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As nanocrystals (NCs) gain maturity, they become central building blocks for optoelectronics in devices such as solar cells and, more recently, infrared focal plane arrays. Now that proof of concept of these devices has been established, their optimization requires a deeper understanding of their electronic and optical features to engineering their optoelectronic properties accurately. Though PbS NCs have been extensively investigated, the complex optical index of PbS NC thin films remains mostly unknown. Some previous works have unveiled the optical index for this type of material optimized for solar cells (excitonic peak at 940 nm), but longer wavelengths remain scarce and surface chemistry effects, which are known to be of central importance for the layer doping, are simply unexplored. Here, we conduct a systematic investigation of the complex optical index of PbS NC thin films using broadband spectrally resolved ellipsometry. The obtained results are then compared with simulations combining Tight-Binding (TB) modeling at the NC level and Bruggeman model to expand the results to the film scale. While TB calculation gives the NC optical indices, we extract keys NC film parameters as the NC volume fraction and ligand indices by fitting Bruggeman formula to ellipsometry measurement. We also bring evidence that this joint modeling method can be conducted without the need for ellipsometry data while preserving the main feature of the experimental result. Finally, the unveiled optical indices are used to model the absorption of short-wave infrared diode stack based on PbS NCs and are relevant for state-of-theart devices. Our electromagnetic modeling shows that the absorption within the contact is now a major limitation of the current device operated at telecom wavelength.

Introduction

Nanocrystals (NCs) initially developed for their bright tunable photoluminescence in the visible appear equally promising for infrared optoelectronics. 1 PbS is certainly the most mature colloidal material in this spectral range. 2 It combines a strongly tunable cut-off wavelength from 800 to 2000 nm with a low polydispersity level favorable to forming of high-quality films. Integration of PbS NCs into a photodiode was initially motivated by the design of solar cells. 3 Compared to bulk material, PbS NCs enable the optimal optical gap for single-junction solar cells (≈1.3 eV) and benefit from the reduced threshold for multiexciton generation. [4][5][6][7] At this absorption energy, the diode structure has been extensively optimized, and systematic investigation 8 of the relationship between surface chemistry and nature of the majority carrier has allowed a rational design of a pn junction. 9 The current best diode stack relies on ITO/ETL/PbS (ntype capped with halide)/PbS(p-type capped with thiol)/gold. Here, ITO stands for tin-doped indium oxide used as transparent conductive contact, while ETL means electron transport layer and is generally based on either ZnO 10 or TiO 2 . [START_REF] Ramade | Potential of Colloidal Quantum Dot Based Solar Cells for Near-Infrared Active Detection[END_REF] This diode stack achieves high internal quantum efficiency that suggests optimal charge separation and band alignment. This hypothesis was further supported by later uses of this structure for LED design. [START_REF] Pradhan | High-efficiency colloidal quantum dot infrared light-emitting diodes via engineering at the supra-nanocrystalline level[END_REF][START_REF] Qu | Electroluminescence from HgTe Nanocrystals and Its Use for Active Imaging[END_REF] Beyond solar cells, PbS spectral range also matches other light-sensing applications in the shortwave infrared (SWIR), such as facial recognition for smartphones or industrial vision. In particular, in the SWIR, water presents a strong absorption band (at 1400 nm), enhancing the contrast with respect to the visible in which water is transparent. [START_REF] Qu | Electroluminescence from HgTe Nanocrystals and Its Use for Active Imaging[END_REF] Thus, it appears meaningful to expand the spectral range of PbS NCs based sensors beyond 1000 nm and explore wavelengths up to 1550 nm. Several reports in the literature already provide those types of diode stacks operated from 1200 to 1550 nm with impressive external quantum efficiency reaching 80 %. 10,[START_REF] Vafaie | Colloidal quantum dot photodetectors with 10-ns response time and 80% quantum efficiency at 1,550 nm[END_REF] Further improvement requires a deep understanding of the current device performance to reveal the current bottlenecks and where future efforts must be focused. Here, we investigate the optical part of the device. So far and contrary to II-VI compounds, [START_REF] Rastogi | Complex Optical Index of HgTe Nanocrystal Infrared Thin Films and Its Use for Short Wave Infrared Photodiode Design[END_REF][START_REF] Diroll | Spectrally-Resolved Dielectric Functions of Solution-Cast Quantum Dot Thin Films[END_REF][START_REF] Zhang | Study of Complex Optical Constants of Neat Cadmium Selenide Nanoplatelets Thin Films by Spectroscopic Ellipsometry[END_REF] the complex optical index of PbS NC films in the SWIR has been studied in a small number of experimental works [START_REF] Moreels | The dielectric function of PbS quantum dots in a glass matrix[END_REF][START_REF] Grinolds | Quantum-dot size and thin-film dielectric constant: Precision measurement and disparity with simple models[END_REF][START_REF] Georgitzikis | Optimization of Charge Carrier Extraction in Colloidal Quantum Dots Short-Wave Infrared Photodiodes through Optical Engineering[END_REF][START_REF] Georgitzikis | Carrier Mobility, Lifetime, and Diffusion Length in Optically Thin Quantum Dot Semiconductor Films[END_REF] but an in-depth study of this quantity which is the main input of all electromagnetic simulations remains absent. In this paper, we used spectroscopic ellipsometry measurement to provide a systematic investigation of the effect of particle size and surface chemistry on the complex optical index NC thin film. We show an increase in the indices by shortening the ligand length and increasing the NC diameter. We coupled these results with simulations based on the Effective Medium Approximation (EMA) incorporating Tight-Binding (TB) electronic structure calculations to provide a better insight. The EMA models were mainly used for dilute systems [START_REF] Moreels | Size-dependent optical properties of colloidal PbS quantum dots[END_REF][START_REF] Moreels | Dielectric function of colloidal lead chalcogenide quantum dots obtained by a Kramers-Krönig analysis of the absorbance spectrum[END_REF][START_REF] Alves-Santos | Dielectric functions of semiconductor nanoparticles from the optical absorption spectrum: The case of CdSe and CdS[END_REF][START_REF] Hens | Light absorption by colloidal semiconductor quantum dots[END_REF][START_REF] Yu | Absorption cross-section and related optical properties of colloidal InAs quantum dots[END_REF][START_REF] Leatherdale | On the absorption cross section of CdSe nanocrystal quantum dots[END_REF][START_REF] Moreels | Composition and size-dependent extinction coefficient of colloidal PbSe quantum dots[END_REF][START_REF] Woo | Determination of complex dielectric function of CH 3 NH 3 PbBr 3 perovskite cubic colloidal quantum dots by modified iterative matrix inversion method[END_REF] but have recently shown great promise to NC thin films. 18,30- 32 However, to our knowledge, the coupling of electronic structure calculation with EMA models has not been reported. This joint modeling method reveals useful parameters of the NC film as the NC volume fraction and the index of the surrounding medium which integrates the ligand shell. Assuming that the latter can be used for different film compositions as the ligand is unchanged, we demonstrate that the NC film complex optical index could be fully computed using a hard-sphere model.

Furthermore, we inject the unveiled complex optical indices into electromagnetic simulations of relevant PbS NCs based diode stacks and map out their absorption properties. [START_REF] Georgitzikis | Optimization of Charge Carrier Extraction in Colloidal Quantum Dots Short-Wave Infrared Photodiodes through Optical Engineering[END_REF] We show that the calculated complex optical index as input correctly describes the NC absorption. Thus, it would permit to probe diverse composition photodiode performances. Moreover, we present evidence that absorption loss within the contact is a major limitation and propose new directions to tackle it.

Results and discussion

We start by growing a series of PbS NCs with an exciton peak from 1000 to 1550 nm, see Figure 1c. For this purpose, we used the procedure of Moreels et al., [START_REF] Moreels | Size-dependent optical properties of colloidal PbS quantum dots[END_REF][START_REF] Moreels | Bright, and Stable PbS Quantum Dots: A Surface Chemistry Study[END_REF] in which PbCl 2 is reacted with sulfur in oleylamine (OLA). The reaction temperature and its duration are used as the main knobs to tune the particle size. A warmer and longer reaction leads to larger particles. As suggested by Moreels et al., [START_REF] Moreels | Bright, and Stable PbS Quantum Dots: A Surface Chemistry Study[END_REF] TOP is introduced during the synthesis of the smallest particles to slow the growth rate. Though the exact shape is a truncated cube, the particles present a quasi-sphere shape for all particle size as revealed by transmission electron microscopy (TEM), see Figure 1a-b and S1. We thus assume a random close packing in all cases. The NC diameter increases from 4.5 nm for a particle with an excitonic peak at 1000 nm to 7.5 nm for a particle presenting an exciton at telecom wavelength (1550 nm), see Table 1 andS1. Subsequently, in the rest of the article, each population of PbS will be referred to its peak wavelength (i.e., PbS 1200 will refer to the population with an exciton feature at 1200 nm). We deposit the PbS material to form a thin film onto a transparent glass substrate. In addition, for three particle sizes, we also perform ligand exchange to probe the effect of the surface chemistry on the optical properties. We choose PbS 1200, PbS 1370, and PbS 1550. PbS 1200 and 1370 have been chosen because they are close to the water absorption edge and spectrally on each side of the absorption. PbS 1550 has been chosen to match the telecom wavelength and the associated broad range of source, which enable active imaging for example in autonomous vehicle. Regarding the surface chemistry, we have focused on ethanedithiol (EDT) and iodide ion (I -), respectively, for their ability to form p-and n-type layers in the case of small-sized PbS NCs. These films have been characterized by spectrally resolved ellipsometry in the 450 to 2000 nm range. Ellipsometry measured the change of the polarization of light upon its reflection on the NC film. The two angles (ψ;Δ) associated with this change are measured. To retrieve these angles, the dielectric constant is then fitted by a sum of oscillators, see Figure S2. As a consequence, from this dielectric constant, one can estimate the values of ψ and Δ. Using a least-square fit procedure, the parameters of the fit are optimized to minimize the difference between the measured and estimated (ψ;Δ) values. To reduce possible errors, the measurements are conducted using three angles for incidence: 50°, 60°, and 70° (see Figure S3). In addition, we do not introduce oscillators at wavelengths beyond the exciton in order for k to converge to zero at low energy. We provide in Figure 2a-c the determined refractive index (n) and extinction coefficient (k) for the sample of PbS 1200 capped with the three ligands. Data for other wavelengths are available in Figure S4 (for size dependence), and S5 (for three surface chemistries), and all raw data spectra are provided as supporting files. Figure 3a clearly shows an increase of the average refractive index of the NC film from 1.8 to 2.15 as the particle size is increased, which can be connected to the higher volume fraction of the (𝑓 𝑁𝐶 )

NCs (Figure 3c, see below). Another strategy to tune the volume fraction is to change the particle surface chemistry from oleic acid (OA) ligands to I -. OA ligands are typically ≈1.5 nm long, while EDT are ≈0.5 nm and I -around ≈0.3 nm. [START_REF] Weidman | Interparticle spacing and structural ordering in superlattice pbs nanocrystal solids undergoing ligand exchange[END_REF] As a result, the refractive index increases from 1.95 for OA to 2.35 for EDT and finally to 2.7 for I -(Figure 2 and Figure 3b). The same reason explains a drastic rise of the extinction coefficient, which almost triples as OA ligands are replaced by iodine (Figure 3d). A similar trend is observed for all particle sizes (see Figure S5). The importance of surface chemistry on the complex refractive index is visible in Figure 4, in which we present the same data as Figure 2 for PbS 1200 (Figure S5 for other particle sizes) but using common vertical axes allowing direct comparison. In order to have a deeper insight into these evolutions, we used an Effective Medium Approximation (EMA) coupled with TB calculations to simulate the complex refractive index and compare it with ellipsometry measurements. Two EMAs, Maxwell Garnett, and Bruggeman [START_REF] Markel | Introduction to the Maxwell Garnett approximation: tutorial[END_REF][START_REF] Choy | Effective Medium Theory[END_REF] are compared in SI, while the latter is presented in the main text. Indeed, due to its symmetry, the Bruggeman formula is better suited when the NC volume fraction approaches the host one. The Bruggeman formula is given by: 𝑓 𝑁𝐶 𝑓 𝑁𝐶 𝜀 𝑁𝐶 -𝜀

𝜀 𝑁𝐶 + 2𝜀 + (1 -𝑓 𝑁𝐶 ) 𝜀 ℎ -𝜀 𝜀 ℎ + 2𝜀 = 0 (1)
and are the complex dielectric functions for the NC, the host, and the medium, respectively 𝜀 𝑁𝐶 , 𝜀 ℎ , 𝜀 . is computed from TB calculations (Method Section), while and are used as

(𝑛 + 𝑖𝑘 = 𝜀) 𝜀 𝑁𝐶
𝜀 ℎ 𝑓 𝑁𝐶 fitting parameters to reproduce ellipsometry measurements. Note that , the dielectric constant of 𝜀 𝑁𝐶 the pristine NC in Figure 5, presents much larger values of the refractive index ( > 3.4) than the 𝑛 one observed from the film.

Figure 4 Refractive index (n) and extinction coefficient (k) for PbS 1200 capped with OA, EDT, and NH 4 I. The theoretical indices (full lines) obtained with Bruggeman approximation, in which the NC volume fraction (

) is either fitted (blue) or computed by the hard-sphere model (orange), are 𝑓 𝑁𝐶 compared with the ellipsometry measurements (green crosses). The grey dashed line denotes the host refractive index: 1.7, 1.9 and 2.1 for OA, EDT, and NH 4 I, respectively.

The method of extraction of and to solve the film permittivity is detailed in the Method 𝜀 𝑁𝐶 , 𝜀 ℎ 𝑓 𝑁𝐶 𝜀 Section. We also considered an alternative approach by taking the NC volume fraction ( ) given 𝑓 𝑁𝐶 by the hard-sphere model (Equation 3, Method Section). Figure 4 compares the complex refractive index for the PbS 1200 film measured by ellipsometry and computed with the Bruggeman approximation. The data for PbS 1370 and 1550 are given in SI. The refractive index of ligands ( ) 𝑛 ℎ obtained for OA, EDT, and NH 4 I are 1.7, 1.9, and 2.1, respectively. As mainly depends on the 𝑛 ℎ host, we assume these values transposable to any NC thin film, as the ligands keep unchanged, allowing to remove one free parameter. The fitted (hard-sphere model) volume fractions are 𝑓 𝑁𝐶 17 (12), 32 (33), and 49(42) percent for OA, EDT, and NH 4 I, respectively. In accordance with the experimental results, the volume fraction of NCs increases with the shortening of the length of the ligand. This leads to an increase of the complex refractive index due to the inorganic matter quantity growing in the film (Figure 3b,d; Figure 4). As found by Dement et al., [START_REF] Dement | Determining the Complex Refractive Index of Neat CdSe/CdS Quantum Dot Films[END_REF] the volume fractions obtained with the hard-sphere model match those fitted from experiments using the Bruggeman model (Figure 3c and Figure 4). However, we observe a slight underestimation for the hard-sphere model, also visible when we vary the NC size. As suggested by Diroll et al., [START_REF] Diroll | Spectrally-Resolved Dielectric Functions of Solution-Cast Quantum Dot Thin Films[END_REF] a picture of hard cores with rigid organic shells overestimates the denominator term of Equation 3 (Method Section), leading to an underestimation of . Despite this, f NC both theoretical calculations (fitted and hard-sphere model) give spectral features, excitonic and higher-order peaks, in reasonable agreement with experiments. Moreover, the quantitative evolution of the extinction coefficient and the average refractive index with surface chemistry and with size (Figure 3 and Figure 4) follows the ellipsometry data. Here, we bring evidence that EMA models coupled with electronic structure calculations allow to unveil films parameters as the NC volume fraction. Adding another theory layer with the analytical hard-sphere model and using known ligand optical indices, this parameter-free model (see Equation 1) grants direct film optical index calculation.

Thereafter, we aim to use the complex optical indices to reveal the absorption properties of a diode stack used for SWIR sensing. We consider the most typical stack 9,[START_REF] Vafaie | Colloidal quantum dot photodetectors with 10-ns response time and 80% quantum efficiency at 1,550 nm[END_REF] based on ITO/TiO 2 /PbS(n-type capped with halide)/PbS(p-type capped with thiol)/gold. Geometrical parameters are provided in the SI. To vary the optical gap of the diode, we tune the cut-off wavelength of the PbS n-type layer, while keeping for all diodes the same type of NCs, and in particular the p-type layer (PbS 1200 with EDT capping). Indeed, PbS capped with thiol experiences a crossover from p doped to n doped with size. [START_REF] Chu | HgTe Nanocrystals for SWIR Detection and Their Integration up to the Focal Plane Array[END_REF] As for ellipsometry data, Figure 6 focuses on PbS 1200, and similar data are provided in the SI for diodes at 1370 nm (Figure S13) and 1550 nm (Figure S14). In all that follows, the spectral dependence of both and has been included in our simulation.

𝑛 𝑘 Nevertheless, we notice that the spectral dependence of the refractive index is weak, 𝛥𝑛(𝜆)/〈𝑛(𝜆)〉 % where is the spectrally averaged value of and . In Figure ≈ 5 -10 〈𝑛(𝜆)〉 𝑛 𝛥𝑛(𝜆) = 𝑛(𝜆) -〈𝑛(𝜆)〉 6b and S11, we have simulated the absorption spectra for the three diodes, either accounting for entire spectral dependence or using the average spectral value of instead. It appears that the 𝑛 spectra remain primarily unchanged. In particular, the features close to the optical gap are well reproduced. This observation may ease future measurements since spectrally resolved measurement of the refractive index may not be required unless high accuracy simulations are targeted. Additionally, we have simulated the absorption spectrum of the full diode stack while using the values obtained directly from the TB simulation, assuming for simplicity the hard-sphere (𝑛;𝑘) model (Figure 6b). In this case, even though the agreement is not as good, it remains very reasonable, meaning that TB calculations can be used for scaling rule of design.

In Figure 6a, we have plotted the absorption (taken equal to 1-R, R the reflection since transmission is null due to gold mirror) spectra within the NC film (i.e., excluding the loss in the contact) as a function of the thickness of the I -capped PbS layer. We observe a modulated horizontal line at ≈1200 nm corresponding to the exciton, while a series of tilted lines result from resonances. As these resonances reach the exciton energy, a strong modulation of the absorption amplitude is observed for the energy corresponding to the exciton. The nature of the resonances is better revealed by the dispersion map, see Figure 6d. There is almost no dispersion (i.e., no 𝑘 𝑥 dependence) which is typical of a Fabry-Pérot resonance. Such resonances may have been anticipated given the simplicity of the structure (no grating or any subwavelength resonator).

The presence of this resonance makes the absorption at the exciton non-monotonic with thickness. As a result, a 330 nm thick layer is more absorbing than a 400 nm layer, while it also enables a better charge collection since the thickness better matches the short carrier diffusion length induced by hopping. With 75 % of absorption, a 330 nm thick layer typically absorbs twice as much as the same layer not included in the diode structure ( with the device thickness and the

1 -exp ( -4𝜋𝑘𝑡 𝜆 ) 𝑡 𝜆 wavelength).
The absorption map (Figure 6c) better explains why we observe a non-monotonic increase of the absorption with thickness. In this stack, the absorption appears as a standing wave with core and node, and the period of this wave is given by . For a resonance at ≈1200 𝐷 𝜆 = 2𝑛𝐷 nm and as measured for I -capped PbS, this leads to nm. Thus, if the thickness is 𝑛 = 2.7 𝐷 = 230 increased but only includes an area corresponding to a node of the absorption, the increase of absorption is very weak. We observe a significant increase of absorption only when the thickness is increased by . However, building thicker devices may become challenging and may not lead to ≈ 𝐷 an efficient charge collection. Finally, it is worth pointing that, at 1200 nm, the absorption is spatially located within the NCs, and losses in ITO and metal remain weak.

An interesting question to ask at this point: would there be any optical benefit of tuning the relative thickness of the n and p type layer? Figure S12 proposes a map of the absorption in the NCs as a function of n and p type layer thicknesses. The resonance lines of the exciton exactly follow the isothickness curve, meaning that increasing the p-type layer brings no benefit and that only the total thickness plays an actual role. Thus, the relative choice of thickness between the two layers will be rather dictated by electrostatic (formation of the pn junction) and technological (building a thick p layer from solid-state ligand exchange is likely more difficult) considerations. 𝑘 𝑥

As the cut off wavelength of the diode is increased (i.e., the one from the n-type layer with I -capping, see Figure S13 and S14), some results remain unchanged: (i) we keep observing a series of nondispersive resonances which can be attributed to a Fabry-Pérot cavity within the diode stack, and (ii) the absorption map is still the result of a standing wave. However, there are also some apparent differences. Thin devices are only poorly absorbing, and only devices thicker than 500 nm can achieve absorption above 50 %. This makes the recent development of µm thick films of utmost interest. [START_REF] Fan | Thick Colloidal Quantum Dot Solids[END_REF] Secondly, losses in the contacts become non-negligible, both in gold and ITO. For the sake of illustration, we have estimated the loss in the ITO layer for the diode based on PbS 1550, see Figure S15. In this case, 15 % of the total absorption occurs in the ITO. This makes the recent report of 80 % of external quantum efficiency on a similar diode operating at 1.55 µm even more impressive. [START_REF] Vafaie | Colloidal quantum dot photodetectors with 10-ns response time and 80% quantum efficiency at 1,550 nm[END_REF] Because absorption is already large, there will be only a limited benefit to introduce light resonators [START_REF] Chu | Near Unity Absorption in Nanocrystal Based Short Wave Infrared Photodetectors Using Guided Mode Resonators[END_REF] to increase the light absorption (+25 % at best). Resonators might still be interesting from a transport point of view since charge collection is also more efficient in thin devices. [START_REF] Rastogi | Complex Optical Index of HgTe Nanocrystal Infrared Thin Films and Its Use for Short Wave Infrared Photodiode Design[END_REF] Reducing the loss in contacts is probably the next important challenge. Gold remains a moderate problem at this wavelength, and its use as both hole extractor and mirror makes it difficult to reduce the thickness. Thus, a first obvious optimization strategy will be to reduce the ITO thickness, but this will come at the price of higher contact resistance. Optimizing conditions of ITO growth has also been proposed as a possible strategy. 40 We probably reach a point where an alternative material for contact will have to be explored. Graphene 41,42 or silver nanowires array 43 are certainly possible strategies combining high infrared transparency, high conductivity, and largescale availability.

Conclusion

We have conducted a systematic investigation of the complex optical index of PbS NC film as a function of their size and surface chemistry, which is of utmost interest for the later optical design of devices based on these materials. The results are compared with simulations where the Tight-Binding method is used to determine the effective parameters at the particle level and where the Bruggeman model is also used to expand the result up to the macroscopic scale. This joint approach is useful to extract essential parameters of NC films, such as the NC volume fraction or the refractive index of the host. Moreover, we demonstrate that using a hard-sphere model (i.e., without free parameters) and a fixed (transferable to any size of NCs), optical indices with reasonable match 𝑛 ℎ with experimental data can be obtained. These indices can then be used as inputs for electromagnetic simulations to predict photonic device performance and propose new directions for experimental works.

Method section

Chemicals. trioctylphosphine (TOP, Alfa Aesar, 90%), oleylamine (Alfa Aesar, 80-90%), lead chloride (PbCl 2 , Alfa Aesar, 99%), sulfur powder (S, Alfa Aesar, 99.5%), oleic acid (OA, Alfa Aesar, 90%), 1,2 ethanedithiol (EDT, Fluka, 98.0%), ethanol absolute anhydrous (VWR), methanol (VWR, 99.8%), acetone (VWR), n-hexane (VWR), n-octane (SDS, 99%), toluene (VWR, 99.3%), N,Ndimethylformamide (DMF, VWR), ammonium iodine (NH 4 I, Alfa Aesar, ≥ 99%), acetonitrile (VWR, ACS), butylamine (Alfa Aesar, 99%). All chemicals are used as received, except oleylamine which is centrifuged before use.

PbS NC Synthesis. In a three-neck flask, 300 mg of PbCl 2 and 7.5 mL of OLA are degassed, first at room temperature and then at 110 °C for 30 min. For the smallest particles (ie with en exciton peak below or equal to 1200 nm), 100 µL of TOP is also introduced. Meanwhile 30 mg of S powder are mixed with 7.5 mL of OLA until full dissolution and a clear orange solution is obtained. Then under N 2 at a temperature between 80 and 150°C, this solution of S is quickly added to the flask. After 0.5 to 15 minutes, the reaction is quickly quenched by addition of 1 mL of oleic acid and 9 mL of hexane. The NCs are precipitated with ethanol and redispersed in toluene. This washing step is repeated one more time. The solution is then centrifuged to remove the unstable phase. The supernatant is precipitated with methanol and redispersed in toluene. The exact procedures for each size of particle are given in the supporting information.

Film deposition for ellipsometry measurements:

After synthesis the NCs solution are filtered with a PTFE filter. A glass slide is cut (12x15 mm) and washed using an acetone bath in ultrasound for 5 min. The substrates are then rinsed with acetone and isopropanol and dried using a N 2 gun. The pristine samples are deposited on a glass substrate using spin coating (1500 rpm, 500 rpm.s -1 , 45 s). For the EDT ligand exchange the NC solution is diluted at 30 mg.mL -1 in toluene. A layer is then deposited onto the substrate using spin coating (2000 rpm, 1000 rpm.s -1 , 45 s). The sample is then dipped into an EDT exchange solution (0.1%vol EDT in ACN) for 1 min and rinsed in pure ACN for 30s. This process is repeated one more time. For NH 4 I ligand exchange, an ink is made. 1 mL of a saturated solution of NH 4 I in DMF is added to 1 mL of the NC solution (in toluene). Hexane is added to help the phase dissociation. The apolar phase is discarded. 3 cleanings with hexane are conducted. NCs are precipitated using acetone. After centrifugation the liquid phase is discarded and the NCs are dispersed in a mix of 140 µL of DMF, 60 µL of ACN and 5 µL of butylamine. The ink is then spin coated onto the substrate (2000 rpm, 200 rpm.s -1 , 120 s). This ink is used for the PbS with an excitonic peak at 1200 nm and 1300 nm. For the NCs with a peak at 1.5 µm, a solid-state ligand exchange is conducted. The NC solution is diluted at 30 mg.mL -1 in toluene. A layer is then deposited onto the substrate using spin coating (2000 rpm, 1000 rpm.s -1 , 45 s). The sample is then dipped into an NH 4 I exchange solution (60 mg of NH 4 I in EtOH) for 1 min and rinsed in pure EtOH for 30s. This process is repeated one more time.

Infrared spectroscopy:

The solution of NC is drop-casted on the diamond cell of an ATR of a Fourier Transform Infrared spectrometer (FTIR, Thermo Fischer iS50). The source is a halogen lamp, the beam splitters are made of a CaF 2 and the detector is a DTGS sensor. In all cases, the background uses the same optical configuration but without the sample onto the substrate. Spectra are typically acquired with a 4 cm -1 resolution and typically averaged 32 times.

Transmission electron microscopy:

A drop of diluted NC solution was drop-casted onto a copper grid covered with an amorphous carbon film. The grid was degassed overnight under secondary vacuum. Imaging was conducted using a JEOL 2010 transmission electron microscope operated at 200 kV.

Optical ellipsometry:

The spectroscopic ellipsometry measures the changes in the polarization state between the incident and the reflected light and is characterized by the angles ψ and Δ.

𝜌 = 𝑟 𝑝 𝑟 𝑠 = | 𝑟 𝑝 𝑟 𝑠 | 𝑒 𝑖(𝛿 𝑝 -𝛿 𝑠 ) = tan ψ𝑒 𝑖∆
where r p and r s are the reflection coefficients of p and s polarized light respectively and where .and 𝛿 𝑝 are the phase shifts in reflection in p and s polarizations, respectively. The measurements are 𝛿 𝑝 performed on a V-VASE ellipsometer (J.A. Woollam) in the 450-2100 nm range with steps of 10 nm and with angles of incidence of 50°, 60° and 70°.

Tight-binding simulation:

The Hamiltonian matrix, including the spin-orbit coupling, is constructed in an basis. The TB parameters are listed Table S1. The resulting TB bulk band structure 𝑠𝑝 3 𝑑 5 𝑠 * is in good agreement with ab initio calculations (Figure S6). With appropriate boundary conditions, the TB parameters are the same, from bulk to NCs. We used excitonic peak position to calibrate NC diameters and compare them to TEM measurements, Figure S7.

Nanocrystal complex dielectric function:

The NC complex dielectric function is given by 44 :

𝜀 𝑁𝐶 = 1 -∑ 𝑖,𝑗 𝑒 2 |⟨𝑢 𝑐,𝑖 │𝒓.𝒆│𝑢 𝑣,𝑗 ⟩| 2 𝜀 0 𝛺 ( 1 ħ𝜔 -𝐸 𝑐,𝑖 -𝐸 𝑣;𝑗 + 𝑖𝜎 - 1 ħ𝜔 + 𝐸 𝑐,𝑖 -𝐸 𝑣;𝑗 + 𝑖𝜎 ) [𝑓 𝑣,𝑗 -𝑓 𝑐,𝑖 ] (2)
with and the conduction and valence wave functions of energy and with the equilibrium 𝑢 𝑐,𝑖 𝑢 𝑣,𝑗 𝐸 𝑐,𝑖 𝐸 𝑣,𝑗 population given by and given a Fermi-Dirac distribution. σ is a parameter accounting for the 𝑓 𝑐,𝑖 𝑓 𝑣,𝑗 experimental broadening due to electron-phonon interactions and size polydispersity. It is obtained by fitting a Lorentzian to the excitonic peak of experimental data (PbS 1200 OA) and transferred without any change to the other NC films (see Figure S8). Ω is the volume of the NC, is the 𝒆 polarization vector of the light and, is the electron position. 𝒓

Bruggeman model and parameters extraction:

To solve from equation 1, the three following 𝜀 parameters need to be extracted: , , and . The latter is determined via TB calculation using 𝑓 𝑁𝐶 𝜀 ℎ 𝜀 𝑁𝐶 the equation 2. We consider that the imaginary part of equals zero because the host is assumed 𝜀 ℎ to be non-absorbing at the wavelength of interest. The real part ( is supposed to be constant 𝜀 ℎ = 𝑛 2 ℎ ) over the spectral range as its frequency dependence is weak. Moreover, is a NC independent 𝑛 ℎ parameter; in other words, it only depends on the host, including ligands, air, and any residual organics under a solid-state form. Thus, for each passivation type, we estimated it as the overall best value to fit the Bruggeman optical indexes to PbS 1200, 1370, and 1550 ellipsometry measurements. Once we determined and , we fitted by a least-squares minimization 𝜀 𝑁𝐶 𝑛 ℎ 𝑓 𝑁𝐶 procedure on experimental data.

The has also been calculated by the hard-sphere model: 

𝑓 𝑁𝐶 𝑓 𝑁𝐶 = 𝑃𝐹 𝑟 3 𝑁𝐶 𝑟 3 𝑁𝐶 + 𝑙𝑖𝑔𝑎𝑛𝑑 (3)
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Material synthesis

PbS 1000 synthesis: In a three-neck flask, 300 mg of PbCl2 +100µL of TOP and 7.5 mL of OLA are degassed, first at room temperature and then at 110 °C for 30 min. Meanwhile 30 mg of S powder are mixed with 7.5 mL of OLA until full dissolution and a clear orange solution is obtained. Then under N2 at 80 °C, this solution of S is quickly added to the flask. After 30 s, the reaction is quickly quenched by addition of 1 mL of oleic acid and 9 mL of hexane. The nanocrystals (NCs) are precipitated with ethanol and redispersed in toluene. This washing step is repeated one more time. The solution is then centrifuged to remove the unstable phase. The supernatant is precipitated with methanol and redispersed in toluene. For TEM images and absorption spectroscopy, see Figure S 1a.

PbS 1100 synthesis: In a three-neck flask, 300 mg of PbCl2 +100µL of TOP and 7.5 mL of OLA are degassed, first at room temperature and then at 110 °C for 30 min. Meanwhile 30 mg of S powder are mixed with 7.5 mL of OLA until full dissolution and a clear orange solution is obtained. Then under N2 at 90 °C, this solution of S is quickly added to the flask. After 1 minute, the reaction is quickly quenched by addition of 1 mL of oleic acid and 9 mL of hexane. The NCs are precipitated with ethanol and redispersed in toluene. This washing step is repeated one more time. The solution is then centrifuged to remove the unstable phase. The supernatant is precipitated with methanol and redispersed in toluene. For TEM images and absorption spectroscopy, see Figure S 1b.

PbS 1200 synthesis: In a three-neck flask, 300 mg of PbCl2 +100µL of TOP and 7.5 mL of OLA are degassed, first at room temperature and then at 110 °C for 30 min. Meanwhile 30 mg of S powder are mixed with 7.5 mL of OLA until full dissolution and a clear orange solution is obtained. Then under N2 at 90 °C, this solution of S is quickly added to the flask. After 3 minutes, the reaction is quickly quenched by addition of 1 mL of oleic acid and 9 mL of hexane. The NCs are precipitated with ethanol and redispersed in toluene. This washing step is repeated one more time. The solution is then centrifuged to remove the unstable phase. The supernatant is precipitated with methanol and redispersed in toluene. For TEM images and absorption spectroscopy, see Figure S 1c.

PbS 1370 synthesis: In a three-neck flask, 300 mg of PbCl2 and 7.5 mL of OLA are degassed, first at room temperature and then at 110 °C for 30 min. Meanwhile 30 mg of S powder are mixed with 7.5 mL of OLA until full dissolution and a clear orange solution is obtained. Then under N2 at 110 °C, this solution of S is quickly added to the flask. After 3 minutes, the reaction is quickly quenched by addition of 1 mL of oleic acid and 9 mL of hexane. The NCs are precipitated with ethanol and redispersed in toluene. This washing step is repeated one more time. The solution is then centrifuged to remove the unstable phase. The supernatant is precipitated with methanol and redispersed in toluene. For TEM images and absorption spectroscopy, see Figure S 1d PbS 1450 Synthesis: In a three-neck flask, 300 mg of PbCl2 and 7.5 mL of OLA are degassed, first at room temperature and then at 110 °C for 30 min. Meanwhile 30 mg of S powder are mixed with 7.5 mL of OLA until full dissolution and a clear orange solution is obtained. Then under N2 at 110°C, this solution of S is quickly added to the flask. After 15 minutes, the reaction is quickly quenched by addition of 1 mL of oleic acid and 9 mL of hexane. The NCs are precipitated with ethanol and redispersed in toluene. This washing step is repeated one more time. The solution is then centrifuged to remove the S4 unstable phase. The supernatant is precipitated with methanol and redispersed in toluene. For TEM images and absorption spectroscopy, see Figure S 1e PbS 1550 Synthesis: In a three-neck flask, 300 mg of PbCl2 and 7.5 mL of OLA are degassed, first at room temperature and then at 110 °C for 30 min. Meanwhile 30 mg of S powder are mixed with 7.5 mL of OLA until full dissolution and a clear orange solution is obtained. Then under N2 at 150 °C, this solution of S is quickly added to the flask. After 15 minutes, the reaction is quickly quenched by addition of 1 mL of oleic acid and 9 mL of hexane. The NCs are precipitated with ethanol and redispersed in hexane. Again, the NCs are precipitated with ethanol and redispersed in hexane and a drop of OA. The cleaning is repeated a third time. Finally, the NCs in hexane are then centrifuged to remove the unstable phase. For TEM images and absorption spectroscopy, see Figure S 1f 

Ellipsometry measurements

Procedure to determine n and k from ellipsometry

The spectroscopic ellipsometry (SE) was performed on a variable angle spectroscopic ellipsometer (V-VASE from J.A. Wollam). The spectral range used was 0.45-2.100 µm. The measurements were performed at 3 angles of incidence: 50, 60 and 70 °.

Ellipsometry measures the change in the polarization state between the incident and the reflected light from a surface. The ellipsometric angles ψ and Δ are obtained from the complex reflectance ratio ρ as 1 :

𝜌 = (𝐸 𝑟 𝐸 𝑖 ⁄ ) 𝑝 (𝐸 𝐸 𝑖 ⁄ ) 𝑠 = 𝑟 𝑝 𝑟 𝑠 = | 𝑟 𝑝 𝑟 𝑠 | 𝑒 𝑖(𝛿 𝑝 -𝛿 𝑠 ) = tan ψ 𝑒 𝑖∆
Where rp and rs are the complex reflection coefficient of p and s polarized light, respectively, δp and δs the phase shifts at reflection for p and s polarizations, respectively. Each absorption feature in ε2 is represented by a corresponding oscillator, whereas the real part ε1 is calculated using Kramers-Kronig relations. We can derive the values of the optical constants n and k

𝜀 1 = 𝑛 2 -𝑘 2 𝜀 2 = 2𝑛𝑘
n is the refractive index and k is the extinction coefficient.
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The analysis of the data was performed using the software package WVASE32 to extract the optical constants of the NCs film. The final multilayer model defined here consists in a semi-infinite substrate with the optical constants of borosilicate glass (BK7) and a layer representing the NCs film with the oscillator model described. The thickness measured with the profilometer was used as the starting parameter in the model and was later fine-tuned when adjusting the parameters in the dispersion formula. First the adjustment was performed in the transparent region of the PbS film thus obtaining a reliable estimation of the thickness and the dielectric constant. Then, the fitting region was extended from the transparent region to the entire wavelength region.

The goodness of fit was determined using the unbiased merit function mean-squared error (MSE) which was minimized to best fit the model data (ψ,Δ) with experimental data (ψ,Δ), see Figure S Comparison from other works. [3][4][5][6] We observed in Figure S 7 a constant shift between the TB size and those measured in TEM for a given exciton energy. Insofar, as the TB calculations agree with previous experimental data, we cannot explain the origin of these discrepancies. 𝜎 from equation 2 of the main document can be fitted once (here on PbS 1200) and transferred to the other films, removing one free parameter.

Maxwell Garnett vs Bruggeman

The Maxwell Garnett (MG) approximation is not symmetric. It is given by:

𝜀 -𝜀 ℎ 𝜀 + 2𝜀 ℎ = 𝑓 𝑖 𝜀 𝑖 -𝜀 ℎ 𝜀 𝑖 + 2𝜀 ℎ
with 𝑓 ℎ and 𝑓 𝑖 the host and inclusion volume fraction; 𝜀 𝑖 , 𝜀 ℎ , and 𝜀 the complex dielectric functions for the inclusion, the host, and the medium, respectively. The choice of which medium component (NC or ligand) entering the MG formula, either as the host or the inclusion, gives a different complex permittivity for the medium. The only possible distinction between components is based on an inclusion volume fraction much smaller than the host one. Thus, this theory is applicable only for dilute systems. The Bruggeman symmetric formulation is better suited for films where NCs can reach high volume fractions. The symmetry offered by the Bruggeman equation makes it possible to treat the medium components equally and thus overcome the Maxwell Garnett model restricted to dilute system and accessing denser composite mediums.

Both models (Figure S6) give the peaks shapes, positions, and magnitudes in good agreement with ellipsometry. The volume fractions extracted from MG are higher than those from Bruggeman. Even if MG is in accordance with experimental data, the theory is out of its validity limit when the host concentration is in the same order as the inclusion's concentration, as for NH4I capping. 

Electromagnetic simulation

Parameters for simulation

Electromagnetic simulations were implemented using a frequency-domain modal method known as the Rigorous Coupled Wave analysis (RCWA). We use RETICOLO, 7 a code written in MATLAB language. In this study, we have chosen 100 Fourier orders for the calculation.

We have chosen to model relevant stacks for IR sensing. The stack is made of glass/ITO (190 nm)/TiO2(120 nm)/PbS (n type, with NH4I capping and a tunable excitonic peak), PbS (p-type, capped with EDT and a 1200 nm excitonic peak)/Au (80 nm). The last input needed for these calculations is the complex refractive index of each layer. For the ITO, 8 the TiO2 9 and the gold 10 we used previously reported refractive index.

Again, it is worth pointing out that the p-type PbS layer is chosen to have a constant excitonic peak while the n type layer has a tunable excitonic peak. Indeed, the thiol capped PbS layer change from np type nature for a large excitonic peak (1200 nm and less) to n type for a wider excitonic peak.

The absorption map is deduced from the electric field at each point:

𝐿𝑜𝑠𝑠 = 𝜋 𝜆 ∫ 𝐼𝑚(𝜀(𝑀))(|𝐸 𝑦 | 2 )𝑑𝑆 𝑆 , 𝐼𝑛 𝑇𝐸 𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝐿𝑜𝑠𝑠 = 𝜋 𝜆 ∫ 𝐼𝑚(𝜀(𝑀))(|𝐸 𝑥 | 2 + |𝐸 𝑧 | 2 )𝑑𝑆 𝑆 , 𝐼𝑛 𝑇𝑀 𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛
Where 𝑆 is a surface, 𝜀(𝑀) is the permittivity at a point 𝑀(𝑥, 𝑦, 𝑧).

In the code the losses are calculated at each point of the map. There is a point every nanometer along the z-axis and a point every two nanometers along the x axis. S15

Tuning the relative thickness of n and p type layers in a PbS 1200 diode

One can notice that the spectral dependence of the refractive index is much weaker that in the case of the extinction coefficient. In Figure S 11, we address an important question which is whether the spectral dependence of the refractive index is a mandatory information to achieve accurate modelling.

Conducting spectrally resolved measurement is experimentally challenging and sometimes unavailable at the laboratory level in the SWIR range. This explains why we have conducted absorption simulations for a diode at 1200, 1370 and 1550 nm when the full spectral dependence of the refractive index is considered and when it is replaced by its average value. For these three diodes, we have chosen a thickness which corresponds to a spectral overlap of a resonance with the exciton energy. We observe that overall modelling is only little affected by this approximation and in particular the properties close to the excitonic peak remains well reproduced. 

Tuning the relative thickness of n and p type layers in PbS 1200 diode

In Figure S 12, we follow the absorption at the exciton as a function of the thicknesses of the thiol and I -capped layers. We see that the resonance lines (yellow lines) follow exactly the iso thickness lines, meaning that the resonances are driven by the total thickness. 

Figure 1

 1 Figure 1 PbS nanocrystals. TEM (a.) and high resolution TEM (b.) of PbS 1550 sample. c. Absorption spectra for a series of PbS NCs with excitonic peak from 1000 to 1550 nm.

Figure 2

 2 Figure 2 Refractive index and extinction coefficient spectra for PbS 1200 capped with oleic acid (a.), EDT (b.) and NH 4 I (c.). Data for PbS 1370 and 1550 are provided in Figure S5.

Figure 3

 3 Figure 3 Comparison between data extracted from ellipsometry measurements (green crosses) and Bruggeman simulations, in which the NC volume fraction was either fitted (blue) or computed with a hard-sphere model (orange), as a function of the exciton peak wavelength for OA capping (a,c) or as a function of the capping for PbS 1200 nm (b,d). a-b. Refractive index averaged over the 750 to 2000 nm range. c. NC volume fraction. d. Extinction coefficient.

Figure 5

 5 Figure 5 Optical indices calculated in TB for a single PbS NC with the lowest exciton at 1200 nm. The refractive index (black line) and extinction coefficient (red line) are computed using the TB electronic structure of a 2-nm-diameter NC (upper right insert).

Figure 6

 6 Figure 6 Simulation of diode absorption based on refractive index and extinction coefficient revealed by ellipsometry and modelling. a. Absorption within the NCs for a diode made of PbS 1200 as a function of the wavelength and thickness of the n-type NH 4 I capped PbS layer. b. Absorption spectra within the NCs for a diode made of PbS 1200 for a 330 nm thickness of the ntype NH 4 I capped PbS layer. c. Absorption spatial map for a diode made of PbS 1200. d. Dispersion relation (wavenumber as a function of wavevector) for a diode made of PbS 1200.𝑘 𝑥

Figure S 1

 1 Figure S 1 On the left is a Transmission Electron microscopy (TEM) image of PbS NCs, in the middle is a high resolution TEM image and on the right absorption spectra for a. PbS 1000 nm, b. PbS 1100 nm, c. PbS 1200 nm, d. 1370 nm, e. PbS 1450 nm and f. PbS 1550 nm.

  The measured Ψ and Δ quantities were fitted to a multilayer model to determine the dielectric function of the NCs. The imaginary part of the dielectric function of the NCs (ε2) was modelled as a linear summation of one Tauc-Lorentz oscillator and four Gaussian oscillators used to describe the absorption features, see FigureS2(for an example of fit). We have tried different types of oscillators. The Tauc-Lorentz oscillator allowed reproducing very steep absorption edges without introducing residual absorption below the absorption edge, while ensuring the Kramers-Kronig consistency of the optical constants (like the Gaussian oscillators did). It seems to us that the decomposition presented here is the minimal efficient one.

Figure

  Figure S2 Example of a sum of oscillators used to fit ε2, in the case of PbS 1550.

  3. 

Figure S 3 S8 2 . 2 .

 322 Figure S 3 Measured and fitted ellipsometry angles Δ (a.) and ψ (b.) as a function of the wavelength for three incident angles (50°, 60° and 70°) for the PbS 1550 sample.

Figure S 4 S9 2 . 3 . 5 Figure S 5 S10 3 .

 423553 Figure S 4 Refractive index and extinction coefficient spectra for PbS NCs capped with oleic acid : a. for PbS 1000, b. for PbS 1100, c. for PbS 1200, d. for PbS 1370, e for PbS 1450 and f for PbS 1550.

Figure

  Figure S6 TB and ab initio band structure of bulk PbS, where the zero energy is the top of the valence band. The ab initio calculation has been performed using the Density Functional Theory (DFT) using the Heyd-Scuseria-Ernzerhof functional (HSE) and the Vienna ab initio simulation package (VASP; courtesy of Jing Li and Benoit Sklenard, CEA-LETI, Grenoble).

Figure S

 S Figure S Fitting the experimental excitonic peak of PbS 1000, 1100, 1200, 1370, 1450, and 1550 capped by oleic acid (green dot) with a Lorentzian at σ fixed (orange) and σ adjusted.

Figure S shows

  Figure S shows that the broadening is quite similar for different PbS NCs films. Indeed, a Lorentzian for a fixed 𝜎 = 0.0816 eV well describes the exciton peak of the different films. Hence, the parameter

Figure S 9

 9 Figure S 9 Effect of particle size. Refractive index (𝑛) and extinction coefficient (𝑘) spectra for PbS 1000, 1100, 1200, 1370, 1450 and 1550 capped with OA. We compared the ellipsometry measurements (green dots), the Bruggeman (blue line) and the Maxwell Garnett (red line) approximations. The NC volume fractions (𝑓 𝑁𝐶 ) obtained in the two approximations are indicated.

S14

  

Figure S 11a .

 11a Figure S 11a. Absorption spectra within the NCs for a diode made of PbS 1200 for a spectrally dependant refractive index and for a refractive index averaged over the same spectral range. b. Absorption spectra within the NCs for a diode made of PbS 1370 for a spectrally dependant refractive index and for a refractive index averaged over the same spectral range. c. Absorption spectra within the NCs for a diode made of PbS for a spectrally dependant refractive index and for a refractive index averaged over the same spectral range.

Figure S 12 S17 4 . 4 .

 1244 Figure S 12 Absorption within the NCs at the exciton for a diode made of PbS 1200 as a function of the thicknesses of the NH4I capped PbS layer and the EDT capped PbS layer. The black lines are iso thickness lines.

Figure S 13a .S18 4 . 5 .S19Figure S 15 .

 13a4515 Figure S 13a. Absorption within the NCs for a diode made of PbS 1370 as a function of the wavelength and thickness of the n-type NH4I capped PbS layer. b. Absorption spectra within the NCs for a diode made of PbS 1370 for two thicknesses of the n-type NH4I capped PbS layer. c. Absorption spatial map for a diode made of PbS 1370. d. Dispersion relation (wavenumber as a function of kx wavevector) for a diode made of PbS 1370. Exciton appears around 7000 cm -1 .

  

  

  

  

  

  

  

Table 1 Spectroscopic and structural parameters of the PbS NCs. The average refractive index is calculated over the wavelength range 750-2000 nm. PbS 1000 PbS 1100 PbS 1200 PbS 1370 PbS 1450 PbS 1550 Particle diameter (nm)

 1 

		4.5±1.5	4.6±1.1	5.2±0.8	6.1±1.4	6.6±1.3	6.7±1.1
	Exciton	1012 nm	1078 nm	1223 nm	1370 nm	1465 nm	1533 nm
	peak	9880 cm -1	9270 cm -1	8172 cm -1	7300 cm -1	6825 cm -1	6520 cm -1
	(nm/cm -	1225 meV	1150 meV	1013 meV	905 meV	846 meV	808 meV
	1 /meV)						
	Average	1.84±0.1	1.81±0.1	1.95±0.1	2.04±0.1	2.17±0.1	2.04±0.1
	refractive						
	index (OA						
	capping)						
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where a random-close-packed distribution assumes 64% packing fraction ( ). It has shown 𝑃𝐹 reasonable packing estimates for glassy films of CdSe NCs. 45 The length of the ligands in the films is taken close to the literature, including the interparticle spacing measured by Weidman et al. [START_REF] Weidman | Interparticle spacing and structural ordering in superlattice pbs nanocrystal solids undergoing ligand exchange[END_REF] : 1.5, 0.5, and 0.3 nm for OA, EDT, and NH 4 I, and the NCs radii are those calibrated by TB. 𝑟 𝑁𝐶 Electromagnetic simulation: Calculations are achieved with Matlab library based on RCWA. 46 The Maxwell equations are solved in each layer and interface conditions are applied to find the final solution of the whole structure. We consider incoming plane waves under normal incidence, either with transverse magnetic (TM) or transverse electric (TE) polarizations, i.e. with a magnetic field or electric field parallel to the slits of the gratings, respectively.
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