dynamics are measured to be as fast as 100 µs.

The current modulation brought by the light, defined by the ratio I light /I dark , is also extracted from the temporal traces of the photocurrent as pictured in Figure 2.8. Its evolution is monotonic under the range of explored gate voltages: the modulation (which scales as the detectivity of the device) is higher under electron injection. This is mostly an effect of dark current reduction under electron injection. A simple model, only relying on majority carrier densities, can be used to reproduce the observed current modulation. The thermally activated hole density can be expressed as:

p = m * π 2 E C exp - E A k B T 7 × 10 13 cm -2 (2.4)
Where m * /(π 2 ) is the 2D density of states, E C the confinement energy (1.35 eV) and E A the measured activation energy for dark current, see Figure 2.6b. Taking the response time at 0 V gate bias to τ = 1 ms as the majority carrier (hole) lifetime and the absorption coefficient at 808 nm to α = 7000 cm -1 for a L = 1 nm-thick platelet, the photogenerated hole density under a φ 0 photon flux is:

p light = φ 0 τ αL 2.6 × 10 13 cm -2
(2.5)

These estimations yields (p light + p)/p = 1.4, which is in the same range as what is measured in Figure 2.8c.
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Time-resolved photoemission

An alternative, unconventional technique to probe the carrier dynamics in films of nanomaterials is to use time-resolved photoemission spectroscopy. In this experiment, conducted at the Tempo beamline of Soleil synchrotron, we perform photoemission spectroscopy under pulsed laser excitation.

Principle and experiment

Time-resolved photoemission is a pump-probe technique where a sample is optically pumped by a laser excitation, and the probe consists in the photoelectrons resulting from the continuous X-ray illumination [START_REF] Yamamoto | Time-Resolved Photoelectron Spectroscopies Using Synchrotron Radiation: Past, Present, and Future[END_REF][START_REF] Spencer | Time-resolved surface photovoltage measurements at n-type photovoltaic surfaces: Si(111) and ZnO(10-10)[END_REF]. The experimental setup for time-resolved photoemission spectroscopy is given in Figure 2.9a. The core of this experiment is a typical X-ray photoemission spectroscopy (XPS) setup, consisting in our case of a chamber under ultra-high vacuum, equipped with additional windows to allow the sample exposure to both X-rays and a laser beam. The X-ray source is a 350 eV monochromated beam from Soleil synchrotron. Just as in any XPS measurement, the sample is illuminated by X-rays and generated photoelectrons are collected by the analyzer, which discriminates them in energy before sending them onto a detector plate. We look here at the XPS signal coming from the core-levels of the material, i.e. at occupied states deep inside the valence band of our nanomaterials. A typical mercury core-level spectrum (obtained under regular XPS measurements on HgTe NPLs) was given previously in Figure 2.5d.

Sample

The sample is repeatedly pumped by an optical source, sending it in an excited level. In our experiment, we used either a blue, 405 nm electrically-pulsed laser diode or an ultrafast, 800 nm regeneratively-amplified Ti:Sapphire laser. The blue diode produces square signals of 50% duty cycle at 100 kHz (that is 5 µs pulses with 2 ns rising time), when the Ti:Sapphire laser delivers 80 fs pulses at 284 kHz. The two sources operates in the same range of continuous-wave average power (1 mW -200 mW), but the peak power is obviously much higher for the femtosecond pulses.

The key difference between regular XPS and time-resolved XPS is that here, the electron detector plate is time-resolved: it is capable of acquiring an electron spectrum snapshot every 10 ns, as pictured in Figure 2.9a. The detector is synchronized with laser excitation, so it can deliver core-level spectra before and after the pump with a 10 ns resolution. It is worth mentioning that higher resolution ( 50 ps) can be obtained by using the temporal structure of the electron bunches in the synchrotron when the ring is working in a non-continuous mode. This strongly reduces the X-ray flux as well as recquires to achieve temporal synchronization of the synchrotron ring with the laser [START_REF] Bergeard | Timeresolved photoelectron spectroscopy using synchrotron radiation time structure[END_REF].

The key step for this experiment to work is to realize a good pump-probe overlap at the sample position. This is done by carefully aligning the laser on the X-ray beam. As shown in Figure 2.9b, the X-ray spot can be located by using a single-pixel Si photodiode in the sample holder. By scanning its position around the sample location and monitoring the current, we retrieve the shape and position of the X-ray beam. We do the same thing for the laser beam, and as pictured in Figure 2.9c, and map the shape and position of the optical beam at the sample location (here, the fs laser). The beam appears elongated due to its rather wide angle of incidence with the sample plane. The spatial overlap between the two beams is realized by moving the laser beam and acquiring multiple maps until the beam positions look coincident enough, as pictured in Figure 2 In a classical semiconductor, time-resolved photoemission is a surface photovoltage (SPV) measurement. Figure 2.10 explains its principle in terms of band bending and photocarriers diffusion, for a p-type semiconductor. As pictured in Figure 2.10a, a p-type semiconductor features downward band bending at the film/vacuum interface. The spatial extension of this band bending in the film thickness is called the space-charge layer (SCL). Upon illumination of the film, electron-hole pairs are created in the whole film. Because of the downward band bending, electrons will locate preferentially in the SCL when hole will diffuse from the SCL toward the bulk of the film. The electron accumulation in the SCL changes the local electrical field, which opposes the band bending: this is the surface photovoltage, or SPV. As pictured in the center panel of Figure 2.10a, the SPV can be seen as a surface voltage shifting the energy of the bands at the material/vacuum interface, and reducing the band bending. This SPV shift is rigid, meaning that the whole band structure of the material at the vacuum interface is shifted by the same amount as the conduction band. As a result, one can measure this SPV shift on the core levels of the materials: this is what time-resolved XPS aims at. This SPV shift will increase as the number of excitons in the film increases, the electron lifetime being here the limiting process. During the SPV signal building, it is then possible to probe the minority carrier relaxation: the faster the minority carrier relaxes, the faster the SPV signal saturates. The signal saturation occurs whenever the generation rate equals the recombination rate, or if the surface charge density is sufficient to achieve a flat band.

When the light is switched off, the SPV signal will disappear progressively as carriers recombine. Figure 2.10b pictures what occurs in a p-type semiconductor. As soon as electron-hole pair generation stops, the number of photo-generated carriers will decrease and the bend bending will recover, localizing the electrons in the SCR. As a result, the photo-generated holes, mostly localized in the bulk of the film, have to diffuse up to the SCR to recombine with an electron. This process is self-decelerating, because the barrier seen by the holes gets higher as the carriers recombine and the band-bending is recovered. As a result, the relaxation of the SPV signals is related to the majority carrier diffusion and lifetime.

For our applications, it is worth mentioning that band bending is not occurring at the nanocrystal scale, because the characteristic size of the nanocrystals is much smaller than the depletion width, as it has been shown for several 2D or layerer materials [START_REF] Chiu | Determination of band alignment in the single-layer MoS2/WSe2 heterojunction[END_REF][START_REF] Pierucci | Band Alignment and Minigaps in Monolayer MoS2-Graphene van der Waals Heterostructures[END_REF][START_REF] Lang | Band lineup of lattice mismatched InSe/GaSe quantum well structures prepared by van der Waals epitaxy: Absence of interfacial dipoles[END_REF]. The observed band bending with films of weakly coupled nanocrystals is more likely to occur at the film level. While its exact origin is unclear, it can be due to charge transfer between nanocrystals at the interface and nanocrystals from the bulk of the film.

HgTe NPL: probing electron and hole relaxation

The first material we investigated with time-resolved photoemission spectroscopy were HgTe nanoplatelets. Using the blue, 5 µs pulsed laser source, we were able to observe SPV signal from both ethanedithiol-and sulfide-capped HgTe NPLs films. For these two samples, we looked at the mercury 4f core levels. As explained earlier, we take spectra snapshots every 10 ns and, as the detection is synchronized with the laser pulses, we average the signal over four to eight hours to maximize the signal-to-noise ratio. Each averaged Hg 4f spectra snapshot is then fitted with two Gaussian peaks (4f 7/2 and 4f 5/2 contributions). Figure 2.11a and b presents the actual time-resolved SPV data: the binding energy of the 4f 7/2 peaks extracted from the fits, as a function of time during a full cycle of the laser.

In the case of EDT-capped HgTe NPLs, presented in Figure 2.11a, the Hg 4f core levels shift toward lower binding energies under illumination. A lower binding energy means that the photoelectrons extracted from this core level have a higher kinetic energy (BE + KE = hν), hence that the core levels are shifting upward in absolute energy scale. In other words, this is exactly the situation describes in Figure 2.10a: EDT-capped HgTe NPLs behave just as a p-type semiconductor, confirming again what was observed using transistor (Figure 2.5a) and photoemission (Figure 2.5c) measurements.

On the contrary, data obtained on sulfide-capped films of HgTe nanoplatelets show a shift of the Hg 4f 7/2 core-level toward higher binding energy, that is a shift of the core-levels away from the Fermi c.

e -h + e - h + Fig. 2.11 Time-resolved photoemission with HgTe nanoplatelets under 200 kHz illumination. a. Binding energy of the Hg 4f 7/2 core level under illumination by a 405 nm laser ( 100 mW) for a EDT-capped HgTe NPL film. The core levels shifts toward lower binding energies under illumniation. Single-exponential fits of the signal rise (related to minority carrier) and fall (majority carrier) are given in blue and green, respectively. b. Binding energy of the Hg 4f 7/2 core level under illumination by a 405 nm laser ( 100 mW), for a S 2--capped HgTe NPL film. The core levels shifts toward higher binding energies under illumination. Single-exponential fits of the signal rise and fall are given in blue and green, respectively. c. On-and off-times extracted from the exponential fits of the SPV signal. For each material, the corresponding majority and minority carriers have been indicated. energy. This is what would be expected for a n-type semiconductor, which features upward band bending in the SCR. This is again a proof that the majority carrier can be tuned from hole to electron in HgTe NPLs by choosing either EDT or S 2-as a capping ligand.

In this regime of illumination, we can clearly define a rising time and a decay time of the SPV signal for both materials. Exponential fits are given in Figures 2.11a and b, and the corresponding characteristic times are provided in Figure 2.11c. For both materials, the turn-on time, relating to minority carrier relaxation, is fitted around 100 to 150 ns. This characteristic time is much shorter than the one measured in photocurrent traces (around 100 µs, see Section 2.3.2 and Figure 2.8). The ratio ∼ 1000 between the two measurements can be related to the ratio of transport scale. In photocurrent measurement, transport occurs in the film plane between two electrodes separated by 20 µm, while in SPV measurement it occurs in the thickness of the film (from the surface of the film toward the bulk. The typical film thickness for XPS measurements is around 50 nm: there is indeed a ratio ∼ 1000 between the transport length in the two experiments. Taking a diffusion length of L d = 50 nm, we can also estimate the material mobility:

µ = L 2 d e/(τ SPV k B T ) = 10 -2 cm 2 V -1 s -1
, in good agreement with the typically reported values of 10 -3 -10 -2 cm 2 V -1 s -1 for mobility of EDT-capped nanocrystals solids. This also suggests that devices with much faster photoresponse could eventually be built by taking advantage of a device size reduction toward the diffusion length.

We then probed the SPV response of EDT-capped HgTe NPL films under illumination with the 800 nm, 80 fs ultrafast laser. As stated earlier, the time resolution of our experiment is given by the time resolution of the electron detector, t detector = 10 ns. Here, the pump pulse length t pump = 80 fs t detector , so we cannot resolve any rising time of the SPV signal. Under those conditions, we consider the pump pulse as an instantaneous way of injecting a large number of electron-hole pairs, and that we only observe their decay with a 10 ns resolution. Just as what was presented in the previous set of data, Figure 2.12a shows the temporal traces of the Hg 4f 7/2 core level binding energy, for different pump power. The observed core-level shift is again negative here, as we found when using the blue laser source on EDT-treated films.

The key observation from those experiment is that the decay time of the SPV signal, fitted by exponentials in Figure 2.12a, seems to be strongly dependent on the illumination power. It is measured to be around 450 ns at 2 mW of average power, in good adequation with the 500 ns measured with the blue laser excitation, but is strongly reduced as the incident power is increased, down to 100 ns under 195 mW of average power. An explanation of this observation can be provided by considering the average amount of excitons created in a nanoplatelet under optical excitation by the two lasers.

Under illumination by the 5 µs-pulsed , 405 nm laser, we can estimate the average number of injected excitons per NPL by:

N X = σ NPL φ d τ X (2.6)
Where σ NPL is the absorption cross-section of a NPL, φ d the photon flux density and τ X the exciton lifetime, taken at 10 ns with a very conservative assumption. Throughout this manuscript, we will approximate the absorption cross-section of HgTe nanocrystals to be around σ NPL ∼ σ HgTe 10 -14 cm -2 . The actual value is probably slightly higher for HgTe NPL and slightly lower for HgTe quantum dots, but this approximation allows to consistently evaluate the order of magnitude of injected excitons for several experiments and materials. Reported values of this cross-section in relevant nanomaterials are around 10 -13 cm -2 for 4 monolayers, 200 nm 2 CdSe NPL [START_REF] Yeltik | Experimental Determination of the Absorption Cross-Section and Molar Extinction Coefficient of Colloidal CdSe Nanoplatelets[END_REF] and around 5 × 10 -15 cm -2 for 0D HgTe quantum dots [START_REF] Lhuillier | Optical properties of HgTe colloidal quantum dots[END_REF]. Under the flux densities used in the previous experiment (with the blue laser), we find an average of N X = 10 -3 exciton per NPL, well below unity.

On the other hand, for the ultrafast laser, since t pump τ X , the average number of injected excitons per NPL and per pulse is:

N X = σ NPL E pulse hν (2.7)
Where E pulse is the pulse energy per cm 2 , calculated from the average power density P CW , the pulse length t pulse and the repetition frequency f rep : E pulse = P CW × t pulse f rep . As indicated in the x-axis of Figure 2.12b, an average power of 2 mW leads to N X 10 -2 exciton per NPL and per pulse. As a result, under a few mW of fs-laser, we are typically in the same sub-exciton per NPL regime as when using the blue laser.

Under higher excitation power though, the average number of injected excitons per pulse N X can exceed one and reach values of around 5 excitons per NPL, so one can expect multi-excitonic Auger recombination to become important. As a result, the measured relaxation time being an average over a large number of NPLs, the increasing probability of Auger multi-excitonic decay at high excitation leads to an apparent reduction of the observed lifetime. The intensity of the SPV signal does not change dramatically with the pump intensity, as pictured in Figure 2.12c, which might indicate that the flat band (total compensation of the band bending) is achieved even under low excitation.

Toward more complex heterostructures and limitations

More recently, we investigated other materials with the same time-resolved photoemission technique. Notably, we wanted to investigate the impact of dimensionality and barrier confinement on the photocarrier dynamics in HgTe material. Using HgTe NPLs (1.4 eV bandgap) as a reference material, we measured in the same conditions samples made of HgTe/CdS type I core-shell nanoplatelets (1 eV bandgap) and of HgTe quantum dots with a similar bandgap around 0.9 eV. Figure 2.13a and b gives a scheme of the materials as well as their schematic band diagram. All materials are capped with ethanedithiol (EDT) ligands.

Core-shell nanoplatelets are grown using colloidal-Atomic Layer Deposition (c-ALD), where the shell is built layer-by-layer by alternatively exposing the platelets to the shell anions (S 2-) and cations (Cd 2+ ), until a thickness of 3 monolayers is reached. Resulting objects feature red-shifted optical properties when compared to the core-only HgTe NPLs: this is due to a loss of confinement, the wave-function extension being much higher in the high bandgap shell than in the ligands of the core objects [START_REF] Gréboval | Impact of dimensionality and confinement on the electronic properties of mercury chalcogenide nanocrystals[END_REF].

Figure 2.13c shows the temporal traces of the mercury 4f 7/2 core-level, measured under optical excitation with the 800 nm Ti:sapphire laser. The incident power is set to be in the 1 exciton per nanocrystal regime. In this regime, both the SPV relaxation times of HgTe NPLs and HgTe QDs are measured to be around 250 ns. The relaxation time of HgTe/CdS nanoplatelets, on the other hand, appears much longer, measured here around 850 ns. In other words, the change of nanocrystal dimension (from 2D to 0D) does not seem to affect the majority carrier (holes) relaxation, while the presence of a wide bandgap CdS shell have a much stronger impact. This is due to the fact that in those HgTe/CdS NPLs, absorption occurs in the core of the object (because the wide bandgap shell does not absorb at 800 nm), and that the SPV relaxation occurs through majority carrier diffusion in the film. An increased SPV relaxation time indicates that the photogenerated holes localize in the core of the platelet, and that wide-bandgap shell acts as an additional barrier for the carrier hopping, decreasing the hopping time and diffusion length.

As powerfull and interesting as it is, this time-resolved XPS technique seems nevertheless limited to a narrow range of nanomaterials. Despite having tried this experiment on numerous samples, we only obtained exploitable results (with a significant signal-to-noise ratio) with nanomaterials featuring bandgaps around 1 eV to 1.5 eV. In narrower bandgap materials (HgTe, HgSe nanocrystals), the observed shifts are too small (<5 meV when observed) to be significant, when higher bandgaps materials (CdSe NPLs, CsPbBr 3 cubes) are usually susceptible to charging effects.

Conclusions

In this first result chapter, we used mercury telluride nanoplatelets as a platform to investigate photocurrent and carrier dynamics at the device scale. This new material might offer promising opportunities for near-infrared detecting or emitting devices, especially as an alternative to lead sulfide nanocrystals. I showed that in this two-dimensional material, the capping ligands have a dramatic effect on the transport properties, and we were able to tune the majority carriers to obtain n-or p-type devices just by choosing different capping ligands. I then studied the photocurrent dynamics using a rather straightforward experiment, and found that the time response of the device can be tuned over one order of magnitude by applying a gate bias. In this configuration, the fastest dynamics were measured to be around ∼ 100 µs, and we wondered if we could relate this time to the carriers lifetime in the film. To answer this question, we used time-resolved photoemission spectroscopy in Soleil synchrotron, and measured the hole and electron lifetime to be around 100 to 500 ns, respectively. We also applied this unusual experimental technique to other 2D and 0D nanomaterials.

In the next chapter, we continue to be interested in transport and carrier dynamics in nanocrystalbased devices, but shift to a redder material, with optical properties in the Mid-Wave Infrared. This chapter is written in the same spirit as the the previous one: probing carrier dynamics with transport-based experiments, at the device scale. This time, we go deeper in the infrared as we focus on Mid-Wave Infrared-absorbing mercury telluride nanocrystals: we want to understand the band-edge dynamics of this materials and to explore the photophysics of such narrow-bandgap nanocrystals. The first section presents the material and DC transport and phototransport experiments. In the second section, I present the study of photocurrent dynamics at the band-edge of the material, as well as carrier multiplication effects in HgTe MWIR sensing devices. Finally, in the last section I present a new experiment to probe transient photocurrents in a wide variety of photoconductive samples, allowing to extract material-related properties and to get deeper insights on the electronic structure from a transport measurement.

Mercury Telluride nanocrystals for Mid-Wave Infrared photodetectors

As previously presented in section 1.3.3, the infrared range can be addressed using interband HgTe nanocrystals. Featuring low energy 1S h →1S e transitions around 2000 cm -1 ( 300 meV), HgTe "2k" nanocrystals are an interesting platform to probe photocarrier dynamics in the Mid-Wave Infrared (MWIR). Those nanocrystals are currently the most advanced nanomaterials for integration into MWIR-sensing devices: material and devices have been continuously improved since the first device report in 2011 [START_REF] Keuleyan | Mid-infrared HgTe colloidal quantum dot photodetectors[END_REF], and the most recent works achieve near unity quantum efficiency and detectivities of 10 9 Jones at 230 K at 4 to 5 µm (2500-2000 cm -1 ) using this material [START_REF] Ackerman | Fast and Sensitive Colloidal Quantum Dot Mid-Wave Infrared Photodetectors[END_REF].

Optical properties and energy levels

HgTe 2k nanocrystals are synthesized by Nicolas Goubet using a procedure described in appendix A. Figure 3.1a shows the typical absorption spectrum of those nanocrystals capped with their long dodecanethiol (DDT) ligands. Because of their large size (see Figure 3.1b), the colloidal stability of those nanocrystals is quite poor, and they are particularly not stable in the hexane:octane mixture typically used for drop-casting. The films are then obtained by dip-coating the pre-patterned gold interdigitated electrodes on glass into the NC suspension in chloroform. The ligands are then exchanged toward ethanedithiol (EDT) by dipping the film in a solution of EDT in ethanol for 90 s, then rincing in ethanol. The process is repeated six times to build a 100 nm smooth film. All this process is conducted in a nitrogen-filled glove box. Figure 3.1a also shows how the optical spectrum of HgTe 2k is affected by the ligand exchange: there is a notable red-shift, consistent with wave-function delocalization, as well as a broadening of the optical features. The strongly reduced intensity of the C -H absorption peaks around 2800 cm -1 is a signature of the ligand-exchange process effectiveness.

Field-effect transistor measurements, presented in Figure 3.1b, indicates an ambipolar conduction (conduction under both electron and hole injection), with a strong n-type doping. This is confirmed by photoemission: the energy diagram of the material is reconstructed in Figure 3.1c, and shows that the Fermi level lies just below the 1S e conduction band level. The narrowness of the gap, combined with the potency of the electrolytic gate, allows the Fermi level to be tuned over the whole material bandgap under -2 to 2 V gate bias: this is the reason why we observe an ambipolar character even if the material is found to be strongly n-type with XPS. Interestingly, the combination of those two measurements allows to evaluate the potency of the electrolytic gate. Considering that the charge neutrality point (i.e. the gate voltage for which the channel current is minimum) in the transfer curve corresponds to a situation where the effective Fermi level lies in the middle of the HgTe NCs bandgap, we can estimate the leverage effect of the gate on the Fermi level position. The charge neutrality point is found at V N = -670 mV in Figure 3.1, when the energy distance from the Fermi level at zero gate bias and the middle of the gap is measured to be ∆E = -120 meV. As a result, the leverage effect of the gate on the Fermi level position is around ∆E/V N 0.2 eV/V. In other words, applying 1 V on the gate of our device allows to tune the Fermi level position by roughly 200 meV in the HgTe nanocrystals. 

DC transport in MWIR-sensing photoconductive devices

Because it features a narrow interband bandgad, HgTe 2k films are photoresponsive to Mid-Wave Infrared light. In our study, we use a 4.4 µm (2250 cm -1 ) Quantum Cascade Laser (QCL) as a MWIR source. Because we are interested in carrier dynamics and photophysics of the material, the devices are not tailored for high performances. Illumination with a QCL source offers a good flexibility in terms of light flux, allows pulsed operation and is relatively easy to set-up. Activation of the carrier density is pictured in Figure 3.2a: an Arrhenius fit of the dark current at high temperature gives a value of 90 meV for the dark current activation energy. Again, this value is below E G /2, indicating the presence of traps. At low temperature (< 25 K), the dark current can by fitted with an Efros-Shklovskii variable-range hopping law exp (T /T 0 ) -1/2 , which is typical for low-temperature hopping transport in disordered films of nanocrystals with a high density of states. Figure 3.2 shows the current under V DS = 1 V , extracted from I(V ) curves in the dark and under few mW of QCL illumination. This graph shows the dramatic effect of temperature on the device signal-to-noise ratio, and is a good illustration of the need for cryogenic operation for infrared detectors. The photocurrent I photo = I light -I dark is also provided: it stays roughly constant over the whole temperature range, but features a maximum around 175 K. This bell-shape of the photocurrent is often observed in disordered narrow-bandgap chalcogenides semiconductors [START_REF] Mott | Electronic Processes in Non-Crystalline Materials, ser. Oxford Classic Texts in the Physical Sciences[END_REF], and is explained by the change of recombination mechanism. At high temperature, there is a large number of available thermally excited electrons for the photo-generated holes to recombine with: this is a monomolecular process where n dark > n light . As cooling down reduces the number of thermally activated recombination centers, the lifetime of the hole increases and the overall detector gain increases as well. When the thermal electron density n dark becomes comparable to the photo-generated electron density n light , recombination of the photo-generated hole now occurs with the photo-generated electron: the recombination is now a bimolecular process. In this regime, the photocurrent depends on the carriers mobility, which decreases with decreasing temperature. 

Band-edge dynamics and multiple exciton generation in Mid-Wave Infrared HgTe devices

In the second part of this chapter, we are interested in carrier dynamics in HgTe quantum dots (0D nanocrystals) with an optical bandgap in the MWIR. We desire to probe the true device dynamics at the band-edge of the material. Indeed, previous reports about HgTe-based devices always provide photocurrent dynamics measured with high-energy photons (800 nm or 1064 nm, typically), because of a lack of a fast optical source in the MWIR. This can be quite detrimental for the comprehension of the system, because of the narrow-bandgap nature of our materials: it is very easy to provide illumination with photon energies several times bigger than the bandgap (in the MWIR, a 800 nm photon is already at least 5 × E G ). As a result, one could expect a lot of non-desired effect to occur under such illumination, such as hot carrier generation and carrier multiplication, that might strongly affect the observed carrier dynamics.

MHz dynamics at the band-edge of MWIR HgTe nanocrystal-based devices

In our experiment, MWIR photons are provided by a 4.4 µm Quantum Cascade Laser from the French company MirSense. This laser is electrically pulsed, with the pulse length being tunable from 20 ns to 495 ns. In the typical experiment, we use a 5 µs repetition rate, allowing the laser to work with a 0.4% to 10% duty cycle. Figure 3.3a presents the optical and electrical setup used for this experiment. The device is enclosed in a cryostat, and illumination from the QCL is provided through an optical window. The laser is focused to be around 1 mm 2 around the device area. Bias is provided by a 9 V battery, and photocurrent is acquired through a 50 Ω current shunt. The voltage drop at the shunt is amplified using a Femto DUPVA GHz voltage amplifier with a 50 dB gain, then fed into a 12 GHz sampling oscilloscope.

Because the QCL driver was extremely electrically noisy at the time of this study, special care was taken during these experiments to reduce the impact of this noise on measurements. Particularly, coaxial cables are reduced to their minimal length, signal amplification is performed directly at the cryostat output, and we try to minimize ground loops and to symmetrize the cable lengths.

Impedance matching starts to be important at these frequencies, and use of higher values of current shunt resistances leads to appearance of ringing effect.

Figure 3.3b shows photocurrent temporal traces measured with this experimental setup at room temperature. A 495 ns pulse is well resolved with rising and falling times measured to be of 23 ns and 14 ns, respectively. This is the same order of magnitude than the laser rising time, indicated to be of 10 ns in the laser specification. A 20 ns pulse is also resolved as a Gaussian-shaped peak with a 20.1 ns FWHM, indicating that the laser pulse is indeed well reproduced. As a result, we can estimate the bandwidth of our HgTe MWIR detector to be at least 50 MHz.

Because this kind of device is usually operated at cryogenic temperatures, I investigated how the device dynamics are affected under cooling. This is presented in Figure 3.4. Electrical noise produced by the QCL driver is very detrimental in this experiment, because it affects strongly the response of the device via the cryometric lines in the cryostat (temperature sensors and heaters). Figure 3.4a gives the device photocurrent traces under illumination by 500 ns QCL pulses from 300 K down to 15 K. 300 K and 15 K traces appear less noisy because cryometric lines are unplugged, reducing the sample exposition to QCL driver electrical noise. Nevertheless, we can observe that the photocurrent dynamics barely evolves with temperature, with no particular acceleration nor lengthening of the photoreponse. The magnitude of the photocurrent, extracted from the temporal traces, is provided in Figure 3.4b. It features a bell-shaped evolution with temperature with a maximum around 200 K, very similar to what is observed under continuous excitation, see Figure 3.2b. Moreover, when accounting for the difference in photon flux between the two experiments (there is a 10% duty cycle), we measure a similar responsivity of around 0.1 mA/W for the two experiments (at 4.4 µm and under a ∼ mW CW average power). This is a good indication that we are indeed probing with short pulses the same photoconductive behavior that we measure in CW conditions (i.e., I(V ) curves under illumination). 

Detection of Multiple Exciton Generation (MEG)

In the introduction of this chapter, we mentioned that narrow-bandgap materials are susceptible to undergo carrier multiplication when illuminated with photon energies much higher than their bandgap. This process, known as Multiple Exciton Generation (MEG), has been known since the 1950s for bulk materials and is presented in Figure 3.5a. Upon absorption of a photon of high energy hν > 2E G , an electron is promoted far in the conduction band of the nanocrystal: it is usually called a hot electron. This hot carrier usually decays thermally (via phonon-assisted transitions) down to the first level of the conduction band, where it can recombine with its hole. There is however another decay pathway for this hot carrier: if its energy is high enough, an energy transfer from this hot carrier toward another electron of the valence band can occur, allowing the hot carrier to decay toward the band-edge while a second electron is promoted in the conduction band. The final yield of this process is two electrons at the band-edge for the price of one absorbed photon, hence the term of carrier mulitplication. The maximum theoretical yield for this process is a stair-case function, pictured in Figure 3.6c: one exciton is created for E G ≤ hν < 2E G , two excitons for 2E G ≤ hν < 3E G , three excitons for 3E G ≤ hν < 4E G , and so forth [17,[START_REF] Binks | Multiple exciton generation in nanocrystal quantum dots -controversy, current status and future prospects[END_REF].

In the bulk, this process in nevertheless very inefficient because of the availability of a large number of phonon pathway decays and the fact that the energy transfer process occurs with conservation of translational momentum. As a result, MEG occurs in the bulk with a large threshold of 6 to 7 × E G , typically. In 0D confined nanostructures though, phonon losses are reduced due to an increase of level splitting [START_REF] Nozik | Quantum dot solar cells[END_REF], and the conservation of momentum is relaxed thanks to non-dispersive, atom-like states, making that MEG occurs with a much lower threshold than in the bulk state, closer to the ideal value of 2E G . As a result, it is possible using narrow-bandgap nanocrystal to observe carrier multiplication under illumination with photon energies that are easily accessible [START_REF] Ellingson | Highly Efficient Multiple Exciton Generation in Colloidal PbSe and PbS Quantum Dots[END_REF]. Particularly, MEG is sometimes presented as the key process to go above the Schockley-Queisser limit in photovoltaics by taking advantage of the high-energy photons in the solar spectrum: PbS-based solar cells with internal quantum efficiency above 120% under 3 eV illumination ( 3.5E G ) have been demonstrated [START_REF] Semonin | Peak External Photocurrent Quantum Efficiency Exceeding 100% via MEG in a Quantum Dot Solar Cell[END_REF].

Our HgTe nanocrystals feature a bandgap of 280 meV: reaching photon energies of multiple times the bandgap is then very easy. Even at 800 nm, photon energy is already 5.5 × E G . Al-Otaify et al. reported a MEG threshold around 2.5E G for HgTe nanocrystals with bandgap at 1 eV [START_REF] Al-Otaify | Multiple exciton generation and ultrafast exciton dynamics in HgTe colloidal quantum dots[END_REF], so we expect to see a manifestation of MEG around this kind of excitation. We want to see if we detect the signature of MEG in the photocurrent of a HgTe-based device. The experiment is schematized in Figure 3.5b: the device is kept under vacuum at room temperature, and is biased with 1 V.

We use three different laser sources at 4400 nm (hν = E G ), 1550 nm (hν 2.9E G ) and 808 nm (hν 5.5E G ). Each laser is either electrically or optically chopped, and the photocurrent in the device is acquired with three different techniques depending on the chopping frequency. Below 2 Hz, photocurrent can be measured in real time with the source-meter used to bias the sample. Below 100 kHz, photocurrent is amplified by a DLPCA 200 transimpedance amplifer which output fed into an oscilloscope. Above 100 kHz, photocurrent is measured through a 50 Ω current shunt and amplified with a high bandwidth voltage amplifier. Being able to explore a large range of excitation frequencies and fluxes allows to probe the device response in a wide range of configurations, and to be more confident in the measurements. We need an intrinsic efficiency parameter to be able to quantitatively evaluate the efficiency of the detector under illumination by the different photon sources. We choose to plot the relative gain, the gain of the photoconductor detector normalized by the detector gain under illumination at 4.4 µm. The gain of a photoconductive detector has been defined earlier by:

g = Rhν eη where R = I photo P opt (3.1)
Where R is the device responsivity (ratio of photocurrent I photo over incident light power P opt ) and η is the internal quantum yield of the device. This internal quantum yield scales as the film absorption, and since everything is going to be normalized anyway, we choose to replace η by η λ :

η λ = A(λ) A(4400 nm) (3.2)
Where A(λ) is the absorption of the device at the wavelength λ and A(4400 nm) is the absorption of the device at the band-edge. Those quantities are determined using a FTIR spectrum of a film of EDT-capped HgTe nanocrystals. We can then write g λ as a function of the incident photon flux φ 0 :

g λ = Rhν eη λ = I photo eη λ 1 φ 0 (3.3)
The gain g λ hence describes the effect of one absorbed photon of wavelength λ on the photocurrent. In a two-band model where multi-exciton generation does not occur, a photon with hν > E G should have the same effect on the photocurrent regardless of its energy, since a quantum detector is not sensitive to the photon energy. Any effect of carrier multiplication should then be characterized by an increase of g λ compared to the band-edge gain g 4400 nm .

To make sure that the observed effect is not due to generation of multiple exciton under multiple photon absorption, we can estimate the average number of injected excitons in each HgTe nanocrystal. With an absorption cross-section of σ QD = 6 × 10 -15 cm 2 at 5 µm [START_REF] Lhuillier | Optical properties of HgTe colloidal quantum dots[END_REF], we have N X = σ QD φ d τ X , see Equation 2.6. Using a typical value of φ d = 10 19 s -1 cm -2 for the photon flux density and a conservative assumption of 10 ns for the exciton lifetime, we get N X = 6 × 10 -5 exciton per nanocrystal, far below unity.

To avoid any experimental error, all laser spot sizes and optical powers are measured at the sample location to correctly evaluate the photon flux. The latter is tuned by changing the lasers optical power. Relative transparency of the cryostat window is also accounted for in presented data. The relative gain g λ /g 4400 nm is plotted as a function of photon flux and chopping frequency in Figure 3.6. In 3.6a, each point is obtained from the photocurrent measured at 1 kHz of chopping frequency, at room temperature and under 1 V bias. In 3.6b, each laser is set to a photon flux around 10 19 s -1 cm -2 (precisely measured in each case), and the chopping frequency is varied from 2 Hz to 20 kHz (and up to 10 MHz for the QCL). Again, each point is obtained from a photocurrent measurement, realized according to Figure 3.5b in each frequency range.

Both graphs show consistently and over the whole range of explored parameters a very slight improvement of the relative gain by a factor < 1.5 under illumination at 1550 nm, and a much stronger improvement of relative gain by a factor 3 to 4 under illumination at 808 nm. We have here a signature of the MEG effect, with a threshold above 3E G , as summarized in Figure 3.6c. It is important to point out that we do not report absolute but relative efficiencies here: under illumination with photon of hν = 5.5E G , we observe an improvement of the intrinsic efficiency of the detector by a factor 3.5, that we attribute to multiple exciton generation. Our observations consequently also suggests that many reports on the photoresponse and dynamics of narrow-bandgap nanomaterials probed with photon energies far above the band-edge may overestimate the actual device performances.

At the time of this study, we did not have a FTIR spectrometer equipped to measure photocurrent spectra. An ultimate confirmation of this effect would be, now that we have such a tool, to compare on the same device the shapes of absorption and photocurrent spectra. For photocurrent and absorption spectra normalized at the band-edge, MEG should appear as a strong deviation of the photocurrent with respect to absorption for high photon energies.

We now have a good picture of the band-edge dynamics and hot carrier effects in HgTe nanocrystals with a narrow bandgap in the Mid-Wave Infrared. I showed that photoconductive devices present fast dynamics with a bandwidth measured around 50 MHz, mostly because the measured photocurrents in a device are an image of the instantaneous carrier density. I found evidence for multiple exciton generation at the device scale, in conditions close to device operation (low frequency illumination, low power). In the following section, I will be interested in another way to probe the photocurrent dynamics in this material, using optical excitation much shorter and more energetic than in our previous experiments.

Transient photocurrent measurements

In this section, I present a transient photocurrent measurement setup. Based on a pulsed source, the goal of this experiment is to create a large number of excited carriers in a biased device, and to study their recombination and transport at longer time scales. This allow us to access to intrinsic material parameters and reveal more information about the band structure of the nanocrystals in a device configuration.

A new, versatile setup to probe transient photocurrent with a large dynamic range

We would like to be able to measure transient photocurrent in devices made of various nanomaterials. Given the range of available materials, we choose to use a UV laser which should be able to excite carriers through the bandgap of most colloidal semiconductor nanomaterials. We are interested in photocurrent transients in the ns to ms range, because sub-ns processes are usually only intra-nanocrystal processes (t hop ∼ 1 ns assuming a mobility of 10 -3 cm 2 V -1 s -1 ). We use a 355 nm solid-state laser, producing 1.2 ns long pulses with a repetition rate of 100 Hz, giving us access to a 2 ns to 10 ms time window to resolve the device photocurrent. This is the range of timescales relevant for device operation, giving access to fast processes but also to long-lived photocarriers. Figure 3.7 presents the setup: a high energy pulse (up to 50 µJ) is shone onto a sample. Sample is biased under 10 V or more, and connected to ground through a 50 Ω current shunt. Voltage drop on the shunt is directly visualized on a GHz oscilloscope. The high energy of the pulse and large bias allows us to avoid any amplification stage and to preserve the large dynamic range of the measurement (ns to ms). At this kind of frequencies, ringing effect in the measurement circuit can become important. The 50 Ω current shunt is mandatory for impedance matching, and the substrate of the device seems to also have a strong effect on the measurement quality. In particular, silicon substrate must be avoided because of high absorption of silicon at this wavelength. Best results were obtained using interdigitated ITO electrodes on PET substrate, showing only limited ringing (i.e. parasitic electrical noise). This setup is meant to be used in combination to measurements at the bandgap of each material, since according to our previous observations one could expect carrier multiplication and other hot 

A tool to probe trap distribution at the device scale in NCs arrays

The typical data we obtain from this experiment is presented in Figure 3.8a. In this case, the device is a photoconductive HgTe MWIR sample. A total of 5 to 10 temporal photocurrent traces are acquired using different time bases, then the data are stitched together to produce the reported curve. This photocurrent trace spans over five orders of magnitude (1 ns to 10 µs here), when the photocurrent changes by two orders of magnitude. Typical signal is around 50 mV at the top of the photocurrent peak, with measurable values down to 0.5 mV reached at very long delay. With a 50 Ω shunt, this translates into currents of around 1 mA down to 2 µA.

The typical curve presented in Figure 3.8a consists in three parts: at very early times, we see an increase of the photocurrent over ∼ 1.5 ns, consistent with the laser pulse duration. The photocurrent decay then consists in two distinctive parts: a fast decay, occurring over the first 10 ns, followed by a much slower contribution, spanning over several µs and appearing as linear in a log-log representation.

The first contribution is well fitted by an exponential decay of time constant around 1.2 ns. This is around the expected value for hopping time in this material, and can hence be attributed to an instantaneous image of carrier density, as proposed by Gao et al. for measurements at even shorter time scale [START_REF] Fidler | Electron-hole exchange blockade and memory-less recombination in photoexcited films of colloidal quantum dots[END_REF][START_REF] Gao | Carrier multiplication detected through transient photocurrent in device-grade films of lead selenide quantum dots[END_REF]. As a result, this fast decay is due to rapid recombination and trapping of the photogenerated carriers, at the scale of one to two nanocrystals (electron decay in a bandgap state or transfer to a bigger neighbor nanocrystal, acting as a trap state at the film scale). The time constant extracted from the exponential fit then relates to the lifetime of photogenerated exciton. This is mostly the regime that we probe with QCL illumination (at very different wavelength and photon flux). The second regime though, is a specificity of this particular measurement as it is not observed at the band-edge.

The second, longer contribution is characteristic of self-decelerated processes and follows a power law: I photo ∝ t α , with here α = -0.3. This power dependence of transient photocurrent in amorphous (disordered) semiconductors have been studied in the 1980's, notably by Orenstein and Kastner [START_REF] Orenstein | Photocurrent Transient Spectroscopy: Measurement of the Density of Localized States in As2Se3[END_REF][START_REF] Orenstein | Transient photoconductivity and photo-induced optical absorption in amorphous semiconductors[END_REF]. In their work on As 2 Se 3 , they describe that the power law dependency of the photocurrent can be interpreted in terms of multiple-trapping transport: trapped carriers (say, holes) prevent the recombination of electrons that contribute to a long-lived photocurrent. Overtime, they are slowly released from their trap states (which can be, in our case, bandgap states or states located in bigger, less confined nanocrystals). As they get released, they are allowed to recombine with an electron, diminishing the overall photocurrent. Because some traps are located deeper than others, they have very different de-trapping times, leading to the observed power-law decay. As a result, the exponent of the power law fit can be related to the distribution of trap states in the device. Assuming an The photocurrent then consists in two parts: an exponential one relating to fast recombination of carriers and trapping (diminution of ∆n), and a power-law decay extending up to several µs to ms, due to slow trap release. From this slow decay, one can estimation the trap distribution at the nanocrystal film level. Trapping is here only shown for the electron, but also occur for the hole. b. Photocurrent temporal traces for a HgTe MWIR film under decreasing pulse energy. Exponential fits and associated time constants (fast decay) as well as power law fits and associated Urbach energies (long decay) are provided. Areas for determinations of exchanged charges ∆Q in "fast" and "slow" decay regimes have been highlighted in blue and orange. c. Ratio of the integrated areas for "fast" and "slow" decays, as pictured in panel b, measured for increasing pulse energy.

exponentially-decaying trap distribution, we can attribute a characteristic energy for this distribution: the Urbach energy E U [START_REF] Guyot-Sionnest | A mirage study of CdSe colloidal quantum dot films, Urbach tail, and surface states[END_REF]. We can then relate the power-law exponent α to Urbach energy through:

α = -1 + k B T E U ⇒ E U = k B T α + 1 (3.4)
We demonstrated that this value of Urbach energy can be tuned from around 60 meV to 35 meV in HgTe nanocrystals with a bandgap in the SWIR by playing on the surface chemistry of the nanocrystals, the lowest value (narrowest distribution) being obtained with EDT capping [START_REF] Martinez | Probing Charge Carrier Dynamics to Unveil the Role of Surface Ligands in HgTe Narrow Band Gap Nanocrystals[END_REF]. In our case, with α = -0.3 at room temperature, we get an Urbach energy of E U = 37 meV, consistent with the previously reported values.

On the same devices, we investigate the effect of pulse energy on the photocurrent temporal trace.

Probing dynamics in perovskite photodetectors: toward efficient carrier transport

Results are displayed in Figure 3.8b. In this experiment, the pulse energy is tuned from 50 µJ to 1.6 µJ by the mean of neutral density filters. Interestingly, the Urbach energy extracted from each data set keeps a consistent value of 35 ± 5 meV over the entire range of pulse energies. Time constant extracted from the fast, early decay seems to show a slight acceleration under higher excitation, not significant enough to be really indicative of anything. The most striking effect is the modulation of the two contributions ratios: by integrating the curve in the "fast" 1-10 ns range and the "slow" 10 ns-10 µs range, we get the amount of charges contributing to the photocurrent in each regime ∆Q = I photo dt. By taking the ratio of these two quantities, we can estimate how each regime contributes to the total photocurrent. Figure 3.8c shows how this ratio changes with the pulse energy. The first observation to be made is that even under low energy excitation, most of the photocurrent (93%) comes from the slowly decaying part of the transient. Contribution of the early regime is only 7% of the total photocurrent under 1.6 µJ excitation, and decreases to reach 1% under 50 µJ excitation. In this sense, this experiment is very different from what we see at the band-edge of the material, where the photocurrent does not show any long-lived contribution.

Just as we did earlier, we can estimate the amount of injected excitons by a single pulse. Assuming again a cross section of σ HgTe = 10 -14 cm 2 , we have N X = σ HgTe E pulse /hν, with E pulse the pulse energy density in J/cm 2 . For the 1.6 µJ pulse, we get N X ∼ 0.9, and N X ∼ 28 for a 50 µJ pulse. In this sense, even at low energy the excitation is orders of magnitude higher than excitation at the band-edge of the material. Given the high amount of injected excitons, the observed modulation of the photocurrent contributions might be a side-effect of fast Auger recombination (occuring around 80 ps after excitation [START_REF] Melnychuk | Slow Auger Relaxation in HgTe Colloidal Quantum Dots[END_REF] in this material). At high fluence, fast and efficient Auger recombination reduces the proportion of carriers available to contribute to photocurrent, hence modulating the relative contribution of photocurrent coming from carrier density evolution.

More insights about the different processes occurring in these materials under such excitation are definitely needed to understand the complete photophysics timeline. Transient absorption experiments in combination to transient photocurrent measurement in the ps to ns range, for example, would give access to shorter time-scale processes and enable to complete the dynamics picture for this material. Nevertheless, this transient photocurrent experiment gives access to material-related parameters (exciton relaxation and Urbach energy) from device-scale measurements. Moreover, because this experimental setup uses a 355 nm laser, a lot of nanomaterials can be probed, given that they show conduction and photoconduction. In the next section, I will present some of the results we obtained with another kind of nanomaterial.

Probing dynamics in perovskite photodetectors: toward efficient carrier transport

During my PhD, I applied some of the experimental techniques I developed for narrow-bandgap nanocrystals to other kind of nanomaterials, obtained through several collaborations. Among them, I present here some results on perovskite nanocrystals.

A new material for visible optoelectronics: perovksite nanocrystals

Cesium lead halide perovskite nanocrystals have encountered a colossal success after the first report by the Kovalenko group in 2015 [START_REF] Protesescu | Nanocrystals of Cesium Lead Halide Perovskites (CsPbX3, X = Cl, Br, and I): Novel Optoelectronic Materials Showing Bright Emission with Wide Color Gamut[END_REF]. Obtained through a typical hot-injection synthesis at high temperature, they display optical feature in the visible range and a very high photoluminescence quantum yield without the need of a shell, thanks to a defect-tolerant structure. Contrary to the other nanomaterials introduced in this section though, perovskite nanocrystals are not a confined system: spectral tunability is obtained through the halide nature and composition (for example, CsPb(Br 1-x I x ) 3 ). As a rule of thumb, chlorine-rich perovskite NCs will absorb and emit in the blue, Br-rich ones in the green and iodine-rich in the red. This halide composition is either controlled at the synthesis level, but can also be tuned post-synthesis using anion exchange [START_REF] Nedelcu | Fast Anion-Exchange in Highly Luminescent Nanocrystals of Cesium Lead Halide Perovskites (CsPbX3, X = Cl, Br, I)[END_REF][START_REF] Akkerman | Tuning the Optical Properties of Cesium Lead Halide Perovskite Nanocrystals by Anion Exchange Reactions[END_REF]. During my PhD, Wasim Mir from the Angshuman Nag group at IISER Pune came as a visiting student to work around visible light detection based on perovskites nanocrystals. This chapter will include some of the results we got working together, notably on the photocarriers dynamics. Nanocrystals of cesium lead halide with a 65% bromine to 35% iodine ratio (CsPb(Br 0.65 I 0.35 ) 3 ) where prepared according to litterature reports [START_REF] Yakunin | Low-threshold amplified spontaneous emission and lasing from colloidal nanocrystals of caesium lead halide perovskites[END_REF][START_REF] Sanehira | Enhanced mobility CsPbI3 quantum dot arrays for record-efficiency, high-voltage photovoltaic cells[END_REF], and their optical properties are given in Figure 3.9a. Figure 3.9b shows the typical cubic shape of those perovskite nanocrystals. Device fabrication is not as straightforward as it is for metal chalcogenides: the ligand exchange procedure used to improve the inter-particle coupling and allow charge transport can not be applied here, because the surface chemistry toolbox developped for II-VI materials is totally inefficient for perovskite nanocrystals. Notably, one of our early attempts at obtaining sulfide-capped perovskite nanocrystals using a phase-transfer approach led to conductive and photoconductive films, but XRD data showed that the resulting film was not made of perovskite material, but rather of PbS nanocrystals formed in-situ during the ligand exchange process. We then took advantage of a newly reported ligand-stripping strategy developped by the group of J.M. Luther at NREL [START_REF] Sanehira | Enhanced mobility CsPbI3 quantum dot arrays for record-efficiency, high-voltage photovoltaic cells[END_REF]. The film of perovskite nanocrystals is dipped into a solution of lead acetate in methyl acetate, then annealed. The resulting films show conductive and photoconductive behavior while preserving the perovskite structure, see Figure 3.9c.

Transient photocurrents and exciton dissociation in perovskite nanocrystals arrays

We use the same transient photocurrent experimental setup presented in section 3.3 on devices made from cesium lead halide CsPb(Br 0.65 I 0.35 ) 3 perovskite nanocrystals. The transient photocurrent temporal trace, shown in Figure 3.10b, only shows contribution at early time (< 100 ns) in these materials and is well fitted with a double exponential decay of time constants around 1.2 ns and 7.8 ns. Those time constants are very similar to the ones measured with time-resolved photoluminescence experiments [START_REF] Mir | Strategy to overcome recombination limited photocurrent generation in CsPbX3 nanocrystal arrays[END_REF], indicating that the decay measured with transient photocurrent setup indeed reflects the excitation recombination in the nanocrystals. No contribution of traps to the photocurrent is observed in devices of this material (no long-lived photocurrent regime), confirming its trap tolerance even at the device scale.

Nevertheless, the fact that the photocurrent decay reflects the excitonic relaxation is a signature of a very inefficient exciton dissociation in the material. Indeed, in the ideal photoconductor the photogenerated electron/hole pair is splitted under the applied electric field and each carrier is transported toward its electrode. Here, the applied field is too weak to balance the exciton binding energy, so electron/hole pairs mostly recombine in the nanocrystal they were created in. We propose a strategy to enhance the electric field by using nanotrench electrodes: those electrodes are fabricated using a two-step optical lithography process and feature a sub-100 nm spacing with a high aspect ratio (∼ 15 µm length) [START_REF] Lhuillier | Nanoplatelets Bridging a Nanotrench: A New Architecture for Photodetectors with Increased Sensitivity[END_REF][START_REF] Dayen | Nanotrench for nano and microparticle electrical interconnects[END_REF]. Because of the reduction of electrode spacing by a factor 100 compared to the typical 10 µm-spaced electrodes, the electric field is improved by the same factor under similar bias. Figure 3.10b shows the evolution of conductivity of both interdigitated and nanotrench devices with the applied field. The conductivity is clearly field-independent below an applied field of around 50 kVcm -1 , and significantly improves over this threshold value. Responsivity of devices under illumination is given in Figure 3.10c: nanotrench devices shows an improvement of a factor 1000 over the interdigitated electrodes. This huge improvement is the combination of more efficient exciton splitting under high field, and apparition of gain effect in nanotrench device. Indeed, due to its small gap, only few (4 to 5) hopping processes are necessary to go from one electrode to the other in this device. As a result, one carrier can circulate several times in the polarization circuit before recombining, contributing several times to the photocurrent [START_REF] Konstantatos | PbS colloidal quantum dot photoconductive photodetectors: Transport, traps, and gain[END_REF].

Conclusion

In this chapter, I continued my study on carrier dynamics in mercury telluride, and focused on MWIR-absorbing HgTe 0D nanocrystals. After performing a CW characterization of photoconductive devices, I used a MWIR pulsed Quantum Cascade Laser to investigate the photocurrent dynamics and device bandwidth at the band-edge of the material. I then showed evidences for carrier multiplication effects in HgTe nanocrystals, allowing to reach higher photodetection efficiencies under illumination with high energy photons. I then presented a new, versatile setup to measure transient photocurrents in a wide variety of photoconductive devices. With a very large dynamic range, this setup allows to probe the exciton cooling as trap-assisted transport. As a result, it allows to access material parameters (exciton lifetime and Urbach energy) through a transport measurement. As an example, I showed some results on perovskite nanocrystals, which proved to be an interesting platform to play with exciton dissociation through the use of different devices geometries.

HgSe nanocrystals, as presented in the introduction, are self-doped nanocrystals featuring intraband absorption in the MWIR to LWIR. In the history of infrared devices, going from interband to intraband and intra-subband materials represented a paradigm shift, and allowed to develop alternative detectors and light sources based on wave-function engineering. From the point of view of colloidal materials though, doped intraband nanocrystals are particularly interesting to address low energies (MWIR, LWIR and above). Indeed, narrow bandgap interband nanocrystals require to grow large objects (i.e. weakly confined) that are very colloidaly unstable and for which the growth is difficult to control.

HgSe nanocrystals are also a very interesting platform to investigate intraband photophysics and transport in few-electrons doped systems. This chapter will include early, exploratory results obtained with simple photoconductive devices of HgSe nanocrystals, especially related to photoconduction dynamics. In the first section, I will also introduce the major drawbacks of such a doped material for device integration. This chapter will then focus on building heterostructures based on HgSe nanocrystals to overcome the intrinsic limitations of a doped system. I will present two main results: the growth of HgSe/HgTe core-sell heterostructures and the energy-landscape engineering in mixtures of HgSe and HgTe nanocrystals.

Additionally, because it came as an interesting question during the exploration of core-shell materials, this chapter will present results we obtained on the pressure dependency of the energy spectrum in HgSe and HgTe narrow bandgap materials.

Finally, I will present the first intraband-based multicolor infrared detector, based on a HgSe/HgTe material.

HgSe nanocrystals for intraband photodetection: material and early results

Self-doped HgSe nanocrystals

As stated earlier in the introductive chapter, it is possible to observe intraband transitions in doped nanocrystals. Those transitions typically involve two levels from the conduction band of the nanocrystals, because the high hole effective mass makes that the valence band is a quasi-continuum of states. It requires the first level of the conduction band to be occupied in the ground state. There are several ways of achieving occupation of the first conduction band level: the first demonstrations of intraband absorption relied on electrochemically pumping electrons in CdSe nanocrystals [START_REF] Wang | Electrochromic nanocrystal quantum dots[END_REF]. Saturation of the interband transition can also be realized by optical pumping, as it was demonstrated for PbSe nanocrystals [START_REF] Wehrenberg | Interband and Intraband Optical Studies of PbSe Colloidal Quantum Dots[END_REF] and CdSe/CdS nanocrystals [START_REF] Jeong | Mid-Infrared Photoluminescence of CdS and CdSe Colloidal Quantum Dots[END_REF], the latter even displaying intraband MWIR photoluminescence. Very recently, intraband absorption has been observed for the first time in 2D CdSe nanoplatelets under high optical excitation [START_REF] Diroll | Polarized near-infrared intersubband absorptions in CdSe colloidal quantum wells[END_REF]. Nethertheless, neither of these techniques are convenient for device integration, where the intraband character of the material should be available in the steady state. More recently, chemical doping of lead sulfide nanocrystals has been presented as a new doped system displaying MWIR to LWIR intraband absorption. Doping PbS nanocrystals with silver successfully leads to occupation of the 1S h state and to a p-type MWIR absorption in the valence band [START_REF] Kroupa | Synthesis and Spectroscopy of Silver-Doped PbSe Quantum Dots[END_REF]. Iodine doping, on the other hand, lead to the observation of a n-type character (1S e occupation) and transitions in the conduction band, adjustable from the MWIR to LWIR [START_REF] Ramiro | Intraband Photresponse in the Mid-and Long-Wave Infrared by Robust Heavily Doped PbS Colloidal Quantum Dits Films[END_REF].

Mercury selenide nanocrystals are self-doped particles with a populated 1S e level, and featuring intraband (1S e →1P e ) transition in addition to the interband transition, as pictured in 4.1a [START_REF] Deng | Colloidal Quantum Dots Intraband Photodetectors[END_REF][START_REF] Lhuillier | Infrared Photodetection Based on Colloidal Quantum-Dot Films with High Mobility and Optical Absorption up to THz[END_REF][START_REF] Yoon | Higher Quantum State Transitions in Colloidal Quantum Dot with Heavy Electron Doping[END_REF][START_REF] Jeong | Singly and Doubly Occupied Higher Quantum States in Nanocrystals[END_REF]. Because of the occupation of the 1S e level, the 1S h →1S e interband transition is usually bleached in these nanoparticles, and the observed interband transition is the (1S e →1P e ). Figure 4.1b shows the typical infrared absorption spectra of a film of HgSe nanocrystals: intraband absorption appears as peak-shaped feature in the MWIR, while interband absorption appears as a broad feature at higher energy. The energy of both transitions is tunable with the nanocrystals mean size, as shown in Figure 1.29. We demonstrated in 2016 that the doping of those HgSe nanocrystals originates from a reduction of the nanocrystals by the environnement [START_REF] Robin | Surface Control of Doping in Self-Doped Nanocrystals[END_REF][START_REF] Robin | Opto-électronique de boîtes et puits quantiques colloïdaux -Application au phototransport[END_REF], and that this doping can be tuned by playing on the nanocrystals surface chemistry. This effect can be seen on the optical spectrum of a nanocrystal film, as pictured in Figure 4.1c. In this figure, optical spectra of ligand-capped HgSe nanocrystal are shown normalized by the intraband signal around 2800 cm -1 . The signature of dedoping is the clear increase of interband absorption: as soon as the original dodecanethiol (DDT) ligand is exchanged toward a transport-compatible ligand, the magnitude of interband increases. A notable observation is the apparition of a feature around 6000 cm -1 : this is the signature of an unbleaching of the 1S h →1S e transition due to doping reduction. By fitting the relative contribution in those spectra, we can evaluate the occupancy of the 1S e level for the different surface chemistries, as shown in Figure 4.1d. When the initial DDT ligands lead to a almost-filled 1S e state (2 electrons per dot), switching to a shorter, transport-compatible ligand leads to a significant reduction of the doping. ethanedithiol reduces the average number of electrons to around 1 e -per dot, when for S 2- ligand (Na 2 S) the 1S e state is almost emptied, and the intraband feature almost disappears from the absorption spectrum. This effect can be explained by a dipole effect: each ligand carry a different dipole, effectively tuning the absolute energy of the bands at the surface of the nanocrystal. For PbS nanocrystals, it has been shown that such dipoles can tune the band energy over almost 1 eV [START_REF] Brown | Energy Level Modification in Lead Sulfide Quantum Dot Thin Films through Ligand Exchange[END_REF][START_REF] Houtepen | On the Origin of Surface Traps in Colloidal II-VI Semiconductor Nanocrystals[END_REF][START_REF] Kroupa | Tuning colloidal quantum dot band edge positions through solution-phase surface chemistry modification[END_REF][START_REF] Kundu | Ligand-Mediated Energy-Level Modification in PbS Quantum Dots as Probed by Density of States (DOS) Spectra[END_REF].

In more recent work, we measured the energy spectrum of ligand-capped HgSe nanocrystals by X-ray photoemission. As pictured in Figure 4.1e, the observed trend is very similar, with a significant shift of the bands upon surface chemistry tuning. While the Fermi level lies in the middle of the intraband (1S e -1P e ) gap for DDT ligand, it gets closer to the 1S e level upon switching to shorter ligands, in perfect agreement with the observed reduction of the electron doping [START_REF] Martinez | HgSe Self-Doped Nanocrystals as a Platform to Investigate the Effects of Vanishing Confinement[END_REF]. Throughout this chapter, I will focus on one particular size of HgSe nanocrystals: 5 nm HgSe spheres with intraband transition around 2200 cm -1 , matched with the 2250 cm -1 emission of our Quantum Cascade Laser MWIR source. Figure 4.2a shows the optical spectra of such a material, before and after ligand exchange toward ethanedithiol (EDT). The reduction of doping upon ligand exchange can again be seen in these spectra: the intraband/interband absorption ratio strongly decreases after the surface chemistry modification, indicating that the nanocrystals are less doped with EDT ligand than with DDT. The position of the intraband is slightly red-shifted after ligand exchange, due to partial wave-function delocalization. The apparent narrowing of the intraband transition is mainly due to the reduction of C -H peak, which appears on the high energy part of the intraband peak in the DDT-capped HgSe spectrum. Figure 4.2b shows TEM pictures of these nanocrystals: their spherical shape as well as good monodispersity allow them to self-organize in honeycomb lattices, as shown in the high-resolution image.

The electron-doped character of these HgSe nanocrystals is confirmed by Field-Effect Transitor (FET) data, as well as by photoemission. In an electrolytic FET configuration, EDT-capped HgSe NCs films display n-type tranfer curves, see Figure 4.2c. Contrary to all the previous FET data presented for interband materials, this transfer curve only displays a very clear electron conduction with no sign of any hole transport, indicative of the strong degenerate doping of those nanocrystals. Typical transfer curves also feature a non-monotonic behavior: when the gate voltage is increased (electron injection), the channel current gradually increases, then drops before increasing further. This is believed to be due to Pauli blocking: the 1S e level being a two-electrons state (including spin degeneracy), there is a gate voltage for which this level is filled for a majority of nanocrystals, making that the number of available 1S e states for nearest-neighbour hopping is reduced, and that the overall mobility of the film drops. Adding more electrons populates the 1P e levels, restoring the electrons mobility due to the increased number of available states to hop to [START_REF] Lhuillier | Infrared Photodetection Based on Colloidal Quantum-Dot Films with High Mobility and Optical Absorption up to THz[END_REF]. Finally, photoemission on the Tempo beamline of Synchrotron Soleil confirms that the material is indeed degeneratly n-doped: the reconstructed energy diagram of EDT-capped nanocrystals given in Figure 4.2d shows the Fermi level lying between the 1S e and 1P e levels in the steady state.

Transport, photodetection and key limitations of pure HgSe nanocrystal arrays

As stated earlier, HgSe NCs films are very exciting for intraband-based MWIR detectors. Nethertheless, it is very clear from the first experiments that a straightforward approach leads to numerous problems. Photoconductive devices from HgSe can be obtained by drop-casting particles from hexane:octane (9:1) mixture, then exchanging their ligands toward EDT using the same approach as described earlier. Because we know that a ligand exchange can have a dramatic effect on the material doping, we have shown in Figure 4.2a that exchange toward EDT only lead to a partial reduction of the doping and preserve the intraband absorption. We are now interested in the performance of those HgSe photoconductive devices, and particularly to their signal to noise ratio, activation energy (i.e. how much the dark current is reduced when the device is cooled down) and photoresponse bandwidth. Figure 4.3a presents the dependence of the dark current with temperature when cooling down such a device: the activation energy, measured here around 20 meV, is extremely weak for a photodetector around 250 meV. The consequence of such a low activation energy is that cooling down the device will barely improve its detectivity. For the sake of comparison, HgTe photoconductive interband devices at the same wavelength such as presented earlier (see section 3.1.2), feature activation energies around 90 to 120 meV. Moreover, as pictured in Figure 4.3b and c, the photoresponse of these devices under either interband (808 nm laser) or intraband (4.4 µm QCL) illumination is extremely slow, with response times of the order of several seconds. The fact that the response is symmetrical (i.e., turn-on and turn-off times are comparable) may indicate that the observed photoresponse in this system is bolometric rather than due to photocharge transport. In other words, the observed photoresponse is likely due to heating of the film upon light absorption. Finally, Figure 4.3d presents the evolution of dark current, current under 808 nm illumination and photocurrent with temperature: on the 300 K to 50 K range, there is almost no improvement of the device performances. To sum up, intraband-based MWIR photoconductive devices made from HgSe suffer from:

• A high dark current, due to degenerate doping of nanocrystals and occupation of the 1S e states.

This issue is well known for epitaxially-grown doped Quantum Wells or Quantum Dots featuring intraband transitions in QWIP and QDIPS;

• A low activation energy (almost no reduction of dark current upon cooling);

• A low responsivity, leading to poor signal-to-noise ratios;

• A slow (> 1 s) photocurrent dynamics.

All these issues relate to the fact that the system is degeneratly doped: the electrons in the conduction band are needed to get intraband optical absorption, but they are highly detrimental from the dark current perspective. From these observations, it is clear that, as is, HgSe NCs are not as mature as their interband HgTe counterpart for integration into infrared detectors. Nevertheless, they are an interesting platform to probe transport and infrared phototransport, because they give access to a very different regime of doping than what is usually observed in nanomaterials. In the following of this chapter, I will present several result shining light on the physical processes in those materials, as well as strategies to improve the performances of those HgSe devices to the level of their interband counterparts.

HgSe under gate control: toward faster photoresponse?

The first step I took toward a better understanding of the physical processes in films of HgSe nanocrystals was to apply the same strategy as we used earlier for HgTe nanoplatelets: looking at photocurrent dynamics under Fermi level control via the use of an electrolytic gate (see section 2.3 and Figure 2.7). With this experiment, I wanted to see the effect of doping reduction (under negative gate bias) or augmentation (under positive gate bias) on the photocurrent dynamics. I firstly used illumination at 808 nm (excitation of the interband transition of HgSe). Because, as stated earlier in section 4.1.2, HgSe nanocrystals show a slow, weak photoresponse (which could be only bolometric), we use here a fairly low frequency measurement. The dark current is measured for 10 s, then light is switched on mechanically for 25 s. Temporal traces of the device current under negative gate biases (hole injection) are shown in Figure 4.4. There are two notable effects of the hole injection: a reduction of the dark (and total) current, due to the reduction of majority carrier (electrons) density; as well as a clear acceleration of the photocurrent. For the sake of comparison, current temporal traces under electron injection are shown in Figure 4.4: they display weak and slow photocurrent regardless of the gate bias. Modulation (i.e., I light /I dark ratio) extracted form the temporal data is given in Figure 4.4c: values significantly different from 1 are only achieved under hole injection. In this range of gate biases, response times of the photocurrent are presented in Figure 4.4d. The "ON" time, or rising time, is measured here by an exponential fit of the rising part of the curve (our mechnical chopper having a 200 ms rising time). The "OFF" time, or falling time, is measured to be the time t OFF where I(t OFF ) -I dark < 90%(I light -I dark ) (the dark current recovers 90% of it's original value), and set to 25 s if it never recovers as much. As a result, we observe that improvement of the modulation occurs while the overall time response of the detector is accelerated.

This can be interpreted as a transition from bolometric response, where photocurrent is due to thermal activation of electrons under heating the film with the laser; to a "quantum" photoresponse, where photocurrent is due to electron band-to-band transition under photon absorption and transport of electrons in their excited state. This strategy nevertheless did not enable to get meaningfull results from intraband excitation of the device under gate bias, because of the very low signal to noise ratios and the incompatibility of our gating strategy (electrolyte) with cooling. More insights about gate effect on HgSe nanocrystals might be obtained by using Fourier-Transform Infrared spectroscopy (FTIR) and monitor the interband and intraband absorption of a device under electron or hole injection, but this requires the use of alternative, high-speed and low-temperature compatible gating strategies. This topic is currently under investigation by our group, where we notably explore conventionnal dielectrics (SiO 2 ) or ionic solids such as LaF 3 [START_REF] Gréboval | Field-Effect Transistor and Photo-Transistor of Narrow-Band-Gap Nanocrystal Arrays Using Ionic Glasses[END_REF].

The need for uncoupling optical and transport properties in intraband materials

At this point, it became very clear that the limitations encourtered during my experiments are intrinsically linked to the doped aspect of the material. While doping is definitely required to access intraband transitions, transport in doped nanostructures is by nature driven by those "dark" carriers. Moreover, if we picture what is happening in a HgSe nanocrystal upon light absorption, it is unclear that wheter the overall current should increase after promotion of an electron to from a 1S e to a 1P e level. As this is an unipolar effect, there is only marginal changes in the carrier density of the nanocrystal (as opposed to interband systems). The mobility of this promoted electron might be higher though, as it is higher in the nanocrystal conduction band. Those observations are not limited to HgSe nanocrystals: other electron-doped systems presenting optical absorption in the MWIR to LWIR have been found to present the same performance issues with slow photocurrent and low signal to noise ratios. This is notably the case for Ag 2 Se nanocrystals [START_REF] Park | Mid-Infrared Intraband Transition of Metal Excess Colloidal Ag2Se Nanocrystals[END_REF][START_REF] Qu | Intraband Mid-Infrared Transitions in Ag2Se Nanocrystals: Potential and Limitations for Hg-Free Low-Cost Photodetection[END_REF][START_REF] Hafiz | Silver Selenide Colloidal Quantum Dots for Mid-Wavelength Infrared Photodetection[END_REF], ITO nanocrystals [START_REF] Qu | Transport in ITO Nanocrystals with Short-to Long-Wave Infrared Absorption for Heavy-Metal-Free Infrared Photodetection[END_REF] or iodine-doped PbS nanocrystals [START_REF] Ramiro | Intraband Photresponse in the Mid-and Long-Wave Infrared by Robust Heavily Doped PbS Colloidal Quantum Dits Films[END_REF]. When we consider how such issues were tamed with epitaxial material, we must look back to the birth of intraband and inter-subband detectors, which proved to be an alternative to interband-based photodetectors in the infrared (see section 1.3.2). In the 80's and 90's, physicists built the Quantum-Well Infrared Photodetector, or QWIP [START_REF] Schneider | Quantum Well Infrared Photodetectors: Physics and Applications[END_REF][START_REF] Kwong-Kit | The Physics Of Quantum Well Infrared Photodetectors[END_REF]. An epitaxial Quantum Well (QW) consists in a thin layer of an electron-doped material (GaAs, for example) grown between two layers of a latticematched barrier (AlGaAs, here). The energy diagram of such a QWIP heterostructure is presented in Figure 4.5a: because it is doped, the GaAs QW features intraband transition between the first levels of its conduction band, and hence absorbs infrared light. The promoted electrons are then transfered to the AlGaAs barrier, and transported in this wide-bandgap material. First devices based on those epitaxially-grown quantum wells were showing poor performance because of the large tunnel current flowing into the structure, leading to a large dark current. It is only after optimizing the QW-barrier alignment and increasing the barrier length, effectively uncoupling transport and optical absorption, that QWIP devices were able to compete with interband-based devices [START_REF] Rogalski | History of infrared detectors[END_REF][START_REF] Kwong-Kit | The Physics Of Quantum Well Infrared Photodetectors[END_REF]. Figure 4.5b gives a simplified picture of such a QWIP device. Because of their geometry, the bare heterostructure cannot absorb the normally incident light, so a grating have to be etched at the surface of each pixel to provide efficient light coupling. Figure 4.5c shows a microscopic image of the active material, revealing the very clean, epitaxial growth of the two material.

From this perspective came the realization that good performances with HgSe nanocrystals could be achieved if we found a way to, as it has been successfully done with epitaxial materials, uncouple optical absorption from carrier transport. This requires the design of a new, hybrid material where HgSe nanocrystals take care of the intraband, MWIR absorption, and where the promoted electrons can be transferred to a wider bandgap material. In the following sections, we will be interested in realizing and testing the performances of such materials. The first attempt as creating such an hybrid material was to grow a shell of HgTe on HgSe nanocrystals.

HgSe/HgTe heterostructures: a step toward improved performances

As stated earlier, we want to build a material where optical and transport properties are decoupled by design, in order to reduce the influence of the high doping level of HgSe nanocrystals on the transport properties of the material. Our first approach is to create epitaxially-connected HgSe/HgTe core-shell nanostructures, where the optical properties will be driven by HgSe while transport will occur through HgTe. While the idea of growing a wide-bandgap protective shell of CdSe or CdS on HgSe or HgS doped nanocrystals has been explored before as a strategy to boost the intraband photoluminescence, it ultimately lead to the disappearing of the intraband feature [START_REF] Sagar | HgSe/CdE (E = S, Se) Core/Shell Nanocrystals by Colloidal Atomic Layer Deposition[END_REF][START_REF] Deng | Intraband Luminescence from HgSe/CdS Core/Shell Quantum Dots[END_REF]. Moreover, the impact of such an heterostructure on the transport properties of nanocrystal assemblies has never been discussed. In this section, I will firstly introduce the model we used to predict the band alignment and energy diagram of such heterostructures, then I will discuss the synthesis of such materials and their integration into photoconductive devices.

Simulation of the core/shell phase diagram

The choice of HgTe as a shelling material is motivated by the fact that HgSe and HgTe present the same crystalline structure and a limited lattice mismatch of around 6% (a HgSe = 0.6085 nm and a HgTe = 0.6453 nm). I have shown in the first chapters that HgTe nanocrystals behave like intrinsic semiconductors and feature interband transitions, fast phototransport and good activation energies: we hope that by growing an HgTe shell onto HgSe doped nanocrystals, we can benefit from the combined qualities of the two materials: the intraband absorption of HgSe and the good transport properties of HgTe.

The first task is to explore the band-alignment phase diagram of such heterostructure by the mean of numerical simulation. To do so, we consider a simple concentric spherical core-shell geometry: a HgSe core of radius R HgSe on top of which is grown a HgTe shell of thickness R HgTe . We need to solve the envelope function equation in this spherical geometry:

∇ - 2 2m * (r) ∇ + V (r) ψ(r) = Eψ(r) (4.1)
Where m * (r) is the effective mass profile, V (r) the energy band profile and E the eigenenergy associated to the envelope function ψ(r). Parameters used for numerical solving of the Schrodinger equation are provided in table 4.1. We make the assumption that the correction of the effective mass profile is negligible compared to that of the energy band profile, and write m * (r) cst. This is supported by the values given in table 4.1 and by the fact that the error bar on the effective masses in HgTe and HgSe is probably larger than the effective mass difference between HgTe and HgSe. We then write:

- 2 2m * 2 r ∂ ∂r + ∂ 2 ∂r 2 + V (r) ψ(r) = Eψ(r) (4.2)
At that time, we chosed to use the value reported by Chen et al. for HgSe and HgTe valence band offset [START_REF] Chen | Reversible Electrochemistry of Mercury Chalcogenide Colloidal Quantum Dot Films[END_REF]: they report a value of 0.8 eV, measured by electrochemistry. This model is only qualitative because we neglect any band non-parabolicity as well as dielectric confinement, and assume a perfect spherical geometry. For discrete values of R HgSe and R HgTe , we numerically solve Equation 4.1 using the shooting method described by Harrison [14]. We start by building the energy potential profiles V (r): the boundaries of the nanoparticles are defined by a 2 eV barrier representing the nanocrystal/ligands interface and ensuring the confinement of the wave-functions inside the nanocrystal. We then use the following discretization:

ψ(r + dr) = r 2m * (dr) 2 2 (V (r) -E) + 2 ψ(r) + (dr -r)ψ(r -dr) r + dr (4.3) 
Where we use a dr = 0.1 nm step. We set ψ(0) = 1 to ensure the confinement of the wave-function in the structure, as well as ψ(1) = 1, an arbitrary condition that will be corrected when the wavefunction gets normalized. The next step is to run the simulation, i.e. calculating the wave-function profile for an arbitrary energy E. The energy is then changed by dichotomy until the wave-function converge toward zero outside the heterostructure: the energy for which this condition is realized is the eigen energy of the wave-function. More details can be found about this procedure in our precedent work on CdSe/ZnS nanoplatelets [START_REF] Cruguel | Electronic structure of CdSe-ZnS 2D nanoplatelets[END_REF]. Valence band offset between HgSe and HgTe 0.8 eV [START_REF] Chen | Reversible Electrochemistry of Mercury Chalcogenide Colloidal Quantum Dot Films[END_REF] Table 4.1: Material parameter inputs for numerical solving of equation 4.1.

Material parameter

Figure 4.6 summarizes the result of such simulations. In the central panel are identified four main distinct regimes that can be achieved by varying R HgSe and R HgTe . Each regime is illustrated by a simulation result showing the electron and hole wave-functions. There are two main indications in each of these panels:

• The energy of the 1S e level relatively to the Fermi level of the system (at -4.7 eV vs vacuum) indicates if the whole heterostructure is doped: the 1S e level must lie below the Fermi level to observe electron doping and the associated intraband transition. Conduction and valence bands overlap in bulk HgTe and HgSe due to their semi-metal character (E G = 0). Electron and hole wave-functions (from 1S e and 1S h states) are pictured in red and blue lines, respectively, and are shifted to their effective eigen energy, given by the colored dashed line. The thick, dashed grey line represents the Fermi level of the heterostructure. Finally, the stripped area in the central panel corresponds to the range of heterostructures grown in this chapter.

• From the shape of the electron and hole wave-functions can be deduced the associated electron and hole density distributions (given by (R HgSe + R HgTe ) 2 |ψ(r)| 2 ), i.e. the electron and hole spatial localization in the heterostructure.

For small R HgSe values (R HgSe < 2 nm, i.e. small HgSe cores), the quantum confinement pushes the 1S e too high (above the Fermi level) and no doping should be observed: there is no intraband absorption. This is consistent with the experimental observation that very small HgSe nancrystal never display any intraband feature [START_REF] Martinez | HgSe Self-Doped Nanocrystals as a Platform to Investigate the Effects of Vanishing Confinement[END_REF]. As a result, those materials only feature interband transition. The nature of those interband transitions depends on the thickness of the HgTe shell. For thin shells (panel 4.6A), we first predict a type-I band alignment with electron and holes delocalized over the whole material. For thicker shells (panel 4.6B), the hole should localize in the HgTe core while the electron stays delocalized, achieving a quasi-type II band alignment.

For larger HgSe radii (R HgSe > 2 nm), the 1S e level lies below the Fermi level, indicating that the structure is doped and should display intraband absorption. For thin shells (panel 4.6C), the hole is delocalized and the electron localized in HgSe, so we expect a quasi-type II interband absorption. For thicker HgTe shells (panel 4.6D), the hole localizes in HgTe while the electron is still localized in HgSe, realizing a full type-II heterostructure. This last situations is the most interesting for our application: it combines intraband absorption with a poor electron and hole wave-function overlap, preventing detrimental recombination. This is the targeted heterostructure we will grow in the next section.

Growth of HgSe/HgTe heterostructures

The chemical synthesis of the HgSe/HgTe heterostructures was performed by Nicolas Goubet [START_REF] Goubet | Wave-Function Engineering in HgSe/HgTe Colloidal Heterostructures To Enhance Mid-infrared Photoconductive Properties[END_REF]. Growing such material is a challenge, because mercury chalcogenides are soft compounds, do not sustain high temperatures and quickly sinter. The starting point of this synthesis is to grow the desired HgSe cores, with a diameter around 5 nm to present intraband absorption matched with the emission of our 4.4 µm QCL. Most reports about shelling mercury chalchogenide materials employ the colloidal atomic layer deposition method (c-ALD) [START_REF] Ithurria | Colloidal Atomic Layer Deposition (c-ALD) using Self-Limiting Reactions at Nanocrystal Surface Coupled to Phase Transfer between Polar and Nonpolar Media[END_REF], allowing to grow a shell layer-by-layer at room temperature by successively exposing the material to ions and cations forming the shell. Nevertheless, the high oxygen sensitivity of tellurium makes that this procedure is not well suited for the growth of multilayer HgTe shells.

Alternatively, we use a re-growth technique schematized in Figure 4.7a. A HgI 2 mercury precursor in oleylamine is degassed and previously synthetized HgSe nanocrystals are introduced at 50°C. Under argon atmosphere, the temperature is increased to 80°C and a TOP:Te solution in oleylamine is injected drop-wise other 60 minutes. Thanks to the low reactivity of HgI 2 [START_REF] Goubet | Terahertz HgTe Nanocrystals: Beyond Confinement[END_REF] and relative bulkiness of TOP:Te, the growth of HgTe should preferentially occur on the HgSe seeds rather than through side nucleation. After 60 minutes, the reaction is quenched with dodecanethiol (DDT) and the resulting nanocrystals are washed. Figure 4.7b shows the optical spectra of such heterostructures. The starting HgSe cores presents intraband absorption around 2500 cm -1 (300 meV) and interband absorption around 7000 cm -1 (840 meV). The successive spectra presented in this figure correspond to increasing HgTe amount (i.e. increasing shell thickness), controlled through the concentration of the TOP:Te precursor. Ranging from 0.1 to 0.4 mmol, it leads to Te/Se ratios of 40 to 65%, measured by Energy Dispersive X-ray spetrometry (EDX) and X-ray diffraction on the final materials. Upon HgTe shell growth, the optical spectrum of the material is affected: the intraband feature stays mostly untouched, only displaying a small broadening and red-shift toward lower energies, attributable to the slight wave-function extension into the HgTe shell. For low HgTe content, a de-bleaching of the 1S h →1S e interband transition in HgSe is observed around 5500 cm -1 (680 meV), similar to what is observed upon ligand exchange. This suggests a slight de-doping of the HgSe nanocrystals. Upon higher HgTe incorporation, this interband feature red-shifts to saturate around 4000 cm -1 (500 meV), which might be the signature of the expected type-II transition. Another hypothesis to explain the apparent red-shift of this interband transition involves the interfacial pressure due to a lattice mismatch between HgSe and HgTe: I will discuss this further in the next section. X-ray diffraction, presented in Figure 4.7c, confirms the incroporation of HgTe, as evidenced by the appearance of new diffraction peaks.

Transmission Electronic Microscopy (TEM) images of the materials are given in Figure 4.8. HgSe cores used as seeds for the synthesis present spherical shape and a 5.2 ± 0.7 nm mean diameter, see Figure 4.8a. Upon growth of HgTe, the shape of the particles becomes less regular and their mean size increases to 6.4 ± 1.3 nm in this particular image. While the overall shape of the particles strongly deviates from the expected and simulated spherical core-shell heterostructure, High-Angle Annular Dark-Field imaging in a Scanning-Transmission Electron Microscope (HAADF-STEM) performed by Gilles Patriarche at C2N reveals that nanocrystals present both Se and Te elements at the singleparticle level, indicating that the heterostructures are epitaxially connected, see Figure 4.8c and d. This indicates that at least a significant fraction of our heterostructured nanocrystals are Janus-like nanoparticles rather than actual core-shell. After successfully synthesizing those HgSe/HgTe heterostructures, we integrated them into photoconductive devices to determine the impact of such a HgTe "shell" on transport, phototransport and ultimately, MWIR detection performances.

Transport and improved MWIR performances in HgSe/HgTe heterostructures

To get an accurate idea of how the heterostructure affects the transport properties of the naocrystals, I built devices from both HgSe core material and the HgSe/HgTe heterostructures. Both materials are drop-cast onto interdigitated electrodes from a hexane:octane solution, and cross-linked with a solid-state ligand exchange toward ethanedithiol (EDT). I first measured transport properties of both materials in dark conditions. Field effect transistor measurements made in a an electrolyte gate configuration shows a dramatic change in the shape of the transfer curve between the core-only material and the heterostructure, see Figure 4.9a. While the transfer curve of the core material displays the pure n-type behavior expected for self-doped HgSe nanocrystals (see section 4.1.1 and Figure 4.2c), the transfer curve of the heterostructured material shows ambipolar characteristics, with conduction of both electron and holes. In that sense, this transfer curve resembles a lot that of HgTe nanocrystals (see Figure 3.1c, for example). To quantity the effect of HgTe on transport, we look at the hole mobility, and more precisely at the µ e /µ h electron to hole mobility ratio. By taking the derivative of the transfer curves, we can evaluate this ratio for pure HgSe, HgTe and core/shell devices. Figure 4.9b shows that there is a clear drop in the µ e /µ h ratio between the pure HgSe material and all the heterostructured materials synthesized during this project. For the sake of comparison, the µ e /µ h ratio for pure HgTe nanocrystals featuring interband transition around 4000 cm -1 has been provided. Activation energies of both devices have also been measured by cooling down the samples in the dark and under 1 V bias, see Figure 4.9c. The activation energy relates on how the dark current of a device is reduced when the operating temperature is lowered, and is a critical figure of merit for an infrared-sensing material. Just as reported earlier, the HgSe core-only material features a fairly low activation energy of around 40 ± 20 meV. The HgSe/HgTe heterostructured material, on the other hand, features an impressively larger 180 ± 20 meV activation energy, with the dark current dropping by three orders of magnitude between 300 K and 100 K. By looking at the dark current only, this is a very strong performance improvement compared to the pure HgSe material. Not only the dark current is reduced at room temperature, but the activation energy is significantly increased, meaning that the dark current drops by several orders of magnitude at cryogenic temperatures. Interestingly, the value of 180 meV is higher than half of the intraband optical bandgap in HgSe (E Intraband 300 meV), indicating that the HgTe shell is indeed involved in the carrier transport.

From the transport point of view, it looks like the material behaves like an undoped (or very lightly doped) material, while preserving the intraband optical absorption. We now need to know if we still observe MWIR photocurrent in those devices.

In that scope, we use our 4.4 µm (2270 cm -1 ) Quantum Cascade Laser to resonantly excite the intraband transition in HgSe. By using this very narrow optical source, we make sure that any observed photocurrent origins from absorption in the MWIR intraband transition of HgSe material. The experiment is schematized in Figure 4.10a: the QCL working in quasi-CW is optically chopped at low frequency and sent onto our devices, enclosed in a cryostat. Photocurrent is either directly measured by the source-meter, or amplified and visualized on a oscilloscope. Temporal traces of the photocurrent are provided in Figure 4.10b for pure HgSe cores (measured at 100 Hz) and in Figure 4.10c for the HgSe/HgTe heterostructures (measured at 1 kHz). While the pure HgSe material displays the same very slow, symmetrical photoresponse as described earlier, the HgSe/HgTe heterostructured material is much faster, with rising and falling times measured around 50 µs, limited by the speed of the optical chopper blade. Another way of presenting the same effect is to plot the frequency dependence of the photocurrent, see Figure 4.10d: HgSe core nanocrystals photocurrent continuously decreases with increased frequency while the HgSe/HgTe photocurrent is flat over the 1 Hz to 1 kHz window.

We then evaluated the responsivity and detectivity of those two devices at room temperature and under low frequency (10 Hz) excitation with a 982°C blackbody equipped with a 1.9 µm Ge filter. The noise of those devices is found to be 1/f -limited for both materials. The detectivity is found to be more than 30 times higher for heterostructures than for pure HgSe material, even in conditions where the heterostructure does not benefit from all their advantages (detectivity measured at room temperature and at 1 Hz). Heterostructuring HgSe with HgTe is hence a valid approach to improve the material optoelectronic properties. By growing an epitaxially-connected HgTe "shell" on HgSe nanoparticles, we observe a dramatic effect on the transport properties of the material, while the key optical property of the HgSe nanoprarticles (namely, the presence of intraband absorption in the MWIR due to electron doping) is preserved. Charge transport in this new material is very similar to what is measured in arrays of intrinsic, weakly coupled nanocrystals (see chapters 2 and 3). As a result, this material seems to solve the three main issues encountered while building HgSe-based photodetector devices:

• Dark current shows significant reduction, even at room temperature • Activation energy is improved up to 180 meV, higher than half of the optical intraband bandgap of HgSe.

• The photocurrent shows fast dynamics.

Perspectives for HgSe/HgTe nanocrystals

These results can be seen as a signature of a successful electron transfer from HgSe to HgTe after photon absorption, and transport through an array of (intrinsic) HgTe-like nanoparticles. The devices made with those nanocrystals are nevertheless not extraordinary efficient, and need to be improved: responsivity of the devices is notably fairly low (around 10 µA/W) because of low absorption (films in those devices are ∼ 50 nm thick, resulting in ∼ 1 % light absorption in the MWIR). However, the synthesis of those particles being still quite challenging, the produced amounts of nanocrystals remain limited. In the last section of this chapter, I will present a different, yet similar approach allowing to achieve even higher performances with HgSe-based photodetection.

In the process of understanding the band diagram of such heterostructured nanoparticles, we stumbled around a question: since HgTe grows epitaxially onto HgSe, and since there is a small 6% lattice mismatch between the two crystal structures, what is the effect of interfacial pressure at the HgSe/HgTe interface, and can it explain the observed changes in the optical properties of the nanocrystals? To answer these questions and go further into the global comprehension of nanoscale mercury chalcogenide systems, we looked into the effect of pressure on several nanocrystals. The next section is dedicated to such investigations.

Effect of pressure on narrow-bandgap materials

The question of pressure effect on mercury chalchogenide nanocrystals came from our work on HgSe/HgTe nanocrystals, as presented earlier. While the effect of temperature on the optical spectrum of HgSe and HgTe has been quite extensively studied, mostly because of their interest for infrared detection requiring low-temperature operation [START_REF] Martinez | HgSe Self-Doped Nanocrystals as a Platform to Investigate the Effects of Vanishing Confinement[END_REF][START_REF] Lhuillier | Thermal properties of midinfrared colloidal quantum dot detectors[END_REF][START_REF] Lhuillier | Optical properties of HgTe colloidal quantum dots[END_REF], the effect of pressure on those nanocrystals has never been reported. The unusual band diagram of bulk HgTe and HgSe (inverted band diagram, semi-metal nature, ...) makes that mercury chalcogenide nanocrystals are an interesting platform to study these effects. Interestingly, in their bulk phase, pressure effect in HgTe and HgSe has been investigated in the last century [START_REF] Katsuki | Effect of Pressure on the Band Structure of HgTe: Pseudopotential Calculation[END_REF][START_REF] Huang | Pressure-induced phase transitions of HgSe[END_REF]. More recently, topological insulators have motivated the study of HgTe thin films under strain [START_REF] Brüne | Quantum Hall Effect from the Topological Surface States of Strained Bulk HgTe[END_REF]. The peculiar band diagram of HgTe and HgSe makes that even under nanocrystal form, they do not behave like traditional II-VI semiconductor nanocrystals (CdSe, CdS, ...). For example, their interband transition (1S h →1S e ) red-shifts at low temperature instead of the expected blue-shift.

Moreover, knowledge about the pressure effect on the nanostructures is mandatory to get a good understanding of the interfacial effects occurring while growing heterostructures with mercury chalcogenides: due to lattice mismatch, interfacial strain appears when epitaxially growing two materials on top of each other. In this section, I will present theoretical and experimental results obtained in collaboration with Franscesco Capitani at the SMIS beamline of Soleil Synchrotron and Sébastien Sauvage at C2N, who provided k•p simulation.

Evaluation of the interfacial pressure in HgSe/HgTe nanocrystals

In a first approach, we wanted to evaluate the impact of lattice mismatch in HgSe/HgTe coreshell nanocrystals optical properties: as I presented in the last section, while growing HgTe on top of HgSe, we see a strong shift of the interband absorption (see Figure 4.7b) from around 5500 cm -1 to 4000 cm -1 , corresponding to a 180 meV red-shift. We mostly attribute this red-shift to hole delocalization in the HgTe shell, but we want to evaluate how much of this spectrum modification can be explained by pressure effects at the HgSe/HgTe interface. For a spherical core/shell nanoparticle geometry, the interfacial pressure is given by [START_REF] Ithurria | Mn2+ as a Radial Pressure Gauge in Colloidal Core/Shell Nanocrystals[END_REF]:

P i = 2εY core Y shell × R 3 shell R 3 core -1 [2Y shell (1 -2ν core ) + Y core (1 + ν shell )] R 3 shell R 3 core -2[Y shell (1 -2ν core ) -Y core (1 -2ν shell )] (4.4) 
Where Y c/s and ν c/s are the Young modulus and the Poisson ratio of the core and shell materials, and ε is the lattice mismatch (6 %). Since the two materials (HgSe core and HgTe shell) are very similar structurally speaking, we assume that Y core = Y shell = 40 GPa [START_REF] Kurilo | Mechanical Properties of ZnTe, CdTe, CdHgTe and HgTe Crystals from Micromechanical Investigation[END_REF] and ν core = ν shell = 0.46 [START_REF] Rössler | II-VI and I-VII Compounds; Semimagnetic Compounds, ser. Condensed Matter[END_REF]. Equation 4.4 then becomes:

P i = 2εY HgX 3(1 -ν HgX ) 1 - R 3 core R 3 shell 1.4 GPa (4.5) 
We can then evaluate the effect of this interfacial pressure on the bandgap of HgSe nanocrystals. Using a deformation potential of a P = 4.9 meV/kbar reported for bulk HgSe [START_REF] Wei | Predicted band-gap pressure coefficients of all diamond and zincblende semiconductors: Chemical trends[END_REF], we have:

δE G = a P P i = 68 meV (4.6)
Which is too low to explain the observed 180 meV red-shift. Moreover, the shape of the particles deviates strongly from this spherical core-shell model, as seen by TEM imaging, so we can expect the interfacial pressure to be even lower considering the small surface of contact between the HgSe and HgTe coupled nanoparticles. As a result, this red-shift of the interband transition can be attributed mostly to the hole delocalization in HgTe. Nevertheless, it is important to quantify precisely the effect of this kind of interfacial pressure, notably for future use of alternative shelling materials.

Fourier-transform Infrared Spectrocopy under pressure at Soleil synchrotron

To investigate the effect of hydrostatic pressure on the optical properties of HgTe and HgSe nanocrystals, we used the high pressure infrared spectroscopy setup of SMIS beamline at Soleil synchrotron. The setup is presented in Figure 4.11. In a synchrotron, low energy infrared photons are created through bremsstrahlung due to deceleration of the electron beam. Because of their low energy, production of these photons does not requires to alter the electron beam trajectory: they are emitted even when the beam travels in a straight line, due to continuous deceleration of the electrons. As a result, they can be collected by bringing a mirror sufficiently close to the electron beam. While a synchrotron source does not produce significantly more photons than a typical lab FTIR glow-bar source, the beam brillance is much higher because of a low angular divergence.

The experiment, described in Figure 4.11a, relies on a modified commercial FTIR to produce high order infrared "white light" from the synchrotron infrared beam passing through a Michelson interferometer. This light is then coupled into a Cassegrain microscope focusing the light into the 150 µm hole of the high pressure Diamond Anvil Cell (DAC) containing our sample, and focused onto a nitrogen-cooled MCT MWIR-LWIR detector. The output of the detector is then sent back into the FTIR to lock its signal to the mirror displacement and perform the Fourier transform necessary to obtain the absorbance spectrum of our sample. The Diamond Anvil Cell is schematized in Figure 4.11b: it consists in two diamonds cut with a 150 µm flat, facing each other. A stainless steel gasket, shown in Figure 4.11c is embedded into the cell between the two diamond flats. Our nanocrystal sample is contained within that gasket, drop-cast from colloidal solution onto a clear NaCl layer used to fill the voids and efficiently transmit the pressure. The pressure is increased in the DAC by inflating a metallic membrane with helium, pushing the diamonds together. The pressure is monitored by following the fluorescence signal of a ruby microcrystal included within the NaCl window, inside the DAC. Our experiments explore a low range of pressure, mainly between 0 and 5 GPa, and up to 12 GPa. In this section, I present the effect of pressure on both HgTe and HgSe materials. Two sizes of HgTe nanocrystals and three sizes of HgSe nanocrystals have been studied in this work to get an accurate picture of the pressure effect on the nanocrystal's energy diagrams.

HgTe nanocrystals under pressure: a story of gap-opening

HgTe nanocrystals crystallize in a cubic zinc-blende (F 43M ) structure. In its bulk form, HgTe transforms into a cinnabar phase (P 3 1 21) at 1.4 GPa [START_REF] San-Miguel | Pressure evolution of the cinnabar phase of HgTe[END_REF][START_REF] Wright | Crystal structure of the cinnabar phase of HgTe[END_REF], which is a fairly low pressure: our previous calculations shows that it is in the expected range of interfacial pressure for shell growth, see Equation 4.5. This cinnabar phase is stable up to 8 GPa in the bulk, then the material undergoes another phase transition toward rock-salt structure [START_REF] Werner | High-pressure x-ray diffraction studies on HgTe and HgS to 20 GPa[END_REF]. It is not clear how those phase transitions are affected once the material is under nanocrystal form, so I firstly present high-pressure X-Ray Diffraction results obtained with the IMPMC lab, allowing to indentify phase transitions in our material. To get a good understanding of the material behavior under high pressure, we study two different sizes of nanocrystals: HgTe "4k" with a band-edge around 4000 cm -1 (500 meV), and HgTe "6k" with a band-edge around 6000 cm -1 (740 meV).

Phase transition

The high-pressure XRD experiment done at IMPMC lab with Benoit Baptiste and Stefan Klotz employs the same Diamond Anvil Cells (DAC) presented earlier. We use HgTe 4k to determine the pressure threshold for phase transition in HgTe nanocrystals: X-ray diffractograms are presented in Figure 4.12a. The zinc-blende structure is clearly identified at low pressure and remain stable up to at least 3 GPa. Under 5.5 GPa of pressure, a clear phase change is observed: the new phase corresponds to a cinnabar phase. This pressure is much higher than the 1.4 GPa threshold pressure reported for bulk HgTe [START_REF] San-Miguel | Pressure evolution of the cinnabar phase of HgTe[END_REF][START_REF] Wright | Crystal structure of the cinnabar phase of HgTe[END_REF]: this change of threshold toward higher pressure has already been observed for CdSe nanocrystals, and attributed to a nucleation barrier delaying the phase transition [START_REF] Tolbert | Size Dependence of a First Order Solid-Solid Phase Transition: The Wurtzite to Rock Salt Transformation in CdSe Nanocrystals[END_REF]. b. c.

Fig. 4.12 Phase transition in HgTe nanocrystals under pressure. a. X-ray powder diffractograms for HgTe "4k" nanocrystals (with band-edge around 4000 cm -1 ) under increasing pressure. Phase transition occur between 3.7 GPa (last blue curve) and 5.5 GPa (red curve). b. Zoom on the [START_REF] Chen | Reversible Electrochemistry of Mercury Chalcogenide Colloidal Quantum Dot Films[END_REF] Bragg reflection peak for HgTe nanocrystals in the zinc-blende phase. c. Lattice parameter of HgTe zinc-blende phase under increasing pressure, extracted from the [START_REF] Chen | Reversible Electrochemistry of Mercury Chalcogenide Colloidal Quantum Dot Films[END_REF] Bragg reflection.

By looking at the [START_REF] Chen | Reversible Electrochemistry of Mercury Chalcogenide Colloidal Quantum Dot Films[END_REF] Bragg reflection, we can extract the lattice parameter on HgTe in the zinc-blende phase, and follow its evlution with pressure (see Figure 4. 12b andc). We obtain a pressure coefficient of da/dP = -6.4 × 10 -3 nm/GPa, and an average lattice parameter a 0.645 nm. We can then calculate the bulk modulus at zero pressure B HgTe = -dP/(3da/a) 33 GPa, very close to the value of 34 GPa expected for bulk HgTe. With a Poisson coefficient ν HgTe = 0.288 [START_REF] Düz | First principles investigations of HgX (X=S, Se and Te)[END_REF], we obtain a Young modulus of Y HgTe = 3B HgTe (1 -2ν HgTe ) = 42 GPa, again close to the commonly admitted 40 GPa for bulk HgTe.

Pressure effect in the zinc-blende domain

We then explore the effect of pressure on optical properties of HgTe nanocrystals. Since the cinnabar phase does not present any narrow-bandgap, we are only interested in the low pressure regime where the material stays in the zinc-blende phase and where the band diagram of HgTe is known. The signature of the phase change is visible in the optical spectrum of HgTe: the spectrum becomes featureless around 3 GPa, and only shows a strong, continuous baseline increase for higher pressures [START_REF] Livache | Effect of Pressure on Interband and Intraband Transition of Mercury Chalcogenide Quantum Dots[END_REF]. It is important to note that for every sample studied in this section, the effect of pressure is reversible (with notable hysteresis) and does not seem to lead to any sintering effect.

The evolution of both HgTe 4k and 6k spectra under pressure is pictured in Figures 4.13a and b, and consistently shows a blue shift of the 1S h → 1S e interband transition under increasing pressure. The band-edge energy of both nanocrystal samples are extracted from the FTIR spectra and plotted in Figure 4.13c against the cell pressure. In the 1 to 2 GPa range, a linear fit of the bandgap evolution with pressure is provided, allowing to extract dE inter 60 meV/GPa for both sizes of nanocrystals. Infrared spectra under increasing pressure of HgTe "4k" nanocrystals, with a band-edge around 4000 cm -1 at ambient pressure. Final pressure is 2.7 GPa. b. Infrared spectra under increasing pressure of HgTe "6k" nanocrystals, with a band-edge around 6000 cm -1 at ambient pressure. Final pressure is 3.2 GPa. c. Evolution of the band-edge energy for both HgTe nanocrystals (4k and 6k). Linear fits are provided at low pressure (0-2 GPa).

To understand the origin of this blue shift, we firstly use a simple, infinite well quantum box model. In such a model, the interband transition energy is given by:

E inter (P ) = E 1Se -E 1S h = E bulk (P ) + 3 2 π 2 2m * h (P )(2R QD (P )) 2 + 3 2 π 2 2m * e (P )(2R QD (P )) 2 (4.7)
Where E bulk (P ) is the bulk bandgap of HgTe (0 at ambient pressure), m * h (P ) and m * e (P ) are the effective hole and electron masses in the parabolic model, and R QD (P ) the nanocrystal mean radius. Considering such an expression, one can expect the applied pressure to have an effect on the bulk bandgap, the effective masses (i.e. the bands curvature), and the nanocrystal mean radius.

We first consider the nanocrystal radius: under compression, nanocrystals shrink. Thanks to XRD measurements, we can estimate that under 1 GPa, the nanocrystals radius is reduced by ε = P/(3B HgTe ) = 1%. A size reduction leading to an increase of confinement, a blue shift of the interband transition is expected: we can quantify it using Equation 4.7:

∆E inter (P ) E inter (P = 0) = 2 ∆R QD (P ) R QD (P = 0) ≈ 2% (4.8)
Which is much smaller than the observed ∼ 10% shift at 1 GPa. As a result, a significant contribution of the shift is brought by either a change in effective masses or a change in the bulk bandgap of HgTe. To discriminate between the two, we need a deeper understanding of the HgTe band structure behavior under pressure.

HgTe nanocrystals under strain through k•p simulation

To get a deeper understanding of the physical processes at play, we asked Sébastien Sauvage from C2N to perform k•p simulation on HgTe under compressive strain. He uses a 8-bands k•p formalism, and as a starting point he fits the DFT-calculated band structure proposed by Svane et al. with the 8-bands k•p model. Strain is introduced as a deformation potential in the structure, choosen to be γ HgTe = -2.4 eV between Γ 8 and Γ 6 bands to quantitatively fit the experimentally observed shifts. I will discuss the slight difference between this value and the one reported in literature later in this section.
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E(k) = E(k = 0) + 2 k 2 /(2m * ).
Figure 4.14a presents the band structure of bulk HgTe under increasing strain, around the center of the Brillouin zone. The deformation ε = da/a is negative to simulate compressive strain. Whenever strain is applied to the structure, the bands start to deform. Particularly, the conduction Γ 8 band curvature increases (i.e. the electron effective mass decreases for strains below 2.2 %. The valence Γ 6 band shifts upward as soon as strain is applied, but this should have no effect on the interband absorption of the material since the relevant valence band (of higher energy) is the Γ 8 band. For a 2.2 % strain, the Γ 6 band touches both Γ 8 bands at the Γ point. Below this critical value, the bandgap of the bulk material remains null because it is defined by the two Γ 8 bands, touching at Γ point. Above this critical value of |ε| = 2.2 %, the band ordering is swapped: the Γ 6 band moves above the Fermi level and becomes the conduction band, while the Γ 8 band becomes a valence band. A direct bandgap opens at the Γ point between the conduction and valence bands of strained HgTe. From that point of view, the band diagram of HgTe under sufficient strain becomes non-inverted and looks like a typical II-VI semiconductor band diagram.

In this simulation, the interband transition in a HgTe nanocrystal is defined by taking a slice in the band diagram at discrete wave vectors from the family:

k ±1±1±1 = π R QD (±1, ±1, ±1) (4.9) 
In practice, we look for k vectors along the Γ -L direction and take slices at different u such as k = u × 2π/a. From the non-strained band diagram, we find that HgTe 4k with a 500 meV bandgap corresponds to u = 0.08, and that HgTe 6k with a 740 meV bandgap corresponds to u = 0.1. Figure 4.14b shows the evolution of the interband energy E inter (ε) for different values of u under increasing compressive strain. At the center of the Brillouin zone (i.e. at u = 0), the two regimes of pressure effect are clearly identified with a constant, null bandgap up to ε = -2.2 % (in the effective mass regime), then a continuous increase of the interband energy in the gap opening regime. For u = 0 though (the case corresponding to actual confined nanocrystals), those two regimes are indistinguishable: the increase of bandgap energy is linear for the whole range of explored strain. In other words, away from the center of the Brillouin zone, the two regimes have the same quantitative effect despite having different physical origins.

The equivalent mass, i.e. the effective mass m * that gives the k•p-calculated energy E(k) of the conduction band at the k point through the formula E(k) = E(k = 0) + 2 k 2 /(2m * ), has been plotted for u = 0 and u = 0.1 in Figure 4.14c. The two regimes are clearly identified here: the equivalent mass decreases below a 2.2 % strain, then the gap opens at 2.2 % strain and the effective mass slowly increases to retrieve its original value, compensating the effect of bandgap opening. This simulation reproduces well the experimental results, because it predicts a quasi-linear blue shift of the HgTe nanocrystal interband transition, see Figure 4.14, and because the slope of this shift with strain is poorly dependent on the nanocrystal size (i.e. on u). The extracted slopes dE inter /dε are provided in Figure 4.14, and can be converted to meV/GPa using the measured bulk modulus of HgTe nanocrystals through:

dE inter dP = dE inter dε × 1 3B HgTe (4.10)
Leading to the ∼ 60 meV/GPa measured experimentally. The value of the deformation potential γ HgTe = -2.4 eV between Γ 8 and Γ 6 have been chosen to reproduce this expected rate of variation with pressure. It differs significantly from the reported value by Latussek et al. [START_REF] Latussek | Deformation potentials of the semimetal HgTe[END_REF] for HgTe/HgCdTe superlattices (γ Latussek = -3.69 eV). This difference likely results from the presence of ligands in our material, making that the medium does not "feel" the pressure effect as fast as a bulk medium due to a significant damping of the strain into the ligand shells.

HgSe intraband nanocrystals under pressure

The pressure dependence of the HgSe intraband transition was also investigated. In this scope, we prepared three HgSe samples displaying intraband absorption at 3000 cm -1 (HgSe "3k", 370 meV), 2500 cm -1 (HgSe "2.5k", 300 meV) and 1000 cm -1 (HgSe "1k", 120 meV).

HgSe is structurally very similar to HgTe, with a cubic zinc-blende crystalline structure. In the bulk, HgSe undergoes the same phase transitions as HgTe, only with slight differences in the threshold pressures. Again, the signature of the zinc-blende to cinnabar phase transition in the optical spectra of HgSe is, just as for HgTe, a disappearing of any feature followed by a strong increase of the baseline. This transition occurs around 4 to 5 GPa. As we are interested in the narrow-bandgap semiconducting phase, we limit our study to pressures up to 4 GPa in the following.

HgSe nanocrystals under pressure: optical properties in the zinc-blende domain

Infrared spectra of the intraband transition in HgSe 2.5k are presented in Figure 4.15a. Initially centered around 2500 cm -1 , this peak red-shifts while the pressure is increased. In addition to this shift toward low energies, the intensity of the absorption peak dramatically decreases. While this behavior is consistently observed for the three sizes of materials we studied, they do not present the same rate of evolution with pressure, see Figure 4.15. Infrared spectra of the intraband absorption peak in HgSe nanocrystals (around 2500 cm -1 at ambient pressure) under increasing pressure. Raw data are displayed in dashed lines and Gaussian fits in thick lines. Final pressure is 3.7 GPa. b. Intraband peak energy extracted from Gaussian fits of the infrared spectra for three different sizes of HgSe nanocrystals ("3k" around 3000 cm -1 , "2.5k" around 2500 cm -1 and "1k" around 1000 cm -1 ). A linear fit is provided in the low pressure regime (0-2 GPa). c. Calculated change of the intraband effective mass under pressure for HgSe "2.5k" nanocrystals.

To understand the origin of this red-shift, we can write a parametrized expression for the intraband energy:

E intra (P ) = E intra (P = 0) + 2 k 2 2m * intra (P ) with k = √ 3π 2R QD (P ) (4.11)
Where m * intra (P ) is the intraband equivalent mass giving the transition E intra (P ). We can note that the bulk bandgap of the material does not contribute to this expression, contrary to the HgTe case. Just like HgTe though, we can expect a shrink of the nanocrystal under pressure. This reduction of R QD would have the same effect as for HgTe: an increase of confinement, leading to a blue-shift of the intraband transition. A red shift is observed here, so this size shrinking effect must be counterbalanced by a change in the intraband equivalent mass. We can estimate this change by writing: E intra (P ) E intra (P = 0) + P • dE intra (P ) dP (4.12)

Where we relate the nanocrystal radius to pressure through the bulk modulus of HgSe B HgSe with R QD (P ) R QD (P = 0)[1 -P/(3B HgSe )]. We obtain the following expression:

m * intra (P ) m * intra (P = 0) = R 2 QD (P = 0)E intra (P = 0) R 2 QD (P )E intra (P ) 1 + dE intra (P ) dP • P E intra (P = 0) 1 - P 3B HgSe -2 (4.13)
Using the experimentally measured dE intra (P )/dP = -9.4 meV/GPa for HgSe 2.5k, we can estimate the change in the intraband equivalent mass using equation 4.13. The result is given in Figure 4.15c: the intraband equivalent mass increases under pressure, leading to a flattening of the bands and to a narrowing of the intraband transition. At 2 GPa, the relative increase of the equivalent mass is around 10 %.

The other manifestation of the pressure is a strong reduction of the intraband signal for the three sizes of studied nanocrystals. This effect can be attributed to a doping reduction consequent with the opening of the bandgap: if the gap opening has no visible effect on the intraband transition, it pushes the conduction band higher in energy, away from the Fermi level. The consequence of this upward shift is that the population of the 1S e level is reduced as the pressure is increased, leading to the progressive disappearing of the associated intraband transition.

Consequences for HgSe-based heterostructures

From such experiments, we can draw several conclusion on HgSe sensibility to interfacial pressure in core/shell heterostructures. The first obvious point is that in the zinc-blende structure of HgSe must be preserved to observe intraband transitions: the zinc-blende to cinnabar transition, occurring around 4 GPa, is observed as a total loss of any clear feature in the infrared spectrum. This limits the choice of shelling materials to materials presenting a limited lattice mismatch with HgSe, or to very thin shells. Furthermore, even in the zinc-blende structure, the effect of increasing pressure on the intraband contribution in HgSe is non-negligible, since a continuous red-shift and decrease of the intraband absorption peak is observed due to the bulk bandgap opening and depopulation of the 1S e level.

The consequence for HgSe-based heterostructures is that very carefull control over the interfacial pressure is required to preserve the intrand transition of the HgSe core materials. This notably explains the strong reduction or disappearance of the intraband contribution in HgSe/CdS core shellstructures [START_REF] Sagar | HgSe/CdE (E = S, Se) Core/Shell Nanocrystals by Colloidal Atomic Layer Deposition[END_REF]. In our study of HgSe/HgTe "core/shell" particles, the fact that the growth of HgTe was more Janus-like than shell-like probably helped reducing the interfacial pressure, leading to a limited red-shift and de-doping of the HgSe nanoparticles.

As a result, this problem of interfacial pressure sensitivity of HgSe, combined with the challenge brought by the synthesis of such core-shell objects, makes that there are very few tunable parameters for the chemical design and production of HgSe heterostructures. In the next section, I present an alternative technique to engineer heterostructures at the device scale rather than at the nanoparticle level.

Designing a new narrow-bandgap energy landscape: toward colloidal QDIP

To go further in the concept of uncoupling optical and transport properties, we propose a new approach where we want to use a mixture of nanocrystals to reproduce the energy landscape of epitaxially-grown Quantum Well or Quantum Dot Infrared photodetectors. While nanocrystals are almost exclusively used as a single population with a very fine control of the size dispersion, mixing different populations of NC has been recently explored as a new approach to control the average doping at the whole device scale [START_REF] Yang | Charge Transport Modulation in PbSe Nanocrystal Solids by AuxAg1-x Nanoparticle Doping[END_REF] or to engineer new optoelectronic properties in light-emitting devices [START_REF] Pradhan | High-efficiency colloidal quantum dot infrared light-emitting diodes via engineering at the supra-nanocrystalline level[END_REF] and solar cells [START_REF] Yang | Mixed-quantum-dot solar cells[END_REF][START_REF] Sun | Multibandgap quantum dot ensembles for solar-matched infrared energy harvesting[END_REF].

In this section, I will present how we engineered efficient charge transport between doped intraband HgSe nanocrystals and HgTe nanocrystals by copying the energy landscape of QWIP/QDIP devices. The main idea of this section is that we want to reproduce, with colloidal materials, the energy landscape of QWIP or QDIP detectors. The idea is to create a c-QDIP, a colloidal Quantum Dot Infrared Photodetector. In a Quantum Well Infrared Photodetector, as discussed earlier, infrared absorption is provided by the degeneratly doped Quantum Wells (QW) featuring intraband transitions (GaAs, typically). Because those QW are epitaxially grown, they need to be confined by a barrier material, AlGaAs in our example. As shown in Figure 4.16a, such devices are engineered so that two levels are located in the QW, a ground level and an excited level. The excited level is made resonant with the barrier, so that the promoted electron can be efficiently transferred to the wide-bandgap, undoped barrier material. This strategy allows to uncouple photon absorption (due to QW) and carrier transport (mostly done in the barrier material) and to achieve reasonably low dark current despite relying on doped materials for intraband absorption. Devices are constituted of multiple quantum wells for enhanced absorption, but the QW are uncoupled from each other to prevent tunneling, which would be detrimental from the dark current point of view. As a result, both the energy of the ground and excited states as well as the QW spacing must be precisely controlled in such devices.

The Quantum Dot Infrared Photodetector, or QDIP, is the 0-D counterpart of QWIP. It relies on epitaxially grown, confined Quantum Dots. Its principle of operation is nevertheless the same as the QWIP: the excited levels of the Quantum Dots are engineered to be resonant with the surrounding barrier.

As pictured in Figure 4.16b, we can reproduce a similar energy landscape and working principle with HgSe and HgTe mixed nanocrystals and build a colloidal Quantum Dot Infrared Photodetector or CQDIP. HgSe is our "Quantum Well" or "Quantum Dot" material, while our transport matrix would be the HgTe nanocrystal network. In a random mix of particles, we can expect to observe a strong reduction of the dark current once the ratio of HgSe nanocrystals falls behind the percolation threshold: in other words, when it is not possible to create a current path only using HgSe nanocrystals.

As seen on TEM pictures shown in Figure 4.16c, HgSe and HgTe nanocrystals have fairly different shapes. HgTe usually presents tetrapodic shapes while HgSe are small spheres. The two kinds of nanocrystals nethertheless self-assemble fairly well and can be brought in intimate contact even with long capping ligands, as seen in the inset of Figure 4.16c.

The important parameters to control in the CQDIP hybrid structure are pictured in Figure 4.17a. Just like in the QWIP or QDIP heterostructures, we want the excited level of our HgSe nanocrystals (HgSe 1P e level) to be resonant with the conduction band of our transport material, constituted by HgTe nanocrystals (HgTe 1S e ) levels). The energy mismatch between those two levels is noted ∆E in the following, defined as ∆E = (E HgTe 1Se -E HgSe 1Pe ). The distance between two HgSe absorbers should also be controlled: we call ∆L the average distance between two HgSe nanocrytals in a mixed film. Figure 4.17b presents the four materials of interest for this section. For the sake of simplicity, and also to match our MWIR 4.4 µm light source, we fixed the size of HgSe nanocrystals. In the following, HgSe nanocrystals present intraband absorption around 2500 cm -1 , or 280 meV. I used three different sizes of HgTe nanocrystals to create hybrid CQDIP materials: HgTe 3k with a bandgap around 3000 cm -1 , HgTe 4k with a bandgap around 4000 cm -1 and HgTe 6k with a bandgap around 6000 cm -1 . I reconstructed the energy diagram of those four materials from photoemission measurements and optical spectroscopy in Figure 4.17c. We can evaluate the ∆E energy distance from HgSe 1P e to HgTe 1S e from those isolated materials measurements, considering that Fermi levels of the materials align whenever they are mixed together and intimately brought in contact through ligand exchange. The inset of Figure 4.17c shows that the smallest value of ∆E is obtained for HgTe 3k (∆E 3k = -28 meV), while the 1S e levels of HgTe 4k and 6k are above the 1P e level of HgSe (∆E 4k = 90 meV and ∆E 6k = 320 meV, respectively).

The other tunable parameter is the average distance ∆L between two HgSe nanocrystals in a film made from a HgSe/HgTe mix. This parameter is controlled via the HgSe ratio in the initial mix. In a first step, two solutions of HgSe and HgTe nanocrystals are diluted so their absorbance at 415 nm matches. This ensures a similar concentration in mercury atoms in the solutions [START_REF] Lhuillier | Optical properties of HgTe colloidal quantum dots[END_REF]. They are then mixed together in a volume ratio x V = V HgSe /(V HgSe + V HgTe ). Assuming a 50/50 stoechiometry and similar atomic densities for the two nanocrystals, we can express the HgSe nanocrystal ratio as:

x HgSe = V HgSe V HgSe + v HgSe NC v HgTe NC V HgTe (4.14)
Where v HgSe NC /v HgTe NC is the individual nanoparticles volumic ratio. Using TEM images, I estimated this ratio to be around 1/3 for a HgSe (5 nm sphere) / HgTe 4k ( 12 nm tetrapod) mix. Figure 4.18a gives the resulting values of x HgSe for several volumic ratios. There is a reasonnably good match between those calculated values and those obtained with EDX elementary analysis (based on Se/Te ratios corrected with the same expression as 4.14). Infrared spectra of HgSe/HgTe 4k material are presented in Figure 4.18b. As expected, the intraband to interband absorption ratio scales linearly with the N HgTe /N HgSe = 1 -1/x HgSe nanocrystals ratio. From here, we can estimate the average distance between two HgSe nanocrystals in a charge percolation path. This can be thought as a one-dimensional situation, where on average two HgSe nanocrystals are separated by N HgTe /N HgSe nanocrystals. The distance ∆L is then:

∆L = (l ligands + 2R HgTe ) × N HgTe N HgSe = (l ligands + 2R HgTe ) × 1 - 1 x HgSe (4.15)
Where N HgTe /N HgSe is the HgTe to HgSe nanocrystals ratio, l ligands is the capping ligands length (taken as 0.5 nm) and 2R HgTe is the mean HgTe nanocrystal size. Figure 4.18c gives the estimated ∆L for HgSe/HgTe 4k with different HgSe fractions: by tuning the HgSe nanocrystal fractions from 100 % to 18 %, we tune the average inter-HgSe distance from ∼ 1 nm to ∼ 60 nm.

By changing the constituents of the mix and their relative proportions, we are able to finely control and optimize the absorption and transport properties of this hybrid material. I went on to build devices from those materials to find the optimized configuration leading to good MWIR photodetection performances.

Optimization of the hybrid material for intraband photodetection in the MWIR

Basic photoconductive devices can be built from those mixed HgSe/HgTe solutions. Solutions are drop-cast from hexane:octane onto interdigitated electrodes, and the films are cross-linked by a ligand exchange toward ethanedithiol (EDT). Since all the solution absorbances are normalized, devices of similar thicknesses are built by using the same number of deposition and exchange step for all variations of the material constituents and fractions. Solutions containing HgTe 3k are deposited through dip-coating instead of drop-casting, since the colloidal stability of HgTe 3k is not good enough in the hexane:octane drop-casting solvent. Devices have a ∼ 100 nm thickness, and they are transferred into a close-cycle cryostat directly after deposition.

The main figure of merit I choose to use for optimization of the HgSe/HgTe CQDIP material is the photocurrent over dark current ratio I photo /I dark , taken in the same illumination conditions for all studied devices. It is a good figure of merit because it should scale as the detectivity (it is a signal to noise ratio), while being easier to evaluate. The measurement principle is given in Figure 4.19a. Each sample is enclosed in a cryostat and illumination is provided specifically on the HgSe intraband absorption peak by our 4.4 µm (2280 cm -1 ) Quantum Cascade Laser (QCL). Acquisition of the signalto-noise ratio I photo /I dark is done by optically chopping the laser at 1 Hz and continuously acquiring the current temporal traces. Figure 4.19b gives two examples of such temporal traces, for a HgSe (35 %) / HgTe 4k mix and a pure HgTe material. While there is an obvious effect of the laser illumination on the HgSe-containing sample, with sharp, 1 Hz-modulated current peaks, temporal traces for pure HgTe 4k show no modulation at all under illumination, proof that any observed photocurrent origins from absorption in HgSe nanocrystals and not from a potential sub-bandgap absorption in HgTe nanocrystals.

I then screened the effect of ∆E by changing the composition of the mix from HgTe 3k to HgTe 4k and 6k (for which respectively ∆E = -18 meV, 90 meV and 320 meV), with a fixed HgSe fraction of 35 % (∆L 25 nm). Results are presented in Figure 4.19c. Because this measurement is temperatureresolved, we can understand the effect of ∆E variation at high and low temperature regimes. Mixtures with HgTe 4k and HgTe 6k start around the same value at room temperature, but the improvement brought by cooling down is much superior in the case of HgTe 4k. Indeed, while using a barrier material with a large bandgap such as HgTe 6k is good from the dark current point of view, it leads to poor extraction of the carriers generated in HgSe due to the large barrier, especially at low temperature where thermal activation is reduced. The shape of the temperature evolution of the HgTe 3k differs from the first two, with a low signal/noise ratio at high temperature, improving significantly as the device is cooled down. This is due to the narrow bandgap nature of HgTe 3k. Despite the barrier height being well optimized for this material (∆E 3k = -18 meV), there is a significant number of thermally activated carriers at room temperature in the barrier material (HgTe 3k is an intrinsic, n-type material). As a result, dark current is high in the device because of large thermal activation through the bandgap of the barrier itself. Electron collection from HgSe being efficient in this material, the signal/noise ratio is largely improved at cryogenic temperatures where the number of thermally activated carriers contributing to dark current in HgTe 3k is sufficently reduced. As a result, we choose to use HgTe 4k as a mixing material for the rest of this study: while featuring a 90 meV barrier, it is the material that performs the best for the whole range of temperatures. As a result and because of the band alignment of our materials, there is a trade-off between the bandgap of the barrier material (which is desired as big as possible) and the barrier height (which is desired as low as possible).

Next, I studied the effect of ∆L on the performances of the devices. I present in Figure 4.19d the temperature-resolved signal/noise ratios of HgSe/HgTe 4k devices with decreasing HgSe fraction. For high HgSe fractions, all the curves are mostly superimposed on the pure HgSe one, displaying a low signal/noise ratio and a very poor improvement with temperature (due to very limited reduction of dark current with temperature in HgSe, see section 4.1.2). In this regime, the devices are basically HgSe-driven. Below a 50 % HgSe fraction, there is a clear improvement of the devices signal/noise value, first at low temperature then on the whole temperature range for low HgSe contents. From this point, the transport looks HgTe-driven: this indeed corresponds to the percolation threshold we expected to find. Here again, there is an obvious trade-off because reducing the HgSe content reduces the overall MWIR absorption in the film. From the signal to noise ratio point-of-view though, our strategy is successful: by mixing together HgTe and HgSe nanocrystals, we see an efficient improvement of the MWIR detection by several orders of magnitude.

I also looked more directly on the dark current dependency on temperature: in pure HgSe devices, the activation energy E A of the dark current is fairly low (20 to 40 meV). Cooling curves (I dark (T )) for two devices are presented in Figure 4.20a, and the extracted activation energies for the whole family of HgSe/HgTe 4k devices is given in Figure 4.19b. From both those results, it is very clear that optimized CQDIP material behaves like pure HgTe 4k material from the transport point-of-view: not only the dark current is strongly reduced at room temperature compared to HgSe devices, but the activation energy of the CQDIP devices strongly increases below a 50 % HgSe fraction, to saturate around the activation energy of pure HgTe 4k devices. Evolution of activation energy is well fitted with a sigmoidal law to yield x threshold = 45 %, comparable with percolation thresholds for three-dimensional processes. Finally, I looked at the MWIR photocurrent dynamics in the HgSe/HgTe 4k CQDIP devices. For this experiment, the QCL laser is optically chopped at 100 Hz, the photocurrent is converted by a transimpedance amplifier and visualized onto an oscilloscope. Figure 4.20c shows normalized temporal traces of the photocurrent for decreasing fractions of HgSe in the CQDIP mix. Again, for high HgSe fractions the photcurrent features slow rising and falling times, very similar with pure HgSe; while for low HgSe fractions the photocurrent displays sharp rising and falling times, limited by the speed of the chopper blade. The rising times are again well fitted by a sigmoidal curve, see Figure 4.20d, with a threshold around 60 %.

In both the dark current characterization and photoresponse dynamics, we observe a very consistent signature of the uncoupling between optical properties and transport. While the optimized (i.e. HgSe (<40 %) / HgTe 4k) CQDIP devices feature optical absorption and photocurrent in the MWIR (HgSe-driven), their transport properties are clearly driven by the HgTe 4k nanocrystals network with high activation energy and fast photocurrent dynamics. As a result, our strategy allows to overcome the three main drawbacks of pure HgSe devices, by engeneering a new energy landscape through careful mixing with HgTe nanocrystals. In this sense, the performances improvement obtained with those CQDIP devices are very similar to that of HgSe/HgTe core-shell nanocrystals presented earlier, with an easier fabrication process and more flexibility: there is no need for epitaxially-connected nanocrystals nor synthesis in the new CQDIP design.

Reduction of apparent doping in the HgSe/HgTe CQDIP

As a final proof for the effective uncoupling between absorption and transport in our HgSe/HgTe 4k CQDIP material, I investigated the apparent doping of the material using both X-ray photoemission and transport measurements in field-effect transistor (FET) configuration. We now from previous data that HgSe nanocrystals are degenerately n-doped, and that HgTe 4k nanocrystals (with a bandgap around 4000 cm -1 or 500 meV) are intrinsic semiconductors. In a mixture of those two nanocrystals, we can measure an average, or apparent doping level in the hybrid material. I firstly used photoemission to measure the Fermi level position in our hybrid materials. Figure 4.21a presents the reconstructed energy diagram of HgTe 4k, HgSe and four mixtures with different HgSe fractions. For each spectrum, the valence band (1S h level) position is determined by photoemission and the conduction band levels (HgTe 1S e , HgSe 1S e and HgSe 1P e ) are determined using optical spectroscopy. In pure materials, the Fermi level lies in the middle of the bandgap for HgTe 4k and slightly above the 1S e level for HgSe, as expected from previous measurements. In the hybrid materials, the reconstructed spectra allow visualizing the average doping in the material: HgTe appears strongly more n-type while HgSe appear strongly de-doped. We see here a signature that the apparent doping seen through photoemission measurement is decoupled from the optical properties because intraband absorption is observed for every HgSe-containing sample. The valence band to Fermi level energy, measured on photoemission spectra, is plotted in Figure 4.21b: from this data, it is very clear that the average Fermi level position shifts downward relatively to the band structure, going continuously from a n-type material to a ambipolar material while the amount of HgSe is decreased.

I then looked at this apparent doping level from the transport point-of-view, using FET characterization. Using the same electrolyte-gating configuration as described before, we can follow the evolution of the devices transfer curves while decreasing the amount of HgSe in the mixture. Figures 4.21c, d and e presents three transfer curves, for pure HgSe, HgSe (35 %) / HgTe 4k mixture and pure HgTe. The shape of those transfer curves are indicative of the material doping, which rapidly switches from n-type only (increase of conductance under electron injection only) to ambipolar (increase of the device conductance under both electron and hole injection). Neutrality point (i.e. the gate voltage for which the current is minimized in the transfer curve) and hole/electron mobility ratios µ h /µ e have been extracted from each transfer curve and are presented in Figure 4.21f: both those parameters shows an apparent de-doping of the hybrid system, with a shift of the neutrality point toward positive voltages and a continuous increase of the hole mobility (with respect to the electron mobility) in the hybrid material. In this sense, this is another proof that the material behaves almost exactly like the HgTe 4k network from the transport point of view.

As a result, both photoemission and transport measurement in a FET configuration show a consistent de-doping of the system, indicative of the efficient decoupling of the optical and transport properties in our HgSe/HgTe 4k hybrid material. Now that we have this promising material, we would like to evaluate its performances into an optimized device. In the next section, I present how we integrated this hybrid HgSe/HgTe 4k material into a MWIR-sensing vertical device.

A multi-spectral, intraband-based MWIR photodiode

In this last section, I present how we integrated our HgSe/HgTe CQDIP hybrid material into a photodiode device. A photodiode, as introduced earlier (see section 1.2.5), allows zero bias operation thanks to a built-in voltage, which is critical to reduce the dark current associated with narrow bandgap materials. The active absorbing material in this diode is our optimized HgSe (35 %) / HgTe 4k mix.

Building a mid-wave infrared vertical device

While a significant number of NIR, SWIR or E-SWIR nanocrystal-based diode structures have been proposed in the last decade, there is only few reports for nancorystals in the MWIR range, and no report on intraband-based MWIR photodiodes. Because we want to build a vertical device, the first constraint is to find a transparent, conductive material to act as a bottom contact while allowing MWIR light transmission. In the visible to NIR and SWIR, transparent conductive oxides as tin-doped indium oxide (ITO) and fluorine-doped tin oxide (FTO) are widely used, but their transparency degrades strongly in the MWIR where they start to absorb a significant fraction of the incident light. Another issue with those materials is that they are mostly commercially available as a thin film deposited on glass, and glass strongly absorbs in the MWIR. A solution, used notably by the Guyot Sionnest group in Chicago for their HgTe-based MWIR photodiode [START_REF] Ackerman | Fast and Sensitive Colloidal Quantum Dot Mid-Wave Infrared Photodetectors[END_REF] is to sputter thin films of ITO on sapphire, achieving a ∼ 50 % transparency at 5 µm (2000 cm -1 ). This approach is nevertheless limited, because it is not extendable to longer wavelength. Instead, we used another approach based on the geometrical patterning of a metallic electrode. We designed a grid-shaped back-electrode consisting in a fine mesh of digits that are all connected together. Figure 4.22a shows the structure of this this patterned electrode, designed to allow transmission of up to 75 % of the incident light (i.e. the metal only covers 25 % of the optical area). We then pattern a sapphire substrate (MWIR transparent) using optical lithography and we thermally evaporate 80 nm of aluminum in the resist pattern. Resulting electrodes are presented in Figure 4.22b and c: the fine structure of the digits is well reproduced at the electrode level. Transparency of this electrode + substrate ensemble is measured to be around 70 % over the whole infrared spectrum and up to 1000 cm -1 , see Figure 4.22d. This strategy is versatile as a wide variety of metals (or conductive oxides) can be patterned this way, and is easily transferable to longer wavelengths. Another challenge with vertical MWIR devices is that the effort to identify good electron and hole transport (or blocking) layers have not yet been pushed up to the MWIR range. Recently, we identified that the typical TiO 2 or ZnO layers used as an electron transport material for many NIR to SWIR applications with PbS nanocrystals [START_REF] Tang | Colloidal-quantum-dot photovoltaics using atomic-ligand passivation[END_REF][START_REF] Chuang | Improved performance and stability in quantum dot solar cells through band alignment engineering[END_REF] were not well fitted for HgTe material in the SWIR, and lead to an important filtering of the photocurrent [START_REF] Martinez | HgTe nanocrystals ink for extended short wave infrared detection[END_REF]. Diodes proposed by the Guyot-Sionnest group use a thin layer of Ag 2 Te as a p-doped material to build an heterojunction with n-type HgTe. In our case, the particularity is that in the MWIR, the diode is unipolar: since MWIR sensitivity is due to intraband absorption in HgSe, there is no hole involed in the (MWIR-related) phototransport.

To introduce an asymmetry in our device, we choose to use the concept of unipolar barrier introduced by our group for HgTe-based, SWIR photodiodes [START_REF] Jagtap | Design of a Unipolar Barrier for a Nanocrystal-Based Short-Wave Infrared Photodiode[END_REF][START_REF] Martinez | HgTe nanocrystals ink for extended short wave infrared detection[END_REF]. This concept has been developed firstly for III-V semiconductors and their heterostructures [START_REF] Savich | Dark current filtering in unipolar barrier infrared detectors[END_REF][START_REF] Martyniuk | Barrier infrared detectors[END_REF]: in a photodiode structure, an unipolar barrier is a layer designed to filter only one of the carriers, while allowing the other to flow. As a result, it suppresses strongly the dark current associated with the blocked carrier. Figure 4.17c predicts a good valence band alignment between HgTe 6k and HgTe 4k, which forms the transport matrix of our active material: we hence choose to use a thin layer of HgTe 6k as an unipolar, electron-filtering layer.

An intraband-based MWIR diode with an unipolar barrier

The structure of the diode is schematized in Figure 4.23a, and consists in a stack of Al/HgTe 6k/(HgSe-HgTe 4k)/Au on sapphire. As explained in the previous paragraph, the aluminium electrode is patterned to be semi-transparent in the infrared and the thin HgTe 6k layer is here to act as an unipolar electron filtering barrier, while HgSe (35 %)/HgTe 4k is our active CQDIP material. e. Responsivity of the device, measured in front of a calibrated black body at 650°C with a 1.9 µm (5200 cm -1 ) long-pass filter, at 100 Hz. f. Temporal traces of the photocurrent under excitation by short pulses of the 4.4 µm QCL, at 80 K.

The diode is prepared under ambient conditions with the help of Bertille Martinez, a fellow PhD student. HgTe 6k is spin-coated on top of an Al electrode on sapphire, then ligand-exchanged toward EDT by dipping the whole device in a 1 % EDT solution in ethanol for 60 s. The device is rinsed in ethanol, and another layer of HgTe 6k is spin-coated. This step is repeated three times to reach a 30 to 50 nm thickness. The HgSe/HgTe 4k solution is then either spin-coated or drop-cast and cross-linked with EDT using the same solid-state ligand exchange as for HgTe 6k. 8 to 12 layers are built to achieve a ∼ 200 nm thick layer. While film thickness should be maximized to increase light absorption, it is primordial to preserve a good film quality and homogeneity over the whole device to prevent shortcuts, pinholes and excessive noise: there is a trade-off between thickness and film quality. Figure 4.23d shows a picture of a 1 cm 2 substrate with eight 1 mm 2 devices.

A schematic band alignment of the device is given in 4.23b: the HgTe 6k layer, thanks to its larger bandgap, prevents injection of dark electronic current from the Al side to the active material. The choice of a thin layer of a relatively narrow bangap material such as HgTe 6k is motivated by the fact that under illumination, the Al side must provide electrons to refill the HgSe quantum dots. The operating range of the diode can be defined as the range of biases for which the energy drop over the HgTe 6k unipolar barrier remains small compared to the barrier height. In practice, the critical electric field is around 70 kVcm -1 for our devices, corresponding to a 1.8 V bias. The hole dark current, resulting from thermal activation in HgTe 6k and HgTe 4k, is reduced by operating the device at cryogenic temperatures.

In the following, we define the bias reference as the Al side. In the dark, the I(V ) characteristics display an asymmetric shape, see Figure 4.23c. Under selective excitation of the HgSe intraband transition by our 4.4 µm QCL, we observe a clear increase of the current as well as the apparition of a negative open circuit voltage. Operation of the diode under positive biases for MWIR illumination is in good agreement with the band structure of the device presented in 4.23b (extraction of intraband electrons on the gold side). I determined the device responsivity under broadband excitation by a calibrated blackbody, equipped with a 1.9 µm germanium filter. As a result, the excitation spectral window lies between 5200 cm -1 and 2000 cm -1 (cut-off of the device absorption). A scheme of the experiment is given in 4.24a. For a black body at the temperature T BB , the total power received by the device is given by:

P opt = T × A d π sin 2 α λ cut-off λ Ge 2hc 2 λ 5 1 exp hc λkT BB -1 dλ (4.16)
Where T is the transmission of the cryostat windows, A d is the detector area and α is the halfangle of view defined by the detector and the black body aperture. The photocurrent is measured by optically chopping the black body flux and feeding the detector signal into a lock-in amplifier. The devices sees the black body aperture with a 2°half-angle, while the total half-angle field of view of the detector is 15°(defined by the external 300 K ZnSe window of the cryostat). As pictured in Figure 4.23e, responsivity under broadband excitation is around 1 mA/W at zero bias and reaches up to 10 mA/W under higher biases. Finally, using the MWIR QCL source I checked that the fast photocurrent dynamics demonstrated with the HgSe/HgTe hybrid material are preserved in the vertical device: Figure 4.23f shows that we perfectly resolve QCL pulses down to at least 500 ns, both in short-circuit conditions or under 1 V bias. The fast nature of this CQDIP-based MWIR detector will be exploited in the last part of this section.

Finally, I quantified the specific detectivity of our devices. As introduced earlier (see 1.2.5), the specific detectivity D * is the ultimate figure of merit of a photodetector. For a detector of optical area A d , it can be calculated from the responsivity R and the dark current spectral density S I as:

D * = R √ A d S I (4.17)
Figure 4.24a explains how we measured both the responsivity (i.e., signal) and the dark current spectral density (i.e., the noise) on the same device, at cryogenic temperatures. In such nanocrystalbased device, noise is never limited by thermal or generation/recombination noise [START_REF] Liu | 1/f noise in semiconductor and metal nanocrystal solids[END_REF]. As a result, it cannot be expressed analytically as in conventional semiconductors, and must be experimentally characterized. Noise measurement is done by measuring the spectral components of the dark current with a low-frequency spectrum analyzer. It is usually a complex task because of the high number of electrically noisy apparatus in a physical chemistry lab, making the measured noise room-limited rather than device-limited. To get an accurate reading on the actual device noise level, special care has to be taken to avoid any ground loop, cable lengths should be as short and symmetric as possible, and a good shielding of the device is mandatory. For those reasons, low temperature noise characterization is particularly tricky because of the long cables and need of noisy pumps for cooling. We use low-noise current amplifiers as well as battery-based bias sources to avoid the introduction of any additional noise in the measurement. Figure 4.23b shows the measured device dark current spectral density for a 0 V bias and at 80 K: the baseline of the curve is clearly 1/f 1/2 -limited (i.e. the noise is 1/f limited), indicating that we are indeed limited by the device noise. The structure in the noise data is mainly due to 50 Hz room noise and its harmonics. Responsivity is measured under illumination by a 650°C equipped with a 1.9 µm germanium long-pass filter. Photocurrent measurement is done at 1 kHz using a lock-in amplifier. The dark current spectral density (noise) is measured in the dark, under polarization by a battery. The dark current is amplified using a transimpedance amplifier which output is fed into a frequency analyzer. b. Dark current spectral density measured at 80 K and in short-circuit conditions. The 1/f noise slope (or 1/f 1/2 current spectral density slope) is pictured with a dash line. c. Device specific detectivity D * , measured at 1 kHz and for a 1.9 µm -5 µm spectral window.

For the detectivity calculation, both the responsivity and the noise are taken at 1 kHz. Resulting values are presented in Figure 4.24c: under broadband illumination and at cryogenic temperatures, we report a D * 10 9 Jones at zero bias. This value slightly increases to reach 1.5 to 2×10 9 Jones under 1 V operation. While these values do not reach the performances of HgTe-based interband diodes around the same wavelengths [START_REF] Ackerman | Fast and Sensitive Colloidal Quantum Dot Mid-Wave Infrared Photodetectors[END_REF], this constitutes a record performance for nanocrystal-based intraband detectors. This photodiode device being made of three materials active in the infrared (HSe, HgTe 4k and HgTe 6k in the unipolar barrier), it is very difficult to deconvolute the effect of each material on the final performances of the device from broadband measurements: in the next paragraph, I focus on the spectral characterization of this multi-spectral device.

Spectral characterization

Investigation of the spectral response of the diode is extremely valuable to understand its behavior. At the time of this study, I set up a photocurrent spectroscopy experiment based on our new FTIR setup. A FTIR spectrometer is not a scanning instrument like classical UV-visible spectrometers, but it produces modulated infrared light via a Michelson interferometer and a moving mirror. As a result, the IR beam in a FTIR is modulated in time. By exposing our device to the output light and feeding the device output back into the FTIR, the signal is synchronized with the mirror movement and the Fourier transform can be calculated, yielding the photocurrent spectrum of the device. In other words, we use our device as an external detector for the FTIR. Practically speaking, we use a transimpedance amplifier to bias the diode and convert its photocurrent into a voltage signal that can be used by the FTIR pre-amplifier (see appendix A). This experiment has one major drawback though: because of the high mirror speed in the interferometer, the device photocurrent dynamics must be sufficiently fast (> 1 kHz) for the measured spectrum to accurately represent the actual spectral dependence of the photocurrent. Photocurrent spectra (I photo (ν)) are measured by using the FTIR source spectrum (photon flux φ IR (ν)) as a background. If V (ν) is the raw detector spectral signal (after Fourier transform), then I photo (ν) = V (ν)/φ IR (ν) and the device spectral responsivity (in arbitrary units) is R(ν) ∝ I photo (ν)/(hν). The spectral responsivity of the device at 80 K is given in Figure 4.25a for several biases, as well as the device absorbance, measured in transmission in the exact same conditions as the photocurrent spectra. The device spectral responsivity clearly shows three contributions to the photocurrent: HgSe intraband contribution appears in the low energy part of the spectrum as a peaked feature, HgTe 4k around 3800 cm -1 as a broadband feature and HgTe 6k around 5200 cm -1 . This spectrum shows dramatic changes with bias: under negative bias, the responsivity is very clearly dominated by the HgTe 6k signal while for zero volt or positive biases, there is a clear responsivity signal coming from both HgSe and HgTe 4k. This is explained by the presence of the HgTe 6k unipolar barrier, as schematized in Figure 4.25b and c: under negative bias, extraction of photocharges generated in HgSe/HgTe mix is very limited because they are filtered by the wide bandgap HgTe 6k unipolar barrier, while charges generated in the barrier can easily be collected at the Al electrode. Under positive bias, photocharges generated both in the barrier and in the HgSe/HgTe hybrid material are efficiently extracted. The zero bias situation likely corresponds to a point where charges from HgSe/HgTe mix are collected due to the built-in voltage, but those generated in HgTe 6k do not diffuse far enough to be efficiently collected. Here again, we observe a strong asymmetry of the device operation with bias, which confirms both the rectifying behavior of the diode and the positive bias operation as the way to maximize the intraband (MWIR) performances.

In Figure 4.25a, we notice that the HgSe-related photocurrent contribution is slightly blue-shifted with respect to the intraband absorption: at 80 K, the maximum of intraband absorption lies around 2620 cm -1 (disregarding the C-H absorption peak) while maximum of intraband photocurrent is found around 2780 cm -1 . This represents a 160 cm -1 or 20 meV blue-shift. The fact that this shift is only observed on the HgSe contribution (HgTe 4k and HgTe 6k responsivity features match their absorption maxima) suggests that the charge extraction from the HgSe nanocrystals to the HgTe 4k network is slightly non-optimal and that high-energy photocarriers are more easily transferred to HgTe than the ones resonant with the 1P e level. This is fully consistent with photoemission measurements (see Figure 4.17c) which predicted a 90 meV offset between HgSe 1P e and HgTe 1S e levels at room temperature. This slight blue-shift of the device MWIR responsivity relatively to absorption also explains the relatively low modulation observed under QCL monochromatic illumination at 2270 cm -1 : the laser is matched to the red part of the intraband absorption peak at room temperature. The spectral match of the device spectral responsivity and the QCL is hence strongly affected by the combination of (i) the blue-shift of the HgSe intraband absorption resulting from cooling down the device and (ii) the observed blue-shift between the device intraband responsivity and absorption.

Evolution of the device spectral responsivity with temperature, measured under 1 V bais, is illustrated in Figure 4.25d. Again, the responsivity spectra show strong modulation with the device operating temperature. Particularly, HgTe 6k contribution, which is predominant at high temperatures, is strongly reduced while cooling the device. On the contrary, spectral contribution of the HgSe/HgTe 4k active material increases while lowering the device operating temperature. Figure 4.25e summarizes the responsivity evolution of the three contributions with temperature. Interestingly, while both HgTe 4k and HgTe 6k spectral contributions red-shift while the device is cooled (in Figure 4.25d), accordingly to the red-shift of their actual bandgap, we do not observe any shift of the MWIR intraband responsivity contribution despite the absorption spectra of the device showing a very clear blue-shift of the intraband peak, see appendix A. If we think of this HgSe/HgTe 4k material in term of band alignment, we anticipate that the energy mismatch ∆E defined earlier is reduced while cooling down the materials, since HgTe 4k interband bandgap red-shifts and HgSe intraband bandgap blue-shifts at low temperatures. As a result, the CQDIP material becomes better matched at low temperature. Because electrons generated in HgSe only contribute to the photocurrent through HgTe 4k, the measured intraband contribution in the responsivity spectra can be seen as the convolution of the HgSe intraband absorption spectrum with a notch spectral window characterized by the energy mismatch between HgTe 4k and HgSe. This is a possible explanation for the relative increase in responsivity observed for the HgSe contribution in Figure 4.25e: HgSe-related responsivity increases faster than HgTe 4k-related responsivity due to a better match between the intraband absorption of HgSe and the extraction efficiency window. Spectral characterization is definitely a powerful tool to understand the behavior of our devices. Being constituted by three materials active in the IR, our diode is essentially a multi-spectral photodetector. I showed that the relative contributions of those three materials to the overall device spectral responsivity, from SWIR to MWIR, can be tuned by either the bias of the detector or the temperature of operation. I also identified that the spectral mismatch between absorption and responsivity in the MWIR part of the device spectrum is a critical point to adress in future devices developments. Finally, this study confirms that ideal working conditions for good MWIR detection performances in our diode are around the liquid nitrogen temperature and with a 1 V bias. In the last part of this chapter, I will evaluate the potency of our intraband photodetector for thermal imaging in the MWIR. Because the ultimate goal of this type of device is to be used as cheap thermal imagers, after identifying the optimal operation point of our MWIR-sensing, intraband-based photodiode, I evaluated its capability to perform thermal detection. The first way of doing this is to expose the device to a cold black body to estimate the Net-Equivalent Temperature Difference (NETD), the minimal black body temperature difference being measurable with the device. To do so, we expose the device to a hand (a 32.5°C black-body). The temperature contrast is given by the ambient 20°C lab temperature. The spectral radiance of such a low temperature black-body is plotted in Figure 4.26a. The absorption spectrum of our device only matches with the black-body emission in its intraband MWIR part, as witnessed by the shape of the product of device absorption and black-body spectral radiance in Figure 4.26a. Using such a cold black-body is hence a good way to characterize the intraband-related responsivity of our diode. Figure 4.26b shows the device current under 1 V of applied bias and at 80 K. Exposure of the diode to a hand 10 cm away from the cryostat window produces a clear 0.4 nA photocurrent. The optical power radiated at the device position is obtained by using the black-body formula 4.16. Assuming that the half-angle of view is only limited by the cryostat window, we have α = 14°and: Where ∆T is the temperature difference associated with the photocurrent ∆I photo and I n is the RMS noise of the device. From Figure 4.26b, we have ∆T = 12.5°C and ∆I photo = 0.4 nA. The spectral dark current density have been measured to be 3 fA/Hz 1/2 under 1 V and at 80 K, for a 1 kHz operation. Hence with a 1 kHz bandwidth, we have I n =0.9 pA and NETD = 35 mK. the sample is kept at 80 K in the cryostat, and a hot (300°C) soldering iron is placed ∼ 50 cm away. A CaF 2 lens is scanned in front of the cryostat window using a homemade X-Y motorized translation stage. Motors are controlled through an Arduino microcontroller, photocurrent is measured using a transimpedance amplifier and an oscilloscope in continuous acquisition mode. b. Soldering iron thermal picture reconstructed from temporal data acquired on the oscilloscope at 2.5 kHz. c. Soldering iron image reconstructed using temporal data acquired directly through the source-meter at 1.4 kHz. I then took advantage of the device fast dynamics to build a single-pixel scanning imager. The original idea was proposed by Tang et al. from the Guyot-Sionnest group with their HgTe-based MWIR photodiode [START_REF] Tang | Thermal Imaging with Plasmon Resonance Enhanced HgTe Colloidal Quantum Dot Photovoltaic Devices[END_REF]. The principle is to use the single-pixel device to produce a 2D image by scanning its position in the focal plane of a lens. The device being kept at 80 K in a cryostat, it is much simpler to scan the lens position instead of the pixel one. Figure 4.27a provides a scheme of the experiment: a 30 mm CaF 2 lens is mounted in a home-made motorized X-Y translation stage and positioned so its focal plane lies approximately at the device position. The hot object we want to image is the tip of a 300°C soldering iron placed ∼ 50 cm away from the cryostat window. Two stepper motors for X and Y movement are controlled through an Arduino board to move the lens in a zig-zag pattern with ∼ 80 µm minimum step size and a 4 cm by 4 cm maximal movement in X and Y directions. Because of the device fast response, the scanning speed can be fast without worrying about image distortion: with 1 ms per step (limited by the motor drivers), a 300 × 200 "pixels" image is scanned in 60 s.

First attempts at thermal sensing

P opt = T × A d π sin 2 α
Acquisition of the device photocurrent is challenging: to preserve the fast scanning speed, communication between instruments must be kept minimal. Results presented here are only preliminary, but show that this technique is quite promising for reasonably fast construction of 2D images from a single pixel device. Figure 4.27b is reconstructed from data acquired using an oscilloscope, measuring the output of a transimpedance amplifier connected to the biased device. A reference signal indicating the motors directions is needed to reconstruct the final image. While the image produced by this technique is fairly noisy (mostly because of strong electrical noise from the motor drivers), we still identify very clearly the hot spot defined by the soldering iron tip, and the transition with the cold plastic sleeve. The image from Figure 4.27c is acquired using the buffer capabilities of a Keithley 2634b source-meter, and shows much crispier contrast. Nevertheless, the lack of reference on the motor positions makes that image reconstruction is painful and produces a lot of artefacts.

Those results are only very preliminary, and a lot of work remains to be done to achieve good image quality. A key improvement in the acquisition part is needed to achieve a fast scanning with real-time image reconstruction, as the heavy post-processing needed right now prevents any feedback on the image focus or centering.

Conclusions

This chapter was mostly focused on the use of HgSe nanocrystals for alternative MWIR sensing. With intraband absorption in the MWIR, HgSe doped nanocrystals offer a paradigm shift from interband-based devices toward the exploitation of low energy intraband transitions, relaxing a significant number of material constraints. Nevertheless, devices made from pure HgSe nanocrystals suffer from three major drawbacks: a low signal/noise ratio, weak activation energy and a slow photoresponse, making them incompatible with MWIR photodetection needs. We identified two strategies to improve the material performances by engineering charge transfer toward HgTe nanocrystals. In a first approach, we synthetized HgSe/HgTe "core-shell" nanocrystals, in which we observed a strong decoupling of the optical and transport properties. This allowed to build photoconductive devices with improved performances, at the price of a rather complex synthetic effort.

Along the way, we were interested by the effect of pressure on the nanocrystals growth. Indeed, building core-shell nanocrystals implies dealing with interfacial pressure that can have a strong effect on the nanocrystals optical spectra. Using a combination of high pressure infrared spectroscopy and k•p simulations, we studied the effect of pressure on both HgTe and HgSe nanocrystals. The main conclusions from this study is that there is a very narrow range of tunable parameters for growing HgSebased core/shell materials, because of phase transition in HgSe and high sensitivity of the intraband transition to pressure, even in the low pressure range.

We hence turned to an alternative design, where the heterostructure is not realized at the nanoparticle level but rather at the device scale. To do so, we were inspired by QWIP and QDIP devices and tried to reproduce similar energy landscape by mixing two populations of HgTe and HgSe nanocrystals. Doing so, we obtained a hybrid material displaying intraband (i.e. HgSe-like) optical properties in which transport is mostly driven by HgTe, effectively uncoupling absorption and charge transport and achieving high signal to noise ratios, good activation energies and high photoresponse dynamics. We then integrated this material into the first intraband-based MWIR photodiode. This approach is very promising for device design, because it can be used for a wide variety of materials and applications: a very similar concept have been used to build high efficiency infrared LEDs by mixing two populations of PbS NCs [START_REF] Pradhan | High-efficiency colloidal quantum dot infrared light-emitting diodes via engineering at the supra-nanocrystalline level[END_REF]. We can hope that using concepts from intraband and intra-subband epitaxial devices and doped nanocrystals (HgSe, HgS, Ag 2 Se...), it might be possible in the years to come to go even further and build the colloidal equivalent of Quantum Cascade devices, pushing the wave-function engineering up to the device scale by carefully arranging networks of nanocrystals.

Conclusion and perspectives

In the first two result chapters, we used mercury telluride nanocrystals to build infrared sensing devices in the NIR (with HgTe nanoplatelets) and the MWIR (with HgTe quantum dots). After giving evidence for a strong tunability of the majority carrier in HgTe nanoplatelets with surface chemistry control, I studied carrier dynamics under gate control in NIR photoconductors made from those objects. I then used time-resolved photoemission to shine light on the intrinsic limitations of the material, and measured majority carrier dynamics around 100 ns. Mercury telluride nanoplatelets offer promising opportunities to build new NIR sensing devices, and pave the way to new 2D materials with narrower bandgaps to address redder parts of the infrared spectrum.

I then switched to HgTe quantum dots with absorption in the MWIR, and showed that they can achieve photodetection with a bandwidth larger than 20 MHz under illumination at their bandedge. I also showed that multiple exciton generation is efficient in this material, and can be observed with illumination in the NIR thanks to the narrow bandgap of those nanocrystals. Finally, I built a transient photocurrent setup allowing to probe, in a wide variety of nanocrystal-based devices, photocurrent dynamics over a large temporal window. This experiment enables to extract materialrelated parameters (exciton lifetime and Urbach energy) from measurements at the device scale.

In the last chapter, I introduce mercury selenide nanocrystals as a new platform to investigate intraband transitions in colloidal nanomaterials. This material features optical properties that are extremely interesting in terms of MWIR-LWIR photodetection applications. I started working with this material since my arrival at the lab, and from early results, it was clear that HgSe NCs suffer from major drawbacks in terms of transport: HgSe devices, because of their high doping level, features low signal to noise ratios, low activation energies and display slow photoresponse. From those observations, it was clear that we needed a way to uncouple optical and transport properties in this material so that the high doping level, required for the observation of intraband transitions, could not drive the transport properties of the devices. I then presented two successful approaches: designing HgSe/HgTe core-shell heterostructures where the electron excited in HgSe can be transferred to HgTe for transport, and mimicking the energy landscape of III-V semiconductors by carefully mixing HgSe and HgTe nanocrystals. The latter is probably the most promising, because it is versatile enough to be applied to a wide range of materials. From this metamaterial, we build the first intraband-based MWIR photodiode presenting reasonable performances, and give very preliminary results for thermal detection with this device.

A nearby perspective for this work is to improve this intraband diode: there is a lot of unoptimized parameters in this first generation. I see several ways of optimization:

• The spectral missmatch between absorption and photocurrent should be solved by slightly adjusting the confinement of the two original materials in the binary mix.

• The material itself should be better matched with our MWIR QCL by taking into account the spectral mismatch between absorption and photocurrent, as well as the blue-shift of absorption with cooling.

• The layer of active material is currently quite thin (150-200 nm), leading to poor absorption of incident light. This layer should be made thicker, and for that thickness increase to be effective, the electron diffusion length (i.e., electron mobility) should also be increased to match with the film thickness. A way of doing this is to use nanocrystals inks, that acheive higher carrier mobility and enable the building of thick, homogeneous films over large scales [START_REF] Martinez | HgTe Nanocrystal Inks for Extended Short-Wave Infrared Detection[END_REF].

• Demonstration of thermal imaging with this device should be pushed further by improving the signal acquisition and synchronization with the motors movements. Integration of the QDIP material into simple 10 × 10 pixel matrices, as we demonstrated for HgTe 4k [START_REF] Martinez | HgTe Nanocrystal Inks for Extended Short-Wave Infrared Detection[END_REF] can also be considered. The issue of operating temperature can be addressed with, for example, single or multiple-stage Peltier coolers as demonstrated by Sergeii Yakunin in recent work [START_REF] Yakunin | High-resolution remote thermometry and thermography using luminescent low-dimensional tin-halide perovskites[END_REF].

• Finally, thanks to our recent collaboration with NIT (New Imaging Technology), we can think of embeding our QDIP material on top of their logarithmic-response CMOS detectors (up to 10 MPx matrices with built-in high dynamic range). We already demonstrated that this strategy is successful with HgTe 6k materials, efficiently increasing the response of the CMOS detectors to the SWIR. This would obviously require an optimized material and operation at low temperature (at least with Peltier cooling).

The quest for wave-function enengineering at the device level relied up to now on the realization of bandlike transport, which is not likely to occur even in well-assembled networks of nanocrystals [START_REF] Guyot-Sionnest | Electrical Transport in Colloidal Quantum Dot Films[END_REF]. Recent results, including our work on HgSe/HgTe mixed nanocrystals, suggest that one can engineer heterostructures, local doping and heterojunctions at the device level whithout worrying too much about disorder and interfaces [START_REF] Gong | Highly efficient quantum dot near-infrared light-emitting diodes[END_REF][START_REF] Pradhan | High-efficiency colloidal quantum dot infrared light-emitting diodes via engineering at the supra-nanocrystalline level[END_REF][START_REF] Yang | Mixed-quantum-dot solar cells[END_REF][START_REF] Livache | A colloidal quantum dot infrared photodetector and its use for intraband detection[END_REF]. If this is indeed the case, it opens an incredible amount of possibilities to build light-emitting or detector devices in the infrared range. With some imagination, one can for example hope to reproduce similar band-alignments such as in a Quantum Cascade Laser, only by carefully assembling layers of doped and intrinsic nanocrystals.

HgTe 6k: 513 mg of HgCl 2 is added to 60 mL of oleylamine in a 100 mL round flask. The solution is placed under vacuum and heated to 110°C for 1 h. Then, the temperature is decreased to 60 °C and the solution is placed under Ar atmosphere. 1.9 mL of TOP:Te (1 M) with 10 mL of oleylamine is added to the mercury solution. The solution color gradually turns to dark brown and the reaction is made during 3 min. A solution made of 1 mL of dodecanethiol and 9 mL of toluene is quickly added to quench the reaction. The nanocrystals are then precipitated with ethanol. After centrifugation, the nanocrystals are redispersed in chloroform. The washing step is repeated one more time. The solution is redispersed in chloroform and filtered with a 0.2 µm filter. Two additional washing steps are applied with final redispersion in chloroform.

HgSe nanocrystals

1 M TOP:Se precursor: 1.57 g of Se is mixed with 20 mL of TOP in a flask. Dissolution of Se powder is helped by sonication for 1 hour. The resulting solution is colorless.

HgSe 1k: 0.5 g of mercury acetate are dissolved in 10 mL of oleic acid and 25 mL of oleylamine. The solution is degassed under vacuum at 100°C during 60 min. The atmosphere is switched to argon. At 110 °C, 0.65 g of SeS2 dissolved in 5 mL of OLA is injected to the mercury solution. The solution rapidly turns from yellow to dark, indicating the formation of HgSe material. After 1 Min, the reaction is quenched by adding 1 mL of dodecanethiol and cooled to room temperature with water bath. The nanocrystals are then precipitated with ethanol. After centrifugation, the nanocrystals are redispersed in chloroform. The washing step is repeated one more time.

HgSe 2.5k: This is the well-known Adrien synthesis. 500 mg of mercury acetate is dissolved in 10 mL of oleic acid and 25 mL of oleylamine. The solution is degassed under vacuum at 100°C during 1 h. The atmosphere is switched to argon. At 110°C, 1 mL of TOP:Se (1 M) is injected to the mercury solution. The solution rapidly turns from yellow to dark, indicating the formation of HgSe material. After 1 Min, the reaction is quenched by to addition of 1 mL of dodecanethiol and cooled to room temperature with a water bath. The nanocrystals are then precipitated with ethanol. After centrifugation, the nanocrystals are redispersed in chloroform. The washing step is repeated one more time. The solution is filtered with a 0.2 µm filter and redispersed in chloroform.

HgSe 3k: 500 mg of mercury acetate are dissolved in 10 mL of oleic acid and 25 mL of oleylamine. The solution is degassed under vacuum at 100°C during 60 min. The atmosphere is switched to argon. At 110 °C, 1.6 mL of TOP:Se (1 M) is injected to the mercury solution. The solution rapidly turns from yellow to dark, indicating the formation of HgSe material. After 1 Min, the reaction is quenched by adding 1 mL of dodecanethiol and cooled to room temperature with air flux. The nanocrystals are then precipitated with ethanol. After centrifugation, the nanocrystals are redispersed in chloroform. The washing step is repeated one more time. The solution is filtered with a 0.2 µm filter and redispersed in 6 mL of chloroform. Two size selection precipitations are carried out by adding ethanol and keeping the precipitate each time.

Electrodes and FET fabrication

Interdigitated electrodes for photoconductive devices 1 mm glass slides cut in half are cleaned by sonication in acetone and rinsed with isopropanol, then receive a 5 min oxygen plasma cleaning. An adhesion primer (TI Prime) is spin-coated onto each substrate and annealed for 2 min at 120°C before AZ5214E resist is spin-coated and baked at 110°C for 90 s. A MJB4 mask aligner is used to expose the substrates to UV light for 1.5 s through a lithography mask. Substrates are then baked at 125°C for 2 min to invert the resist and flood-exposed for 40 s. AZ726 developer is used to develop the resist: the samples are dipped in the solution for 20 s before being rinsed in pure water for 10 s. Patterned substrates are dried and cleaned with 5 min of oxygen plasma to remove resist residues. In a thermal evaporator, 5 nm of chromium are deposited as an adhesion promoter before 80 nm of gold is evaporated. Lift-off is conducted in an acetone bath for at least one hour. Electrodes are formed with 25 pairs of 2.5 mm long fingers, spaced by 20 µm.

Aluminium grid electrodes on sapphire

Sapphire substrates (2×2 cm 2 ) are sonicated in acetone and cleaned with acetone and isopropanol before being exposed to an oxygen plasma for 5 min. Adhesion promoter (TI Prime) is spin coated on the substrate and annealed at 120 °C for 2 min. Then, the UV sensitive photoresist is spin coated on the substrate and is baked at 110 °C for 90 s, then a MJB4 mask aligner is used to expose the slides to UV light through a quartz mask (1.5 s exposition). After a 125 °C bake for 2 min and a 40 s flood exposure, substrates are developed using AZ726 developer for 20 s and rinsed with distilled water. After a 5 min plasma cleaning, 80 nm of aluminium are deposited using a thermal evaporator. Lift-off is conducted overnight in an acetone bath. Resulting electrodes are shown in Figure 4.22.

Electrolyte-gated field effect transistors

Electrolyte preparation The electrolyte is prepared in a nitrogen-free glove-box. 0.5 g of LiClO 4 are mixed with 2.3 g of polyethyleneglycol (PEG, MW = 6 kg.mol -1 ). The resulting mix is heated at 170 °C for 2 h until the solution turns clear, then cooled down overnight before use.

FET devices

In a nitrogen-filled glove-box, the LiClO 4 -PEG electrolyte is heated up at 90 °C until it turns clear. The resulting viscous gel is brushed on top of a device, see Figure 1.16. The polymer gel is allowed to cool down overnight. The device is measured under probes or in a specially designed box with a Keithely 2634b dual channel source-meter. The transfer curve is measured under a 50to500 mV drain-source bias, with a 1 mVs -1 gate bias sweep rate.

Low-temperature absorption/photocurrent spectra

Photocurrent spectra: The device is enclosed in a closed-cycle cryostat and cooled down to the desired temperature. The head of the cryostat is brought in the sample compartment of a Fischer iS50 FTIR spectrometer (see Figure A.1) and illumination is provided from the backside of the device by the focused Globar source through two ZnSe windows (one on the outer cryostat enclosure and one on the shield), and through a hole in the sample holder. The photocurrent is amplified using a Femto DLPCA-200 transimpedance amplifier which also serves as a bias source. Output of the amplifier is sent back to the FTIR spectrometer. All interferograms are normalized to the source spectrum, acquired with a flat-response DTGS detector in the same range of wavenumbers (see section 4.5.3).

Absorption spectra: because the device his transparent enough, we can measure absorption spectra of devices mounted in photocurrent spectrum configuration in the sample compartment. In this configuration, we use the FTIR DTGS detector to measure the transmitted IR. d. e. 
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Fig. 1 . 1

 11 Fig. 1.1 Effect of quantum confinement for a spherical particle of semiconductor. a. Semiconductor particle with infinite spherical barriers. b. Band diagram of a semiconductor in the parabolic approximation (thick lines). Quantum confinement transforms the parabolic bands in discrete, non-dispersive levels.

Fig. 1 . 2

 12 Fig. 1.2 Optical properties of a CdSe spherical quantum dot a. Schematic description of an interband absorption process (left) and emission process (right) in a CdSe QD. b. Optical bandgap of a CdSe quantum dot when the particle size is tuned from 1 to 10 nm. The red line indicates the bulk bandgap of the material.

Fig. 1 . 4

 14 Fig. 1.4 Colloidal Quantum Dots synthesis. a. Typical chemistry setup for one-pot synthesis of metal chalcogenide CQDs. Atmosphere of the flask can be switch to air, vacuum or argon. b. TEM picture of CdSe CQD capped with trioctylphosphine oxyde (TOPO) ligands. Inset: High-resolution TEM picture of a single CdSe CQD showing the crystalline structure of the material. From ref. [18]. c. Scheme of a single CQD capped with organic ligands. Those ligands consist typically of a long alkyle chain functionalized to allow hybridation with the CQD's surface.

Fig. 1 . 5

 15 Fig. 1.5 Optical properties of CQDs. a. Absorbance spectra of spherical CdSe CQDs ranging from 1.2 nm to 11.5 nm with absorption and emission in the visible range. From ref. [7]. b. CdSe CQDs of different sizes in in solution, illuminated with UV light (©Nexdot). c. Absorption and emission spectra of ∼3 nm CdSe CQDs. d. Absorbance spectra of PbS CQDs with absorption and emission in the near-infrared range. From ref. [21].
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 16 Fig. 1.6 Colloidal nanoplatelets (NPL). a Absorbance spectra of CdSe NPL from 4 monolayers (1.2 nm) to 7 monolayers (2.1 nm). Adapted from [39]. b Absorbance and photoluminescence spectra of 6 monolayers CdSe NPL. c TEM picture of CdSe NPL laying flat. d TEM picture of CdSe NPL laying on the side, from [37]. Inset: scheme of a single NPL.
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 17 PhotodetectionSolar cellFig. 1.7 Applications of colloidal nanocrystals. a. Light conversion. b. Lasing. c. Light Emitting Diodes (LEDs) with electrical injection. d. Photodetectors and solar cells.Inspired from[17].
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 18 Fig. 1.8 The fate of an exciton in a nanocrystal. a Different recombination pathways for an electron-hole pair (exciton) in a nanocrystal. b Schematic timescale of the different processes involved in the recombination of an electron-hole pair.

Fig. 1 . 9

 19 Fig. 1.9 Exciton lifetimes measured by optical spectroscopy. a Time-resolved photoluminescence signal at 828 nm after excitation by a 50 ps, 355 nm laser. The extracted radiative average lifetime is around 50 ns. Inset: TEM image of the nanoplatelets. From [56]. b Dynamics of the exciton population measured by transient absorption in CdSe CQDs under various excitation power. Each set of data points correspond to injection of 1 (×), 2 (•), 3 ( ) or 4 ( ) excitons per nanocrystal. From [57].

Fig. 1 .

 1 Fig.1.10 The different types of band alignement in core-shell materials. In each band structure, valence band of the bulk materials are depicted in blue and conduction bands in red. Confined levels are displayed in black, and electron and hole ground states wavefunctions are pictured in red and blue, respectively. a. Type-I band alignement: hole and electron wave-functions are confined in the core structure, protected by the shell from the surronding medium. b. Inverted Type I: both the electron and hole wave-functions are localized in the shell. c. Type II band alignement: the two carriers are spatially separated, the electron being confined in the core while the hole is delocalised in the shell. d. Inverted Type II: the hole is confined in the core and the electron delocalized in the shell. e.. Quasi-Type II band alignement. If the conduction band mismatch between core and shell material is small enough, one of the carriers can be confined in the core while the other is delocalized other the entire structure. Inspired from[17].
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 1 Fig.1.12 Hopping transport in a nanocrystal film. a. Scheme of a nanocrystal film deposited on gold electrodes, connected to a bias source and to a current-meter. b. Transport of an electron via multiple hopping steps in a nanocrystal film. c. Sketch of two neighbor nanocrystals, separated by long organic ligands. The ligands constitute a barrier for a charge to hop from one nanocrystal to the other. The electron can either tunnel through the barrier (plain arrow) or be thermally activated over the barrier (dashed arrow).
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 1 Fig. 1.13 Effect of polydispersity on transport at the film level. a. Energy levels of three neighbor nanocrystals. The middle-one acts as a traps state and recombination center for transport, reducing the overall mobility of the film. b. Nearest-neighbor hopping transport prevails in a semiconductor nanocrystal film at high temperature. c. Variable-range hopping prevails at low temperature because it minimizes the energy losses in the transport process.

Fig. 1 .

 1 Fig. 1.14 Effect of the capping ligands on interparticle tunneling barrier. a. Dodecanthiolcapped nanocrystals: long alkane chains. b. Ethanedithiol (EDT)-capped nanocrystals: short alkane chains. c. Sulfide-capped nanocrystals: atomic charged ligands with electrostatic repulsion.

Fig. 1 .

 1 Fig. 1.17 Field-effect transistor: transfer curves on HgTe nanoplatelets films. a. HgTe nanoplatelets capped with either sulfide ions (S 2-, top) or ethanedithiol (EDT) ligands (bottom). b. FET transfer curve (i.e., channel current as a function of gate voltage) of a film of HgTe NPLs capped with sulfide ions, showing n-type conduction. c. FET transfer curve of a film of HgTe NPLs capped with EDT, showing p-type conduction.

Fig. 1 .

 1 Fig. 1.20 A photoconductive device made from nanocrystals. a. Scheme of a photoconductive device consisting in a NC film (brown) connected to two metal contacts (gold).Illumination is provided from the top, and a bias is applied on the film to extract the photogenerated carriers. b. Simplified band diagram of a photoconductive device under bias. Gain effect is shown: electrons are allowed to circulate as long as the hole is trapped. c. Current-voltage characteristics of a photoconductive device made of HgTe nanoplatelets[START_REF] Livache | Charge Dynamics and Optolectronic Properties in HgTe Colloidal Quantum Wells[END_REF], showing ohmic behavior. The conductance of the device is greatly increased under illumination by 808 nm light.

Fig. 1 .

 1 Fig. 1.21 A photovoltaic device from nanocrystals. a. Scheme of a simple photovoltaic device based on an heterojunction between p-type and n-type NC films. The depletion region is shown in stripes. b. Energy diagram of the heterojunction of the device shown in (a). Photocarriers generated in this region are transported toward top contact (electrons) and bottom contacts (holes) thanks to the built-in electric field. c. Current-voltage characteristics of a photovoltaic device made of PbS nanocrystals. The structure of the device is ITO/TiO 2 /n-type PbS NCs/p-type PbS NCs/MoO 3 /Au as shown in the band diagram inset. The I(V ) curve shows rectifying behavior. Short-circuit current I SC and open-circuit voltage V OC under illumination have been highlighted.

Fig. 1 .

 1 Fig. 1.22 Noise in nanocrystal-based devices a. Scheme of a temperature-resolved noise measurement on a NC-based device. The device is enclosed in a cryostat, in the dark and under bias. The current from the device is acquired using a transimpedance amplifier (a Femto DLPCA-200 amplifier, typically) and the output is fed into a frequency analyser. The measured quantity is the current spectral density S I in A/ √ Hz. b. Current spectral density S I for a NC-based device (HgSe/HgTe, see chapter 3) at low temperature. In black dots is shown the calculated device thermal noise at 80 K.

Fig. 1 .

 1 Fig.1.23 The subdivisions of the infrared range. Top axis and middle axis give the associated photon energy (in eV) and wavenumber (in cm -1 ).

Fig. 1 .

 1 Fig. 1.24 Infrared for thermal imaging. a. Atmosphere transparency between 0.2 and 12 µm. NIR, SWIR, MWIR and LWIR ranges have been reported on the graph. b. Blackbody spectral radiation for cold, room-temperature and hot objects.

Fig. 1 .

 1 Fig. 1.25 Overview of the different technologies of detectors in the infrared range from 0.7 µm to 14 µm. ex-InGaAs: extended InGaAs. QWIP: Quantum Well Infrared Photodetector. QDIP: Quantum Dot Infrared Photodetector. SSL: Strained Superlattices. QCD: Quantum Cascade Detector.

Fig. 1 .

 1 Fig. 1.26 Exploiting interband and intraband transitions for infrared photodetectors. a. Simple scheme of a Mercury Cadmium Telluride (HgCdTe, MCT) interband photoconductor. The interband MCT active material is grown on CdZnS substrate and hybridized on a Read-Out Integrated Circuit (ROIC) using an indium bead. b. Interband bandgap of Hg 1-x Cd x Te (MCT) for different cadmium fractions. MWIR and LWIR bands have been highlighted. c. Simple scheme of a Quantum-Well Infrared Photodetector (QWIP) made of doped GaAs quantum wells separated by an AlGaAs barrier. d. Schematic band diagram of the conduction band of a QWIP. Energy of the intraband transitions in the doped GaAs quantum wells is controlled with the well thickness. Electrons promoted to the excited levels of the QW are collected and transported in the AlGaAs conduction band.

Fig. 1 .

 1 Fig. 1.27 Calculated bands structure of HgTe (a) and HgSe (b), from[START_REF] Svane | Quasiparticle band structures of beta-HgS, HgSe, and HgTe[END_REF]. The horizontal axis ticks are 2π/a with a =6.47 Å for HgTe and a =6.08 Å for HgSe.
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 1 Fig. 1.28 Mercury Telluride nanocrystals with interband absorption in the SWIR to MWIR. a. Sketch of HgTe NC band diagram. Low energy interband transition occurs between 1S h and 1S e levels. b. Absorption spectra (room temperature) of three sizes of HgTe NCs displaying a size-tunable bandgap from SWIR to MWIR. "6k", "4k" and "2k" refers to the absorption band-edge of the nanocrystals, respectively around 6000 cm -1 , 4000 cm -1 and 2000 cm -1 . c. TEM picture of HgTe 4k NCs showing tetrapodic-shaped particles. d. TEM picture of HgTe 2k NCs showing tetrahedric-shaped particles.

Fig. 1 .

 1 Fig. 1.29 Self-doped Mercury Selenide nanocrystals with intraband absorption in the MWIR to LWIR. a. Sketch of HgSe NC band diagram. Since the NCs are doped, the 1S e level is populated and intraband transitions from 1S e to 1P e levels is possible. The interband (VB→CB) transition is likely to occur between 1S h and 1P e levels because of the first level saturation. b. Absorption spectra of two sizes of HgSe NCs. Intraband transitions appear as a size-tunable narrow feature in MWIR to LWIR. Interband transition is observed as a broad feature in the SWIR. c. TEM picture of small, spherical HgSe NCs ( 5 nm). d. High-resolution TEM picture of a single 40 nm HgSe NC.

Fig. 1 .

 1 Fig. 1.30 State-of-the art of the HgTe and HgSe nanocrystals available in the group. In red are pictured interband HgTe NCs, in blue intraband HgSe NCs and in green intraband HgTe NCs. The different IR ranges have been highlighted.
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 1 Fig. 1.31 First generation of HgTe infrared photodetectors. a. I-V characteristics of a 5 µm HgTe photoconductive device in the dark and under illumination, from [132]. b.Photocurrent spectra of four HgTe photoconductiove devices from SWIR to MWIR, from[27]. c. Scheme of the first HgTe photovoltaic device, demonstrating background-limited infrared photodetection (BLIP) at 90 K. From[START_REF] Guyot-Sionnest | Background limited mid-infrared photodetection with photovoltaic HgTe colloidal quantum dots[END_REF].

Fig. 1 .

 1 Fig. 1.32 Recent acheivements for photodetection with HgTe NCs in the MWIR and SWIR. a. Scheme of a MWIR photodiode based on a HgTe/Ag 2 Te juntion with high detectivity at 90 K [162]. b. Thermal image obtained with the diode shown in (a) by scanning a lens in from of the detector.[START_REF] Ackerman | Fast and Sensitive Colloidal Quantum Dot Mid-Wave Infrared Photodetectors[END_REF]. c. Scheme of a plasmonic-enhanced HgTe diode with improved absorption in the MWIR[START_REF] Tang | Thermal Imaging with Plasmon Resonance Enhanced HgTe Colloidal Quantum Dot Photovoltaic Devices[END_REF]. d. Thermal image obtained with the diode shown in (c) by scanning a lens in front of the detector, allowing to measure a 14 mK Net Equivalent Temeperature Difference (NETD)[START_REF] Tang | Thermal Imaging with Plasmon Resonance Enhanced HgTe Colloidal Quantum Dot Photovoltaic Devices[END_REF]. e. Scheme of a HgTe-based E-SWIR photodiode incorporating an unipolar barrier made of smaller HgTe NCs to filter dark current[START_REF] Jagtap | Design of a Unipolar Barrier for a Nanocrystal-Based Short-Wave Infrared Photodiode[END_REF]. f. Detectivity of the diode shown in (e) with unipolar barrier, compared to the same diode structure without the unipolar filtering barrier (in black)[START_REF] Jagtap | Design of a Unipolar Barrier for a Nanocrystal-Based Short-Wave Infrared Photodiode[END_REF]. g. Demonstration of a 10×10 pixels FPA based on HgTe nanocrystals in the E-SWIR. The image shows a focused laser beam. Inset shows the home-made FPA before NC deposition[START_REF] Martinez | HgTe nanocrystals ink for extended short wave infrared detection[END_REF].

Fig. 1 .

 1 Fig. 1.33 Multi-spectral, HgTe-based photodetectors. a. Multispectral photoconductive HgTe detector with three wavelengths in the MWIR (4.8 µm and 6 µm) and LWIR (9.5 µm) [157]. b. Scheme of a dual-band SWIR-MWIR HgTe photodiode. The device consist in two diodes built back-to back, and the polarization bias allows to switch between MWIR and SWIR sensitivity.
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 21 Fig. 2.1 Schematic timescale of intra-and inter-nanocrystals processes.

Fig. 2 . 2

 22 Fig.2.2 Calculated decay rates and photoluminescence quantum yield of HgTe nanocrystals. a. Calculated radiative (black) and non-radiative (red) decay rates for an exciton in dodecanethiol-capped HgTe nanocrystals. Reproduced from[START_REF] Keuleyan | Photoluminescence of Mid-Infrared HgTe Colloidal Quantum Dots[END_REF]. b. Calculated photoluminescence quantum yield (PLQY) of DDT-capped HgTe nanocrystals. Reproduced from[START_REF] Keuleyan | Photoluminescence of Mid-Infrared HgTe Colloidal Quantum Dots[END_REF].

  .3b) through the photocurrent temporal traces in photoconductive PbS samples.
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 23 Fig. 2.3 Two examples of device-scale experiments based on transient electrical measurements. a. Scheme of a multi-GHz transient photocurrent setup used to detect Auger recombination and multiple exciton generation at the device scale in a PbS photoconductive device. Reproduced from [175]. b. Transient photocurrent traces obtained from the setup shwown in (a), with increasing excitation power. Reproduced from [175]. c. Scheme of a MHz time-resolved setup to probe the open circuit voltage and photocurrent transient evolution in a PbS-based solar cell. CW illumination is provided by a visible LED while transient excitation is provided by a pulsed UV laser. Reproduced from [176]. c. Temporal traces of open circuit voltage (under illumination) and current density (without CW illumination) in the solar-cell device. Reproduced from [176].
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 24 Fig. 2.4 Synthesis and optical properties of HgTe nanoplatelets. a. Scheme of the cation exchange procedure used to obtain HgTe NPLs from CdTe NPLs. The shape of the nano-objects is not affected during the cation exchange. b. Absortption spectra of CdTe nanoplatelets before cation exchange (blue) and HgTe nanoplatelets after cation exchange (red). c. Transmission Electron Microscopy (TEM) image of CdTe nanoplatelets [56]. d. TEM image of HgTe nanoplatelets [56].
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 25 Fig. 2.5 Effect of ligand exchange on electrical properties of HgTe nanoplatelets arrays. a. Transfer curve of an EDT-treated HgTe NPL film showing an ambipolar behavior with a strong p-type character. Source-drain voltage is 0.5 V. b. Transfer curve of an S 2--treated HgTe NPL film showing an ambipolar behavior with a strong n-type character. Sourcedrain voltage is 0.5 V. c. Energy spectra of both EDT (left) and S 2--treated films (right) in absolute energy scale, reconstructed using a combination of photoemission and absorption spectroscopy. d. Photoemission spectra of mercury 4f core levels, for films of EDT-(red)and S 2--treated (blue) HgTe NPLs. The peaks are fitted to a single contribution. The lower relative binding energy for the case of S 2--capped films indicates that the mercury states are more electron-rich. e. Scheme of an HgTe nanoplatelet explaining the difference of doping between EDT and sulfide-capped material. The hybridization of sulfide ions with surface mercury cations is much stronger than the hybridization with sulfur atoms in the EDT chains, leading to the formation of a HgS "shell" at the surface of the platelet.

Fig. 2 . 6

 26 Fig.2.6 HgTe NPLs film characterization under illumination. a. I-V characteristics of EDT-(red) and sulfide-capped (red) HgTe NPL films in the dark (dashed lines) and under illumination by a few mW of 808 nm laser, at room temperature. b. Caracterization of an EDT-capped HgTe NPL film at low temperature. Current under 1 V bias is extracted from the I(V ) curves in the dark and under illumination, allowing to extract the thermal activation of the dark carrier density as well as the thermal activation of the mobility.

Fig. 2 . 7

 27 Fig. 2.7 An experimental setup to probe photocurrent dynamics under gate control at low frequency. The source is here either a 808 nm laser diode (up to 100 mW) or a 4.4 µm optically chopped Quantum Cascade Laser (QCL). The sample is illuminated from the back side, under gate and drain bias. Photocurrent is measured directly by the source-meter (for modulations < 10 Hz) or through a transimpedance amplifier connected to an oscilloscope (for modulations between 10 Hz and 100 kHz).
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 28 Fig. 2.8 Gate control of photocurrent dynamics in EDT-capped HgTe NPLs. a. Temporal traces of the photocurrent under electron injection (V GS > 0) and hole injection (V GS < 0). Orange sections corresponds to intervals where the film is illuminated by the 808 nm, 100 Hz-pulsed laser. b. Evolution of rise and fall times of the photocurrent, extracted from exponential fits of the temporal traces, under gate control. c. Evolution of the modulation (i.e., I light /I dark ratio) under gate control.

Fig. 2 . 9

 29 Fig.2.9 Time-resolved photoemission spectrocopy experiment on the Tempo beamline of Soleil Synchrotron. a. Scheme of the setup. Sample is kept under ultra-high vacuum and illuminated by X-rays from the synchrotron source as well as by a pulsed laser. Photoelectrons are collected by the analyzer with a resolution of 10 ns. Laser source is either a blue, µs-pulsed blue (405 nm) laser source or a regeneratively-amplified Ti:sapphire ultrafast source around 800 nm producing 80 fs pulses. b. Intensity profile of the 350 eV X-ray synchrotron beam at the sample location. c. Intensity profile of the 800 nm, 80 fs laser at the sample location. The white dotted circle indicates the position and size of the X-ray beam.
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Fig. 2 .

 2 Fig. 2.10 Surface photovoltage process for a film of p-doped semiconductor such as EDTcapped HgTe nanoplatelets. a. Establishment of the surface photovoltage signal (SPV) when the laser source is turned on. b. Relaxation of the SPV when the laser source turns off.

Fig. 2 .

 2 Fig. 2.12 Time-resolved photoemission with HgTe nanoplatelets under ultrafast excitation. a. Temporal traces of the Hg 4f 7/2 core level binding energy in a EDT-capped HgTe NPL film, for different illumination power. A single-exponential fit of the SPV signal decay is provided in red. Intensity of the SPV signal is indicated by the blue arrow. b. SPV decay time extracted from the exponential fit of the data. The illumination power have been converted into an average number of excitons injected by the 800 nm, 80 fs pulse. c. Intensity of the SPV signal (i.e. binding energy shift after the laser pulse) for the different regimes of illumination.

Fig. 2 .

 2 Fig. 2.13 Time-resolved photoemission with HgTe nanocrystals: effect of shelling and dimensionality. a. Temporal traces of the Hg 4f 7/2 core level binding energy for three HgTebased, EDT-capped nanomaterials. Top: HgTe/CdS core-shell nanoplatelets. Middle: HgTe nanoplatelets (3 MLs). Bottom: small HgTe quantum dots with absorption in the SWIR. For the three materials, a single-exponential fit of the data is given in red. b. Scheme of each material. c. Scheme of the materials band diagram. The bulk band alignement is given in grey, and position of discrete confined levels is indicated as measured with XPS (blue is VB, red is CB). The Fermi level position (determined with XPS) is indicated with a dashed black line.
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 37231 Photocurrent dynamics and carrier mutiplication in HgTe MWIR nanocrystals

Fig. 3 . 1

 31 Fig. 3.1 HgTe Quantum Dots for Mid-Wave Infrared photodetection. a. Infrared absorption spectra of a film of HgTe NCs with a bandgap around 2000 cm -1 (HgTe 2k) before and after ligand exchange from dodecanethiol (DDT, black curve) to ethanedithiol (EDT, blue curve). b. TEM picture of HgTe 2k material showing tetrahedric shape. Inset: Highresolution TEM image. c. Transfer curve of an EDT-capped HgTe 2k film in an electrolytic FET configuration, showing ambipolar character with a strong n-type behavior. Sourcedrain voltage is 0.1 V. d. HgTe 2k levels positions in absolute energy scale, reconstructed from XPS and infrared spectroscopy.

Fig. 3 . 2

 32 Fig. 3.2 Electrical properties of HgTe 2k films. a. Evolution of the current under V DS = 1 V while cooling down the device. Left: between 300 K and 25 K. The current evolution is fitted to Arrhenius law at high temperatures. Right: between 25 K and 15 K, the current can be fitted to Efros-Schklovski variable range hopping law. b. Current under V DS = 1 V, extracted from I(V ) curves in the dark (black circles) and under illumination by a 4.4 µm (2250 cm -1 ) Quantum Cascade Laser (QCL) MWIR source (red squares). The photocurrent I photo = I light -I dark is given in blue triangles.

Fig. 3 . 3

 33 Fig. 3.3 Fast band-edge dynamics in HgTe MWIR photodetectors. a. Scheme of the experiment. The HgTe photoconductive sample is enclosed in a crysotat under 9 V bias and illuminated by a MHz-pulsed Quantum Cascade Laser. Pulses are 20 to 500 ns long with a 10 ns rising time, repeated every 5 µs. Photocurrent is acquired through a 50 Ω current shunt and a GHz voltage amplifier. b. Electrical response of the device under MHz optical excitation by a 20 ns long pulse. Dashed red line is a Gaussian fit showing a 20.1 ns FWHM. Inset: response of the device under excitation by a 500 ns pulse, allowing extraction of 20 ns rise and fall times.
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Fig. 3 . 5

 35 Fig. 3.5 Muliple exciton generation in HgTe MWIR nanocrystals: principle and experiment. a. Principle of multiple exciton generation (MEG). Upon absorption of a photon with energy hν > 2E G (left panel), the hot electron can cool down by transferring its excess energy to another electron of the valence band (middle panel). This process yields two electron/hole pairs for one absorbed photon (right panel). b. Scheme of the experiment: the sample is bias and three sources are alternatively used: one 4400 nm QCL resonant with the bandgap (hν = E G ), one 1550 nm laser (hν 3 × E G ) and one 808 nm laser (hν 5.5 × E G ). The resulting photocurrent is measured with three different setups depending on the excitation frequency.
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Fig. 3 . 6

 36 Fig. 3.6 Muliple exciton generation in HgTe MWIR nanocrystals: results. a. Relative gain g λ = I ph /η λ eφ (set to one for illumination at 4400 nm, see text) of the HgTe MWIR detector under illumination with varying flux of the three light sources. The three sources are optically chopped at 1 kHz and the sample bias is set to 1 V. b. Frequency dependence of the relative gain for the three laser illumination (around 10 19 s -1 cm -2 ). The sample is under 1 V bias at room temperature. The photocurrent is measured according to Figure 3.5b in the three different frequency regimes. c. Relative gain evolution with photon energy. The black curve gives the expected gain improvement for ideal carrier multiplication (perfect energy conservation).
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 37 Fig. 3.7 A transient photocurrent setup with high energy, 1 ns laser excitation. a. Scheme of the setup. The sample is kept under vacuum with a 10 V bias. Illumination is provided by 355 nm laser producing 1 ns, 50 µJ pulses with a 100 Hz repetition rate. The photocurrent is acquired through a 50 Ω current shunt directly onto an oscilloscope. b. Picture of a sample (perovskite film) under measurement in the open sample holder.
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 38 Fig.3.8 Transient photocurrent measurements on a HgTe MWIR device. a. Typical photocurrent evolution. At early times (purple region), photocurrent increases due to the pulse arrival. The photocurrent then consists in two parts: an exponential one relating to fast recombination of carriers and trapping (diminution of ∆n), and a power-law decay extending up to several µs to ms, due to slow trap release. From this slow decay, one can estimation the trap distribution at the nanocrystal film level. Trapping is here only shown for the electron, but also occur for the hole. b. Photocurrent temporal traces for a HgTe MWIR film under decreasing pulse energy. Exponential fits and associated time constants (fast decay) as well as power law fits and associated Urbach energies (long decay) are provided. Areas for determinations of exchanged charges ∆Q in "fast" and "slow" decay regimes have been highlighted in blue and orange. c. Ratio of the integrated areas for "fast" and "slow" decays, as pictured in panel b, measured for increasing pulse energy.
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 39 Fig. 3.9 Perovskite nanocrystals for visible optoelectronics. a. Absorption and photoluminescence (PL) spectra of CsPb(Br 0.65 I 0.35 ) 3 ) perovskite nanocrystals. b. TEM image of CsPb(Br 0.65 I 0.35 ) 3 ) perovskite nanocrystals. c. Current-voltage caracteristics of a CsPb(Br 0.65 I 0.35 ) 3 ) film treated with methyl acetate, showing conduction in the dark (black curve) and photoconduction under illumination by a 532 nm laser (red curve).
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 41 Fig. 4.1 Intraband transitions and control of doping in HgSe nanocrystals. a. Scheme of a self-doped HgSe band diagram. The 1S e state is occupied in the ground state, allowing for low energy 1S e →1P e intraband transitions. b. Infrared absorption spectrum of 5 nm HgSe nanocrystals, displaying intraband absorption in the MWIR (in red) and interband absorption in the SWIR (in yellow). c. Infrared spectra of HgSe nanocrystals capped with different ligands. All spectra are normalized to their intraband contribution. Grey dashed lines indicates the position of 1S e and 1P e levels. d. Estimated population of the 1S e state in a single HgSe nanocrystal for different ligands, calculated from the integration of the intraband and interband contributions in each absorption spectrum. e. Reconstructed energy spectra for HgSe nanocrystal films capped with four different ligands, using a combination of XPS and infrared spectroscopy (see section 1.2.4).

Fig. 4 . 2

 42 Fig. 4.2 Intraband HgSe nanocrystals around 2500 cm -1 a. Absorbance spectra of HgSe nanocrystals before ligand exchange (DDT-capped, black curve) and after solid-state ligand exchange on film (EDT-capped, blue curve). The C -H absorption lines merge with the high-energy part of the intraband abosrption peak. The dashed red line corresponds to the photon energy of our QCL MWIR source. b. TEM image of HgSe nanocrystals with intraband absorption around 2000 cm -1 . Inset: hight-resolution TEM image. c. Transfer curve of an EDT-capped HgSe device in an electrolytic FET configuration. The curve shows a very clear n-type behavior as well as Pauli blocking (black arrow). Drain-source voltage is set to 50 mV. d. Energy diagram of and EDT-capped HgSe film, reconstructed from photoemission and spectroscopy data. Interband gap is pictured in gray and intraband gap in yellow.

Fig. 4 . 3

 43 Fig. 4.3 Electrical properties of HgSe films. a. Evolution of the current under V DS = 1 V while cooling down the EDT-capped HgSe device. An Arrhenius fit at high temperature allows to extract a low activation energy of around 20 meV. b. Temporal trace of the device current (under V DS = 1 V ) under interband illumination by a 808 nm laser (highlighted area), displaying very slow dynamics. c. Temporal trace of the device current (under V DS = 1 V ) under intraband illumination by a 4.4 µm (2250 cm -1 ) Quantum Cascade Laser (QCL) MWIR source (highlighted area). d. Evolution of dark current (black circles), current under 808 nm illumination (red squares) and photocurrent (blue triangles) with temperature.
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 44 Fig.4.4 Gate effect on the photocurrent dynamics in HgSe nanocrystals. a. Evolution of an HgSe NC film photocurrent temporal trace under low frequency excitation and under hole injection. The 808 nm laser is switched on at t = 10 s and switched off at t = 35 s. The gate bias is swept from 0 V (purple curve) to -2 V (brown curve). b. Evolution of temporal traces under low frequency excitation and electron injection. The gate bias is swept from 0 V (purple curve) to +2 V (brown curve). c. Evolution of modulation (i.e., I light /I dark ratio) under gate control. d. Evolution of the rise (red) and fall (black) times under gate control, in the regime where the modulation significantly differs from 1. The rise time is measured with an exponential fit of the curve between t = 10 s and t = 30 s, and the fall time is determined by the time it takes for the device to recover 90% of its original dark current (or loose 90% of the photocurrent).
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 45 Fig. 4.5 Working principle of an intraband Quantum Well Infrared Photodetector (QWIP). a. Schematic band diagram of the conduction band of a QWIP made of multiple doped GaAs Quantum Wells (QW) separated by an AlGaAs barrier. The confined, doped quantum wells feature intraband transitions in the infrared. Electrons promoted to the excited levels of the QW are collected and transported in the AlGaAs barrier. b. Scheme of a simple QWIP pixel made of GaAs/AlGaAs equipped with its optical coupling grating and hybridized to a read-out integrated circuit (ROIC). c. TEM image of a GaAs/AlGaAs multiple quantum well structure. Doped GaAs quantum wells have been highlighted in red and the growth axis z is indicated.
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 46 Fig. 4.6 Phase diagram for HgSe/HgTe core/shell heterostructures. The central panel shows the four different possible band-alignments when the size of the HgSe core and HgTe shell are changed. Each surrounding graph corresponds to a simulation of a given situation, identified by letters A, B, C and D in the central panel. In each of those four panels, the thick black lines represent the conduction and valence bands of bulk HgSe and HgTe.Conduction and valence bands overlap in bulk HgTe and HgSe due to their semi-metal character (E G = 0). Electron and hole wave-functions (from 1S e and 1S h states) are pictured in red and blue lines, respectively, and are shifted to their effective eigen energy, given by the colored dashed line. The thick, dashed grey line represents the Fermi level of the heterostructure. Finally, the stripped area in the central panel corresponds to the range of heterostructures grown in this chapter.

Fig. 4 . 7

 47 Fig. 4.7 HgSe/HgTe heterostructures: synthesis and characterization. a. Schematic synthesis of the HgSe/HgTe heterostructures in mild conditions. b. Absorption spectra of the heterostructures after growth of HgTe. The different HgTe contents corresponds to different initial quantities of HgI 2 precursor from 0.1 to 0.4 mmol, determined on the final nanoparticles by Energy Dispersive X-ray spetrometry (EDX). b. Powder X-ray diffraction diagrams for the different heterostructured nanocrystals. Reference diffraction lines for HgSe and HgTe are given in blue and yellow, respectively.

Fig. 4 . 8

 48 Fig. 4.8 Electronic microscopy images of HgSe/HgTe heterostructures. a. TEM image of HgSe core-only nanocrystals. Inset: high-resolution image of a single nanocrystal. b. TEM image of resulting HgSe/HgTe nanocrystals after the growth of HgTe on HgSe cores. Inset: high-resolution image. c. HAADF STEM image of a single HgSe/HgTe heterostructure with d. the localization of Se (green) and Te (blue) in the particle.
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 49 Fig.4.9 Dark current reduction in HgSe/HgTe heterostructures. a. Field-effect transistor transfer curves of HgSe core nanocrystals (left) and HgSe/HgTe heterostructures (right) in an ion-gel gating configuration. Both materials are capped with EDT ligands. Drain voltages are respectively of 50 mV and 400 mV. b. Ratio of electron/hole mobilities for pure HgSe (black circle) and HgTe materials (blue square) and for several heterostructured nanocrystals (red triangles). Mobility ratios are determined using the derivative of the transfer curves. c. Evolution of devices dark current under 1 V polarization in the case of EDT-capped HgSe (black) and HgSe/HgTe (red). An Arrhenius fit is provided at high temperature, allowing the extraction of a dark current activation energy E a .
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 4 Fig. 4.10 Acceleration of the photoresponse in HgSe/HgTe heterostructures. a. Scheme of the experiment: a 4.4 µm QCL is used to resonantly excite the intraband transition in HgSe nanocrystals. The light is optically chopped and the device photocurrent is either measured by the source-meter (for chopping frequencies < 10 Hz) or amplified and sent to an oscilloscope. b. Photocurrent temporal trace in a EDT-capped HgSe device under MWIR intraband excitation at 100 Hz. Turn-ON and turn-OFF times are extracted from exponential fits (in blue and red). b. Photocurrent temporal trace in a EDT-capped HgSe/HgTe device under MWIR intraband excitation at 1 kHz. c. Frequency dependence of the photocurrent in HgSe and HgSe/HgTe-based devices, under illumination in the MWIR. The photocurrent is normalized at low frequency for each data set.

Fig. 4 .

 4 Fig. 4.11 Experimental setup for high-pressure infrared spectroscopy on SMIS beamline at Soleil synchrotron. a. Scheme of the optical setup, comprising of a commercial FTIR spectrometer, a Cassegrain microscope, an external MCT detector and a pressure-monitoring setup based on ruby photoluminescence measurement (Pressure by Ruby Photoluminescence, PRL). DAC: diamond anvil cell. DM: dichroic mirror. b. Scheme of the diamond anvil cell used to induce high pressure at the sample location, between the two diamonds' flats. c. Scheme of the metal gasket introduced between the two diamonds and containing the nanocrystal sample as well as the pressure-monitoring ruby.

Fig. 4 .

 4 Fig.4.13 HgTe nanocrystals under pressure: infrared spectroscopy. a. Infrared spectra under increasing pressure of HgTe "4k" nanocrystals, with a band-edge around 4000 cm -1 at ambient pressure. Final pressure is 2.7 GPa. b. Infrared spectra under increasing pressure of HgTe "6k" nanocrystals, with a band-edge around 6000 cm -1 at ambient pressure. Final pressure is 3.2 GPa. c. Evolution of the band-edge energy for both HgTe nanocrystals (4k and 6k). Linear fits are provided at low pressure (0-2 GPa).

Fig. 4 .

 4 Fig. 4.14 k•p simulations: HgTe under compressive strain. a. Band diagram (energy as a function of the Brillouin zone wave vector k) of bulk HgTe calculated for different values of strain ε, from 0 to -4 %. The bandgap remains closed at Γ point up to -2.2 % strain.We simulate a quantum dot by slicing the band diagrams at k = 0. b. Simulated evolution of the interband transition energy in HgTe nanocrystals under strain: interband energy is calculated from slices of the band diagrams at k = u × 2π/a. The wave vector k is here along the Γ -L direction. Curves corresponding to the experimentally studied materials (HgTe 4k and 6k) have been highlighted at zero strain. c. Simulated evolution of the equivalent mass in HgTe under compressive strain, at the zone center Γ (dashed line) and at k = 10 %(2π/a) along Γ -L (thick line). The equivalent mass is the mass m * that gives the k•p-calculated energy E(k) of the conduction band at the k point through the formula E(k) = E(k = 0) + 2 k 2 /(2m * ).

Fig. 4 .

 4 Fig.4.15 Intraband HgSe nanocrystals under pressure: infrared spectroscopy. a. Infrared spectra of the intraband absorption peak in HgSe nanocrystals (around 2500 cm -1 at ambient pressure) under increasing pressure. Raw data are displayed in dashed lines and Gaussian fits in thick lines. Final pressure is 3.7 GPa. b. Intraband peak energy extracted from Gaussian fits of the infrared spectra for three different sizes of HgSe nanocrystals ("3k" around 3000 cm -1 , "2.5k" around 2500 cm -1 and "1k" around 1000 cm -1 ). A linear fit is provided in the low pressure regime (0-2 GPa). c. Calculated change of the intraband effective mass under pressure for HgSe "2.5k" nanocrystals.
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 414 Fig. 4.16 From epitaxial Quantum Well/Dot Infrared photodetector to colloidal QDIP a. Energy landscape of a GaAs/AlGaAs Quantum Well Infrared Photodetector (QWIP). Doped GaAs quantum wells provide infrared absorption, and the excited electrons are transferred to the wide bandgap AlGaAs barrier. b. Scheme of the energy landscape of an HgSe and HgTe nanocrystals mixture. Doped HgSe nanocrystals provide intraband absorption, and HgTe nanocrystals form the transport matrix. c. TEM image of mixed HgSe (green) and HgTe (brown) nanocrystals. Inset: High-resolution TEM image showing one HgTe tetrapod surronded by three HgSe spheres.

Fig. 4 .

 4 Fig.4.17 Control of the energy landscape of the HgSe/HgTe CQDIP. a. Scheme of the desired energy landscape. The intraband absorption of HgSe is fixed to 280 meV. The important parameters to control are the energy difference between the excited level of HgSe (HgSe 1P e ) and the conduction band of HgTe (HgTe (1S e ): ∆E = (E HgTe 1Se -E HgSe 1Pe ); as well as the average distance between two HgSe absorbers ∆L. b. Infrared spectrum of the materials used in this section: HgSe nanocrystals and three sizes of HgTe nanocrystals: 3k (band-edge around 3000 cm -1 ), 4k (band-edge around 4000 cm -1 ) and 6k (band-edge around 6000 cm -1 ). c. Control of ∆E: energy spectrum of HgSe nanocrystals and three different sizes of HgTe nanocrystals, measured by photoemission on EDT-exchanged films. Inset: energy difference ∆E (see panel a) for the three different sizes of HgTe nanocrystals.

Fig. 4 .

 4 Fig. 4.18 Control of the HgSe nanocrystals spacing in the CQDIP. a. Calculated HgSe nanocrystal ratio x HgSe from the volumic mixing ratio. Calculation is done assuming a 1 to 3 ratio for the HgSe to HgTe nanoparticle volume (black points). Experimental EDX data (based of the Se to Te ratio) is given in red. b. Optical spectra of HgSe/HgTe mixtures with varying HgSe content. c. Calculated average distance ∆L between two HgSe nanocrystals for the different HgSe/HgTe 4k mixtures.
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Fig. 4 .

 4 Photocurrent (a.u.)
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 4 Fig. 4.21 Reduction of the apparent doping in the HgSe/HgTe mix. a. Reconstructed apparent energy diagrams of HgTe 4k, HgSe and hybrid fractions. The Fermi level is taken at 0 eV, valence band position is determined using XPS measurements and conduction band levels (HgTe 1S e in green, HgSe 1S e in blue, HgSe 1P e in red) are obtained from optical spectroscopy. b. Evolution of the valence-band to Fermi level energy distance |V B -E F | for increasing HgTe fraction in the HgSe/HgTe 4k mix. c, d, e. Transfer curves (in electrolytic transistor configuration) for a pure HgSe nanocrystal device (c), a 35 % HgSe/HgTe 4k device (d) and a pure HgTe 4k device (e). f. Extracted neutrality point (in red) and µ e /µ h mobility ratios (in black) from the whole set of transfer curves on HgSe/HgTe 4k devices.

Fig. 4 .

 4 Fig. 4.22 A new transparent electrode for MWIR vertical devices: metallic grid. a. Scheme of the metallic grid used as a bottom-contact in our MWIR vertical devices, at three levels of zoom. The smallest features (finest digits) are 3 µm thick. b. Optical microscopy image of an aluminium grid, patterned on sapphire using optical lithography. c. Optical image of the fine 3 µm digits on an aluminum grid. d. Infrared transmission spectrum of the aluminium grid electrode. Optical area is limited to the patterned areas.

  Photocurrent (a.u.)

Fig. 4 .

 4 Fig. 4.23 A CQDIP-based intraband photodiode. a. Scheme of the device. Illumination is provided from the back-side through the sapphire substrate and patterned electrode. b. Scheme of the band alignment in the CQDIP diode structure. HgSe (35 %) / HgTe 4k mix is used as the active material. HgTe 6k nanocrystals are used as an unipolar barrier filtering the dark current injection from the aluminium side. c. I(V ) characteristics of the diode at 80 K in the dark and under illumination by a 4.4 µm QCL, at 80 K. d. Picture of a device. The device is very reflective, indicative a good film quality. Active area is 1 mm 2 .e. Responsivity of the device, measured in front of a calibrated black body at 650°C with a 1.9 µm (5200 cm -1 ) long-pass filter, at 100 Hz. f. Temporal traces of the photocurrent under excitation by short pulses of the 4.4 µm QCL, at 80 K.

Fig. 4 .

 4 Fig.4.24 CQDIP-based intraband diode: detectivity evaluation. a. Scheme of responsivity and noise measurements. Responsivity is measured under illumination by a 650°C equipped with a 1.9 µm germanium long-pass filter. Photocurrent measurement is done at 1 kHz using a lock-in amplifier. The dark current spectral density (noise) is measured in the dark, under polarization by a battery. The dark current is amplified using a transimpedance amplifier which output is fed into a frequency analyzer. b. Dark current spectral density measured at 80 K and in short-circuit conditions. The 1/f noise slope (or 1/f 1/2 current spectral density slope) is pictured with a dash line. c. Device specific detectivity D * , measured at 1 kHz and for a 1.9 µm -5 µm spectral window.

Fig. 4 .

 4 Fig.4.25 Intraband diode spectral characterization. a. Spectral responsivity of the device at 80 K (from photocurrent spectra) for 0 V, -1 V and 1 V biases applied on the diode. Device absorbance, measured in the same conditions, is given in blue. Spectral contributions of HgSe (green), HgTe 4k (brown) and HgTe 6k (orange) have been highlighted. b. Scheme of the diode band structure under negative bias. c. Scheme of the diode band structure under positive bias. d. Spectral responsivity of the device measured for decreasing temperature, under 1 V bias. Evolution of the spectral contribution of HgSe (green), HgTe 4k (brown) and HgSe 6k (orange) have been highlighted with arrows pointing in the direction of cooling. e. Evolution of the relative responsivities with temperature for the three materials constituting the diode device.

Fig. 4 .

 4 Fig. 4.26 Evaluation of the device performances for thermal imaging. a. Spectral radiance of a 32°C black body (human hand), in red. Device absorption at 80 K in the 2 µm -5 µm window is pictured in blue. The product of device absorption and human hand spectral radiance is indicated in orange. b. Exposition of the device to a hand at 80 K, 10 cm from the cryostat window. The device is cooled to 80 K and under 1 V bias a 0.4 nA photocurrent is measured.

  , T BB )dλ = 77 nW(4.18) Where S(λ, T BB ) is the black-body spectral radiance at 32.5°C. The associated responsivity is then R = 5.2 mA/W, which is a decent fraction of what is measured with the 650°C black-body.We can then estimate the NETD as: NETD = ∆T ∆I photo /I n(4.19) 

Fig. 4 .

 4 Fig.4.27 First attempts at single-pixel imaging. a. Scheme of the imaging experiment: the sample is kept at 80 K in the cryostat, and a hot (300°C) soldering iron is placed ∼ 50 cm away. A CaF 2 lens is scanned in front of the cryostat window using a homemade X-Y motorized translation stage. Motors are controlled through an Arduino microcontroller, photocurrent is measured using a transimpedance amplifier and an oscilloscope in continuous acquisition mode. b. Soldering iron thermal picture reconstructed from temporal data acquired on the oscilloscope at 2.5 kHz. c. Soldering iron image reconstructed using temporal data acquired directly through the source-meter at 1.4 kHz.

  Figure A.1d presents absorption spectra of a device for decreasing temperatures. Contributions of the three materials constituting the device (HgSe, HgTe 4k, HgTe 6k) are clearly identified, as well the shift in energy of their espective transitions at low temperature. Energy of HgTe 6k interband transition, HgTe 4k interband transition and HgSe intraband transition have been extracted and are plotted in graph A.1e.

Fig. A. 1

 1 Fig. A.1 Experimental setup for low temperature photocurrent and absorption spectra.a. Scheme of the setup. The cryostat is placed in the FTIR sample compartment, with the sample holder aligned on the IR beam. Photocurrent spectra is acquired through a Femto DLPCA-200 transimpedance amplifier which output is fed into the FTIR. Absorption spectrum of the device is measured in transmission mode with the FTIR DTGS detector in the same conditions as for the photocurrent spectrum. b. Picture of the experimental setup. The cryostat support is built to be easily moved to over experiments. c. Picture of a thermally decoupled sample holder, equiped with three electrical contacts (on the backside) as well as heater and temperature probe. d. Absorption spectra of a QDIP diode device fro decreasing temperatures. Spectra have been smoothed to remove interferences due to device high reflectivity. e. Energy of the three materials optical features (HgTe 6k interband energy, HgTe 4k interband energy, HgSe 2.5k intraband energy), extracted from absorption spectra.
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1: Electronic parameters for few semiconductor materials
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 1 2: Orders of magnitude of electronic mobilities for different nanocrystal surface chemistry.

	1.2 Transport in nanocrystal arrays

  . 1.16 Field effect transistor devices. a. Classical solid-state field-effect transistor (FET) in a back-gate configuration with a dielectric SiO 2 gate. b. Principle of action: under positive gate voltage, electrons are injected in the film to screen the positive charges in the dielectric. c. Ion-gel top-gate FET device with an electrolytic gate. d. Principle of action: under positive gate voltage, Li + ions percolate in the film and electrons are injected in the nanocrystal to screen their charge.
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	Fig. 1.18 Energy spectrum of a nanocrystal and its consequences for building devices. a.
	Energy levels of a nanocrystal. The position of Fermi level in this spectrum determines
	the nanocrystal nature and doping. b. Scheme of contact alignment between a metal an
	a n-type NC film, with the work function Φ M larger than that of the nanocrystals Φ N C .
	Left: materials before contact. Right: levels alignment after contact leads to the formation
	of a Schottky barrier. c. Scheme of contact alignment between a metal and a n-type NC
	film, with the work function Φ M smaller than that of the nanocrystals Φ N C . Left: materials
	before contact. Right: levels alignment after contact leads to the formation of an ohmic
	contact.							
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Appendix A

Material and Methods

Nanocrystal synthesis

Disclaimer: mercury compounds are highly toxic and must be handled with special care.

HgTe nanocrystals

1 M TOP:Te precursor: 2.54 g of Te powder is mixed in 20 mL of TOP in a three neck flask. The flask is kept under vacuum at room temperature for 5 min and then the temperature is raised to 100 °C. Furthermore, degassing of flask is conducted for the next 20 min. The atmosphere is switched to Ar and the temperature is raised to 275°C. The solution is stirred until a clear orange coloration is obtained. The flask is cooled down to room temperature and the color switches to yellow. Finally, this solution is transferred to an Ar filled glove box for storage.

HgTe 2k: 27 mg of HgCl 2 and 10 mL of oleylamine are degassed under vacuum at 120°C in a 50 mL three-neck flask. A pre-heated solution made of 100 µL of TOP:Te and 9.9 mL of oleylamine is injected into the flask. One has to note that pre-heating is essential to synthesize nanocrystals with low size dispersion. The solution color quickly changes from light yellow to dark-brown. After 3 min, the reaction is quenched with an injection of a solution of 1 mL of dodecanethiol and 9 mL of toluene. The temperature quickly drops to 70-80°C. Resulting solution is precipitated with addition of 90 mL ethanol and then centrifuged. The precipitate is redispersed in chloroform and four drops of dodecanethiol are added. A second washing step is carried out with 80 mL of methanol. The stability of the final colloidal solution is improved by redispersing the nanocrystals in chloroform.

HgTe 3k: 513 mg of HgCl 2 is added to 60 mL of oleylamine in a 100 mL round flask. The solution is placed under vacuum and heated to 110 °C for 1 h. The temperature is then decreased to 100 °C and atmosphere is switched to argon. 1.9 mL of TOP:Te (1 M) with 10 mL of oleylamine is added to the mercury solution. The solution color gradually turns to dark brown and the reaction is quenched after 3 min with the injection of a solution made of 1 mL of dodecanethiol and 9 mL of toluene. The flask is cooled down and the nanocrystals are then precipitated with ethanol. After centrifugation, the nanocrystals are redispersed in chloroform. The washing step is repeated one more time before using the nanocrystals. HgTe 4k: 513 mg of HgCl 2 is added to 60 mL of oleylamine in a 100 mL round flask. The solution is placed under vacuum and heated to 110°C for 1 h. Then, the temperature is decreased to 80 °C and solution placed under Ar atmosphere. 1.9 mL of TOP:Te (1 M) with 10 mL of oleylamine is added to the mercury solution. The solution color gradually turns to dark brown and the reaction is made during 3 min. A solution made of 1 mL of dodecanethiol and 9 mL of toluene is quickly added to quench the reaction. The nanocrystals are then precipitated with ethanol. After centrifugation, the nanocrystals are redispersed in chloroform. The washing step is repeated one more time. The solution is filtered with a 0.2 µm filter and redispersed in 6 mL of chloroform. 
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