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INTRODUCTION

Owing to their unique physico-chemical properties, colloidal nanoparticles (NPs) are now part of the toolbox to fabricate active areas of promising nanodevices. [START_REF] Xia | One-Dimensional Nanostructures: Synthesis, Characterization, and Applications[END_REF][START_REF] Shipway | Nanoparticle arrays on surfaces for electronic, optical, and sensor applications[END_REF][START_REF] Xia | Monodispersed Colloidal Spheres: Old Materials with New Applications[END_REF][START_REF] Zhu | Assembly and Electronic Applications of Colloidal Nanomaterials[END_REF][START_REF] Yang | Designed Assembly and Integration of Colloidal Nanocrystals for Device Applications[END_REF] They have thus been widely employed in an extensive range of applications: sensors (temperature, [START_REF] Xin | A highly stretchable strain-insensitive temperature sensor exploits the Seebeck effect in nanoparticle-based printed circuits[END_REF] humidity, [START_REF] Traiwatcharanon | Flexible room-temperature resistive humidity sensor based on silver nanoparticles[END_REF] gas, [START_REF] Praveenkumar | A Review of Doped and Undoped ZnO Nanoparticles for Fabrication of Gas Sensor[END_REF] chemical, [START_REF] Rodríguez-Cantó | UV-patternable nanocomposite containing CdSe and PbS quantum dots as miniaturized luminescent chemo-sensors[END_REF] bioanalyses, [START_REF] Wang | Nanomaterial-based electrochemical biosensors[END_REF][START_REF] Howes | Colloidal nanoparticles as advanced biological sensors[END_REF] mechanics, [START_REF] Guo | Mechanical properties of nanoparticles: basics and applications[END_REF]…), strain gauges, [START_REF] Segev-Bar | Flexible Sensors Based on Nanoparticles[END_REF] memories, [START_REF] Tsoukalas | From silicon to organic nanoparticle memory devices[END_REF] SERS, [START_REF] Brown | Nanostructures and nanostructured substrates for surface-enhanced Raman scattering (SERS)[END_REF] anti-counterfeiting applications, [START_REF] Ren | Optical Nanomaterials and Enabling Technologies for High-Security-Level Anticounterfeiting[END_REF] etc.

One prerequisite to benefit from the tuned properties of NPs in concrete realizations is to integrate them and direct their assembly onto specific areas of rigid or flexible surfaces. Thus, numerous directed assembly strategies are used and developed to finely control their localization and structuration onto surfaces. [START_REF] Grzelczak | Directed Self-Assembly of Nanoparticles[END_REF][START_REF] Bhushan | Springer Handbook of Nanotechnology[END_REF] The capability of these integration approaches to make 3D assemblies/nanostructures instead of 2D ones is of major interest to generate, tailor, and enhance the NP original functionalities. [START_REF] Vogel | Advances in Colloidal Assembly: The Design of Structure and Hierarchy in Two and Three Dimensions[END_REF] Among the available directed assembly methods, nanoxerography, i.e. electrostatic assembly induced by charged patterns written onto electret surfaces, is a powerful technique to address a large variety of colloidal nanoparticles. [START_REF] Palleau | Combinatorial Particle Patterning by Nanoxerography[END_REF] Its capability to realize 3D assembly was demonstrated with photoluminescent NPs which enabled a tuning of the photoluminescent signal that depends on the assembly thickness. [START_REF] Sangeetha | 3D assembly of upconverting NaYF4 nanocrystals by AFM nanoxerography: creation of anti-counterfeiting microtags[END_REF] These technique potentialities were successfully applied to fabricate anti-counterfeiting markers considering multi security levels, [START_REF] Sangeetha | 3D assembly of upconverting NaYF4 nanocrystals by AFM nanoxerography: creation of anti-counterfeiting microtags[END_REF] the biocompatible aspect, [START_REF] Teulon | Interactive Nanogel Marking at the Microscale for Security and Traceability Applications[END_REF][START_REF] Morales | Single-Step Binary Electrostatic Directed Assembly of Active Nanogels for Smart Concentration-Dependent Encryption[END_REF] the reading equipment (smartphone [START_REF] Poirot | Smartphone-Identifiable Photoluminescent Nanoparticle-Based Multilevel Secured Tags by Electrical Microcontact Printing[END_REF] or a dedicated optical setup [START_REF] Sangeetha | 3D assembly of upconverting NaYF4 nanocrystals by AFM nanoxerography: creation of anti-counterfeiting microtags[END_REF]) and their industrial scaling up fabrication. [START_REF] Teulon | Interactive Nanogel Marking at the Microscale for Security and Traceability Applications[END_REF][START_REF] Poirot | Smartphone-Identifiable Photoluminescent Nanoparticle-Based Multilevel Secured Tags by Electrical Microcontact Printing[END_REF][START_REF] Diaz | High-throughput fabrication of anti-counterfeiting colloid-based photoluminescent microtags using electrical nanoimprint lithography[END_REF] Unfortunately, 3D assembly by nanoxerography is limited to polarizable NPs with "large" diameter above 20-25 nm, [START_REF] Moutet | Dynamics of Dielectrophoretic-Force-Directed Assembly of NaYF4 Colloidal Nanocrystals into Tunable Multilayered Micropatterns[END_REF] which represents a severe restriction. Indeed, in the case of quantum dots (QDs) for instance, the lack (or the weakness) of quantum confinement effect in NPs larger than 10 nm makes them less desirable, their synthesis with narrow size distribution being in addition often very challenging like for example in the case of the strategic InP QDs. [START_REF] Baquero | Synthesis of Oxide-Free InP Quantum Dots: Surface Control and H2-Assisted Growth[END_REF] In the present study, we propose a flexible hybrid approach to enlarge the range of applicable NPs for 3D assembly by nanoxerography. A synthesis of hybrid raspberry-like NPs is evaluated where large 3D-assemblable SiO 2 NPs are used as vector to carry nanometric particles of interest. This generic protocol is tested with 3-4 nm InP@ZnS QDs and 5 nm PbS QDs and applied to realize respectively cadmium-free and infrared-readable anticounterfeiting photoluminescent markers.

EXPERIMENTAL

Materials

Indium(III) chloride (99.999%), zinc stearate (99%), tris(diethylamino)phosphine (97%), trioctylphosphine (>99%), elemental sulfur (≥99%), oleylamine (90%), octadecene technical grade (90%), oleic acid technical grade (90%), toluene ACS reagent (≥99.5%), pentane ACS reagent (≥99.5%), ethanol ACS reagent (≥99.5%), hexane ACS reagent (≥99.5%), methyl isobutyl ketone reagent, ammonia solution (28.0-30.0%), dodecyltriethoxysilane, (3mercaptopropyl)triethoxysilane (≥80%), polymethylmethacrylate (PMMA, 996K) are all purchased from Sigma Aldrich. PbCl 2 , ultra dry (99.999%) and tetraethoxysilane (+99,999%) are purchased from Alfa Aesar. Methanol ≥99.7% is purchased from Honeywell. All chemicals are used as received and without any further purification.

3-4 nm InP@ZnS (quantum yield around 50%) and 5 nm PbS (quantum yield around 40%) QDs dispersed in hexane were produced following established protocols published respectively by Tessier et al. [START_REF] Tessier | Economic and Size-Tunable Synthesis of InP/ZnE (E = S, Se) Colloidal Quantum Dots[END_REF] and Moreels et al. [START_REF] Moreels | Bright, and Stable PbS Quantum Dots: A Surface Chemistry Study[END_REF] After synthesis, the surface ligands on PbS QDs are oleic acid with possible traces of oleylamine and the ones on InP@ZnS QDs are trioctylphosphine (TOP).

Synthesis of photoluminescent hybrid nanoparticles

All manipulations were performed under an argon atmosphere using Schlenk line techniques, or in an argon-filled glovebox.

Synthesis and functionalization of SiO 2 cargo nanoparticles

In a typical experiment, tetraethoxysilane (2.00 mL, 8.9 mmol) is added (1 drop/s) to a solution of ammonia (4.72 mL) in methanol (20 mL) in a Schlenk tube at 35°C under stirring (600 rpm). The solution is let under stirring for 12 hours which leads to the synthesis of SiO 2 nanoparticles.

To further use them as cargo nanoparticles, the surface of the as-synthesized SiO Washing steps conduced after synthesis of hybrid nanoparticles should prevent the final solution from the presence of free QDs. However, a few single QDs may still be free in the solution after washing, or even be desorbed of the surface of the silica nanoparticles. This amount of free QDs has not been quantified, but it can be seen on some TEM images.

It is worth noting that the concentration of both MPS and DDS silanes has been optimized

experimentally, but no further control of their density has been made afterwards. Even if there is no direct proof that final densities of silanes at the surface of nanoparticles corresponds to the ones introduced/expected, the fact that hybrid nanoparticles are stable in apolar solvents and luminescent demonstrate that both respective functionalizations were successful.

AFM and e-µCP nanoxerography protocols

Nanoxerography protocols conducted in this study were based on previously published ones. [START_REF] Poirot | Smartphone-Identifiable Photoluminescent Nanoparticle-Based Multilevel Secured Tags by Electrical Microcontact Printing[END_REF][START_REF] Palleau | Coulomb Force Directed Single and Binary Assembly of Nanoparticles from Aqueous Dispersions by AFM Nanoxerography[END_REF] In a typical experiment, charged patterns of specific designs are first created on the surfaces of samples composed of 200 nm thick PolyMethylMethAcrylate (PMMA) thin films spincoated on 10 16 P-doped Si wafer substrates. Si substrates act as counter electrodes and PMMA is used as electret for its excellent charge storage properties and ease of implementation by simple spin coating. [START_REF] Ressier | Electrostatic Nanopatterning of PMMA by AFM Charge Writing for Directed Nano-Assembly[END_REF] Charge writing is performed either via a polarized atomic force microscope (AFM) tip [START_REF] Morales | Single-Step Binary Electrostatic Directed Assembly of Active Nanogels for Smart Concentration-Dependent Encryption[END_REF][START_REF] Palleau | Coulomb Force Directed Single and Binary Assembly of Nanoparticles from Aqueous Dispersions by AFM Nanoxerography[END_REF] or by electrical microcontact printing (e-µCP). [START_REF] Teulon | Interactive Nanogel Marking at the Microscale for Security and Traceability Applications[END_REF][START_REF] Poirot | Smartphone-Identifiable Photoluminescent Nanoparticle-Based Multilevel Secured Tags by Electrical Microcontact Printing[END_REF] Dielectrophoretic forces are induced by electric field gradients which can be created in a similar manner by positively or negatively charged patterns. [START_REF] Jones | Electromechanics of particles[END_REF] Consequently, in this study, only positively charged patterns were considered since their charge decay is slower than for the negatively charged ones.

In the AFM configuration case, voltage pulses (1 ms, 50 Hz, up to 80 V amplitude) are applied by an external voltage generator in between a conductive AFM tip and the Si substrate. Experiments are run on an ICON microscope from Brüker using (42 N/m, 285 kHz) from NanoWorld.

In the e-µCP configuration case, a conductive stamp, made of cyclic olefin copolymer (COC) covered with a 50 nm gold layer, is brought in contact with the PMMA surface using a desktop nanoimprint tool CNI from NILT. Continuous voltages (typically +45 V with a compliance of 100 mA) are applied for 45 s.

Charged samples were then immersed into colloidal dispersions of interest for 30-45 seconds, removed and naturally dried in air.

Characterizations of synthesized nanoparticles or nanoparticle assemblies

Characterizations of nanoparticles in solution TEM

Samples for typical TEM analyses were prepared in the glovebox by dropping a single drop of a dilute solution of washed particles in toluene or pentane onto a carbon-covered copper grid and allowing the solvent to dry slowly. Low and high magnification TEM analysis were performed on a JEOL JEM 1400 electron microscope operating at 120 kV or a TECNAI F20

electron microscope operating at 200 kV. The nanoparticles were not sensitive to the electron beam and no degradation of the assembly was observed. The typical size distributions were determined by measuring at least 250 particles with Fiji (imageJ) software. [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF] 

Photoluminescence

Visible photoluminescence (PL) spectra were acquired with a PTI Fluorescence Master System equipped with a xenon lamp (l excitation = 450 nm), a monochromator and a UV-VIS Hamamatsu photomultiplier. Short-wave infrared or SWIR photoluminescence spectra were obtained using cw TiSa laser excitation at 800 nm and recorded by an InGaAs photodiode array after dispersion through a Princeton Instruments spectrometer. Quartz cuvettes (10 mm pathlength) were initially cleaned with aqua regia followed by washing with toluene and ethanol. The cuvettes were dried in an oven (120 °C) to remove any traces of solvent. All tested NPs had an optical density between 0.05 -0.17 at the excitation wavelength (450 nm).

UV-Visible and SWIR absorption spectra were measured with a Cary Series UV-Vis-SWIR spectrometer using cells of 2 mm.

Characterizations of nanoparticle assemblies on surfaces AFM

The topography of nanoparticle patterns was analyzed in regular tapping mode at 0.5 Hz using an ICON atomic force microscope from Brüker equipped with ARROW NCR tips (42 N/m, 285 kHz) from NanoWorld.

Optical microscopy

Optical images were taken using a conventional direct optical microscope from Olympus in bright field mode. Samples were illuminated with a classical white source.

SEM

Samples for typical SEM analyses were prepared by covering their surfaces of the nanoparticle assemblies with a nanometric layer of gold using a SC7610 Sputter Coater. This preparation allows decreasing the charge effect due to the accumulation of electrons on the surface of the samples, which is relatively strong in our case due to the presence of the PMMA electret surface. However, the samples stayed quite sensitive to the electron beam thus leading to some observable surface holes and cracks on 3D assemblies. SEM analyses were performed on a FEG-SEM JEOL 7800F operating at 5.0 kV. The samples were tilted by 40° to facilitate the visualization of the 3D aspect of NP assemblies.

Photoluminescence

Visible photoluminescence images were obtained with an inverted microscope IX73

(Olympus) under reflective light configuration. The light source is a pE-300 White (CoolLed) coupled with a filter cube (41012 from Chroma) and a camera (Grasshopper3 USB3 GS3-U3-23S6C-C from Flir).

SWIR photoluminescence images of nanoparticle assemblies were obtained after excitation by a 980 nm cw-laser diode. The excitation spot on the surface was estimated to be 200 µm in diameter. SWIR PL images were then recorded by a SWIR camera (PHF-SNAKE-640 type) from PhotonFocus. A spectral bandpass filter (1200-1350 nm) was used to remove any scattered laser light on the camera. The sample was mounted on a motorized microscope stage from Märzhäuser to allow sample scanning below the laser spot. The various obtained images were used to reconstruct the whole PL image of the assemblies.

RESULTS AND DISCUSSION

Hybrid nanoparticles: a strategy for indirect 3D directed assembly of small nanoparticles on surfaces by nanoxerography

Previous results on nanoxerography demonstrated that some specifications are required to access selective electrostatic 3D assembly of colloidal nanoparticles through this technique [START_REF] Moutet | Dynamics of Dielectrophoretic-Force-Directed Assembly of NaYF4 Colloidal Nanocrystals into Tunable Multilayered Micropatterns[END_REF]:

-The quantity of free ligands should be minimized in the colloidal dispersion to prevent unwanted screening of charged patterns.

-The concentration of NPs should be maximized to reach higher assembly thicknesses. [START_REF] Sangeetha | 3D assembly of upconverting NaYF4 nanocrystals by AFM nanoxerography: creation of anti-counterfeiting microtags[END_REF] -NPs of interest have to be uncharged in order to avoid electrostatic repulsion between them during the 3D construction of the assembly.

-NPs of interest have to be polarizable to be sensitive to the dielectrophoretic forces generated by the charged patterns. [START_REF] Palleau | Quantification of the Electrostatic Forces Involved in the Directed Assembly of Colloidal Nanoparticles by AFM Nanoxerography[END_REF] To attract polarizable NPs on any type of charged patterns (positively or negatively), they need to be more polarizable than their dispersing solvent, which is verified when the used solvent has a low dielectric coefficient like hexane or toluene.

-The size of the NPs should be maximized in order to enhance the dielectrophoretic forces. These forces indeed increase as a function of the NP radius to the cube. [START_REF] Jones | Electromechanics of particles[END_REF] So far, examples of successful 3D directed assemblies by nanoxerography had been realized with NPs with a diameter superior to 20 nm. [START_REF] Sangeetha | 3D assembly of upconverting NaYF4 nanocrystals by AFM nanoxerography: creation of anti-counterfeiting microtags[END_REF] This last point is a real bottleneck since it restricts the capability of nanoxerography to allow the 3D directed assembly of any type of nanoparticles, especially quantum dots whose typical diameters of several nanometers are too small. In those cases, the involved dielectrophoretic forces only lead to 2D mono/bilayered assemblies [START_REF] Palleau | Quantification of the Electrostatic Forces Involved in the Directed Assembly of Colloidal Nanoparticles by AFM Nanoxerography[END_REF] and are not high enough to attract the deposit of extra layers of NPs.

To circumvent this limitation, the proposed approach is to create hybrid raspberry-like nanoparticles (HNPs). The combination of various components on the same nano-object is a relevant strategy to access or tailor new properties and further integrate nanoparticles into functional applications. [START_REF] Zhang | Directed Assembly of Hybrid Nanomaterials and Nanocomposites[END_REF][START_REF] Costi | Colloidal Hybrid Nanostructures: A New Type of Functional Materials[END_REF] Here, the idea is finding a neutral but polarizable NP, large enough to lead to 3D assembly by nanoxerography, and large enough to anchor with adequate functionalization smaller NPs on its surface.

To explore this path, an ideal NP candidate for vector has been selected: 50 nm SiO 2 NPs dispersed in hexane. It can be used as a cargo particle which can graft smaller NPs of interest (here demonstrated with QDs) on its surface (Figure 1a). In that way, QDs could be incorporated in 3D assemblies. Consequently, the global photoluminescent signal coming from their assembly in 3D in a hybrid configuration is expected to be higher compared to 2D assemblies obtained with single free QDs. It is interesting to note that in the case of another directed assembly technique, the so-called convective self-assembly one, a similar strategy has been recently employed to topographically trap in microstructures, large enough polystyrene NPs anchored with smaller photoluminescent NPs. [START_REF] Wu | Controlled patterning of upconversion nanocrystals through capillary force[END_REF] The 3D assemblies of HNPs were tested following the nanoxerography processes detailed in the Experimental Section and illustrated in Figure 1b.

Characterizations of hybrid SiO2-InP@ZnS HNPs

The hybrid approach proposed here for 3D assembly is first illustrated by the synthesis of HNPs combining SiO 2 cargo NPs with InP@ZnS QDs. The main challenge of this approach is the combination of the apolar QDs and the polar SiO 2 NPs prepared in methanol. The transfer of these latter in hexane (suitable for nanoxerography) is not trivial and requires a fine adjustment of specific parameters: temperature of reaction, amounts of ligand for exchange, washing steps for transfer. The various steps of the synthesis and details are described in the Experimental Section 2.2.

Figure 2 shows the absorption and emission spectra as well as the TEM images of SiO 2 cargo NPs, InP@ZnS QDs and their combination in SiO 2 -InP@ZnS HNPs. As can be seen in Figure 2b, the InP@ZnS QDs are homogeneously distributed over the surface of the SiO 2

NPs. Most importantly, the size and the optical properties of the QDs are fully preserved when combining the two types of NPs.

Photoluminescence comparison of 2D and 3D nanoparticle patterns assembled by nanoxerography

AFM nanoxerography experiments were realized on samples featuring series of 3 square patterns charged via different increasing applied voltages from left to right ranging from +45

V to +80 V (Figure 3a).

Assemblies were performed with the three types of NP dispersions described in Figure 2:

SiO 2 NPs, InP@ZnS QDs and SiO 2 -InP@ZnS HNPs.

Typical assembly results were characterized by AFM in tapping mode, bright field optical microscopy and PL measurements. They confirm that naked SiO 2 NPs are well assembled in 3D and the higher the surface potential of the charge pattern the thicker the 3D assembly (Figure 3a). Assembly thicknesses of more than 1.3 µm high (more than 31 layers) were obtained in the most highly charged conditions (+80 V applied to the AFM tip).

In the case of single InP@ZnS QDs, nanoxerography experiments lead to 2D mono/bilayered assemblies (Figure 3b). Increasing the surface potential of the charged patterns increases the density, first of monolayered QDs assemblies for the less charged patterns and second of bilayered assemblies for the most charged patterns (Figure S1a of Supporting Info). The PL signal increases accordingly but remains quite difficult to detect overall. A clear PL signal only appeared for the densiest bilayered assemblies.

Assembly results for SiO 2 -InP@ZnS HNPs perfectly combine the two previous features and lead to 3D luminescent assemblies (Figure 3c). The thicker the 3D assembly, the higher the photoluminescence. The graph of Figure 3d illustrates the linear evolution of the normalized photoluminescence (in arbitrary units) of 3D assembly of HNPs made by nanoxerography as function of their thicknesses. Obtained thicknesses can reach up to 31 layers of HNPs, comparable to thicknesses obtained in the case of naked SiO 2 NPs. The maximum photoluminescence signal emitted by the densiest bilayered assembly only composed of InP@ZnS QDs (Figure 3b) is also reported on the graph with a red diamond. The value of this photoluminescence signal is equivalent to typical one obtained with a 150 nm thick 3D HNP assemblies. The results indicate that the HNPs approach lead to 3D assembly, 8 times more luminescent (black dash lines for the 1.3 µm thick HNP assembly) than 2D bilayered assembly of single InP@ZnS QDs. It is in good agreement with the number of InP@ZnS emitters that is involved in both 2D and 3D assemblies (cf. calculations in SI). By considering an ideal total covering of SiO 2 NPs by InP@ZnS QDs, the photoluminescent gain could possibly reach 32 (cf. calculations in SI).

Figure 4a depicts the realization of 159 µm wide QR codes obtained by e-µCP nanoxerography respectively composed of InP@ZnS NPs and SiO 2 -InP@ZnS HNPs. These micrometric QR codes are only visible when excited with a blue LED excitation at 460 nm and have an orange-red emission at 631 nm. They contain the coding of 185 alphanumeric characters which is referring to an example of secured traceability data that can be tagged on a product. This example clearly demonstrates the improvement in the photoluminescence signal due to 3D assembly. Thus, only the captured PL image in the 3D/HNP case is contrasted enough to be directly read by a reader application (Figure S2 of SI). SEM characterizations (Figure 4b) of the assembly confirm the 3D aspect of the QR code. It also reveals that some HNPs are non-selectively deposited outside the QR code. However, their specific PL signal neither really affects the global QR code signal nor its contrast. Furthermore, TEM characterizations (Figure 4c) on a cross-section of the 3D assembly obtained by focused ion beam (Figure S3 of SI) prove that the process of nanoxerography doesn't disturb the grafting of the small InP@ZnS NPs on the SiO 2 ones once assembled.

The generic aspect of the HNP approach proposed here has been investigated by grafting another type of QDs on SiO 2 cargo NPs: 5 nm PbS QDs. Their synthesis has been described in the Experimental Section 2.2. Figure 5a illustrates typical absorption/emission spectra of SiO 2 -PbS HNPs. As for single InP@ZnS QDs, it was verified that nanoxerography of single PbS QDs leads to 2D monolayered or bilayered assembly (Figure S1b of SI).

However, no 3D assembly could be obtained. In contrast, 3D assembly of SiO 2 -PbS HNPs could be achieved.

Results on both hybrid nanoparticle systems confirm that the thickness of the 3D assembly increases linearly with the surface potential of the charge pattern and so thickest assemblies are obtained for the mostly charged patterns (Figure S4a of SI). Furthermore, a short optimized immersion time in the 5-45 seconds range into the corresponding colloidal solution to access thickest assemblies (Figure S4b of SI) is in good agreement with previously reported assembly kinetics. [START_REF] Moutet | Dynamics of Dielectrophoretic-Force-Directed Assembly of NaYF4 Colloidal Nanocrystals into Tunable Multilayered Micropatterns[END_REF] It proves that 3D assembly by nanoxerography of such hybrid systems is mainly directed by dielectrophoretic forces generated by the charge patterns. Hybrid nanoparticles keep piling up in a 3D manner as long as they feel dielectrophoretic forces larger than diffusion ones. For longer immersion time, the diffusion phenomenon overcomes dielectrophoretic attraction and 3D nanoparticle assemblies start breaking up little by little, down to single monolayers. The maximum assembly thickness led by the described 3D mechanism thus seems limited by the maximum initial amplitude of the dielectrophoretic forces (i.e. the surface potential of the charge patterns) reached in our experiment conditions.

An example of 2D assembly of single PbS NPs and of 3D assembly of SiO 2 -PbS HNPs by e-µCP nanoxerography representing the logo of the LPCNO lab is captured by a dedicated optical setup (Figure 5b). This logo has an infrared emission around 1.3 µm when excited with a laser at 980 nm. Further SEM and TEM characterizations on a cross-section of such 3D assembly obtained by focused ion beam (Figure S5 of SI) depicted identical conclusions than for 3D assembly of SiO 2 -InP@ZnS HNPs. The comparison of two LPCNO logos by IR imaging proves the enhancement of signal and so contrast in the 3D assembly case (Figure 4b). We thus confirm the relevance of 3D assembly obtained by the HNP approach and validate its capability to be extended to other types of small NPs/QDs.

Application perspectives considering industrial constraints

Fabricating anti-counterfeiting markers with photoluminescent nanoparticles is an elegant approach, especially because of the ability of finely tuning the nanoparticle optical properties. [START_REF] Ren | Optical Nanomaterials and Enabling Technologies for High-Security-Level Anticounterfeiting[END_REF][START_REF] Kumar | Future prospects of luminescent nanomaterial based security inks: from synthesis to anti-counterfeiting applications[END_REF] It thus can address various levels of security both on a reading and a fabrication point of view. Moreover, the use of QR codes as markers present multiple well known advantages: free license technology, easy implementation and reading, good amount of coded data and the capability to undergo partial physical damages owing to information redundancy. To meet industrial requirements in terms of mass production, speed, cost, targeted products, large scale printing methods have been developed, the most widespread being inkjet printing. [START_REF] Ren | Optical Nanomaterials and Enabling Technologies for High-Security-Level Anticounterfeiting[END_REF][START_REF] Kumar | Future prospects of luminescent nanomaterial based security inks: from synthesis to anti-counterfeiting applications[END_REF] However, the formulation of colloidal inks remains a challenging task (optimizing solvent compatibility with cartridge, viscosity, concentration, stabilization) which directly impacts the printing resolution and induces possible clogging.

Nanoxerography can compete with inkjet printing if the charge injection step is performed with parallel in-line compatible processes like electrical microcontact printing [START_REF] Teulon | Interactive Nanogel Marking at the Microscale for Security and Traceability Applications[END_REF][START_REF] Poirot | Smartphone-Identifiable Photoluminescent Nanoparticle-Based Multilevel Secured Tags by Electrical Microcontact Printing[END_REF] or electrical nanoimprinting. [START_REF] Diaz | High-throughput fabrication of anti-counterfeiting colloid-based photoluminescent microtags using electrical nanoimprint lithography[END_REF] Furthermore, to tag different types of surfaces, it is mandatory to get rid of the silicon substrate, only useful as counter electrode for the injection step in nanoxerography. That is why, a transfer protocol based on a sacrificial water-soluble polymer layer was previously developed. [START_REF] Diaz | High-throughput fabrication of anti-counterfeiting colloid-based photoluminescent microtags using electrical nanoimprint lithography[END_REF] This concept was successfully applied to incorporate CdSe@CdS nanoparticle based anti-counterfeiting markers into official documents. [START_REF] Poirot | Smartphone-Identifiable Photoluminescent Nanoparticle-Based Multilevel Secured Tags by Electrical Microcontact Printing[END_REF] Now, with the capability of producing by nanoxerography versatile 3D anticounterfeiting markers with improved photoluminescent performances like the ones demonstrated in the present work, an enlarged panel of concrete applications including Restriction of Hazardous Substances (RoHS) certified or IR responsive ones may be targeted.

CONCLUSIONS

This study extends the range of NPs that can be incorporated in 3D assemblies by the nanoxerography process, previously restricted to NPs with diameter larger than 20 nm. Such limitation was tackled by introducing a hybrid NP synthesis approach where a large 50 nm SiO 2 NP is used as a cargo to anchor smaller (several nm) NPs on its surface. 3D assembly of hybrid SiO 2 -InP@ZnS and SiO 2 -PbS NPs were successfully demonstrated. The obtained 3D assemblies were applied to the fabrication of anti-counterfeiting markers which emit and so are only visible at specific visible or IR wavelengths (depending on the used NPs) when excited at specific wavelengths. Having 3D NP assembly instead of a 2D one allows among other things the enhancement or the rising of new properties. Here, the photoluminescence signal of the 3D assembly linearly increased as a function of the assembly thickness and a maximum gain by 8-fold was achieved.

We thus provide the proof of concept of the 3D assembly through nanoxerography of HNPs. The use of more complex heterostructure including more functions/properties can be envisioned: for example, the SiO 2 cargo particles used in this study don't take action in the photoluminescence signal emitted by the assembly; so it would be possible to tune or enhance even more the signal by using an "active" cargo that could induce PL-plasmonic interactions. [START_REF] Ha | Multicomponent Plasmonic Nanoparticles: From Heterostructured Nanoparticles to Colloidal Composite Nanostructures[END_REF] We expect the versatility of the proposed concept to be applied to other types of NPs to make the most of their magnetic, catalytic, optical, etc. properties in a wide range of applications, sensors and devices. 
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2/ Calculations on the numbers of emitters on 2D and 3D assemblies

𝑁 !"#@%"&/&'( ! = 150
Maximum number of InP@ZnS NPs grafted on a single SiO2 NP by considering a hexagonal closepacked grafting on the surface area of a sphere:

𝑁 !"#@%"&/&'( ! (,-.) = 𝑑 012(34) * 4𝜋𝑅 &'( ! 3 𝜋𝑅 !"#@%"& 3 = 591 
With 𝑑 012(34) = 5 3√7 ≅ 0.9069 the highest average density (or packing factor) for a hexagonal closepacked layer of spheres in two dimensions (2D).

è If the maximum number of InP@ZnS NPs grafted on SiO2 NPs would had been reached, the PL intensity of HNP assemblies would have been improved by an extra factor of 3.9

C/ Count of SiO2-InP@ZnS HNPs per layer per square micrometer (based on SEM and AFM images of assemblies of these hybrid NPs) for a close-packed layer:

𝑁 &'( ! >!"#@%"&/8-9:; = 270 𝑁𝑃𝑠/µ𝑚 3 Density of InP@ZnS NPs grafted on SiO2 NPs: è For the equivalent number of NPs per square micrometer of the thickest bilayered InP@ZnS NPs assembly (as calculated above), ℎ -<<:,=89 ≅ 180𝑛𝑚

By considering this value and a linear fit of the data shown on Figure 3d of the manuscript, the corresponding PL intensity obtained in red levels is 0.14.

This value is slightly higher than the measured one of 0.12, probably because the number of InP@ZnS NPs of the thickest assembly is lower than the theoretical maximum number used for these calculations. With the formula used above, for ℎ -<<:,=89 = 690 𝑛𝑚, the following number of layers of SiO2-InP@ZnS NPs in a 3D assembly is obtained: 

Figure

  Figure S1 illustrates directed assembly by AFM nanoxerography in the case of single (a) InP@ZnS

Figure S1 .

 S1 Figure S1. AFM characterizations of 2D mono or bilayered assemblies of single (a) InP@ZnS QDs and (b) PbS QDs by AFM nanoxerography.

A/

  Measured radii of InP@ZnS and SiO2 NPs (based on height measurements from AFM images of assemblies of these NPs and on TEM images of these NPs in solution, as shown on Figure 2 b of the manuscript): 𝑅 !"#@%"& = 1.9 ± 0.2 𝑛𝑚 𝑅 &'( ! = 24.4 ± 2.4 𝑛𝑚 Count of InP@ZnS NPs grafted on each SiO2 NP (based on TEM images of the hybrid SiO2-InP@ZnS NPs observable through cross-sections of 3D assemblies realized by focused ion beam (FIB), as shown on Figure 4 c of the manuscript):

3 4𝜋𝑅 &'( ! 3 ≅

 33 𝑑 !"#@%"&/&'( ! = 𝑁 !"#@%"&/&'( ! * 𝜋𝑅 !"#@%"& 23%Mean radius of SiO2-InP@ZnS HNPs, considering the density of InP@ZnS NPs grafted on SiO2 NPs:𝑅 &'( ! >!"#@%"& = 𝑅 &'( ! + 𝑑 !"#@%"&/&'( ! * 2𝑅 !"#@%"& ≅ 25.3 𝑛𝑚Height of a layer of SiO2-InP@ZnS HNPs in a 3D assembly by considering a hexagonal close-packed structure (with c the height of the unit cell):( ! >!"#@%"& ≅ 41.4 𝑛𝑚Number of SiO2-InP@ZnS HNPs per square micrometer in a 3D assembly:𝑁 &'( ! >!"#@%"& = 𝑁 &'( ! >!"#@%"&/8-9:; * 𝑁 8-9:;< Number of InP@ZnS NPs (grafted on SiO2 NPs) per square micrometer in a 3D assembly:𝑁 !"#@%"& = 𝑁 !"#@%"&/&'( ! * 𝑁 &'( ! >!"#@%"&Height of a 3D assembly composed of Nlayers layers of SiO2-InP@ZnS NPs by considering a hexagonal close-packed structure:ℎ -<<:,=89 = 2𝑅 &'( ! >!"#@%"& + ?𝑁 8-9:;< -1A * ℎ 8-9:; ℎ -<<:,=89 = 2𝑅 &'( ! >!"#@%"& + E 𝑁 !"#@%"& 𝑁 !"#@%"&/&'( ! * 𝑁 &'( ! >!"#@%"&/8-9:; -1F * ℎ 8-9:;

Figure A .

 A Figure A. Scanning electron microscopy (SEM) image of a 3D SiO2-InP@ZnS NPs assembly crosssection realized by focused ion beam (FIB). A measured height of 690 nm is corresponding to a count of 17 layers.

𝑁 8 - 9 :

 89 ;< = ℎ -<<:,=89 + ℎ 8-9:; -2𝑅 &'( ! >!"#@%"& ℎ 8-9:; ≅ 17.1 𝑙𝑎𝑦𝑒𝑟𝑠è The used formula is in good agreement with the measurements.

Figure S4 .

 S4 Figure S4. Influence of (a) the surface potential of charge pattern and (b) the immersion time into the colloidal solution on the assembly thickness in the case of SiO2-InP@ZnS and SiO2-PbS HNPs

  

  

  

  

  

  

  

  

  

Synthesis of hybrid SiO 2 -QDs particles In

  a typical experiment, a solution of functionalized SiO 2 nanoparticles (1 MPS and 10 DDS molecules/nm²) with the concentration of 1.11 10 13 NPs/mL is prepared in 9 mL of hexane.

	A solution of 1 mL of QDs (either InP@ZnS or PbS ones) with the concentration of 1.00 10 16
	QDs/mL is added and left for stirring for 1 hour at room temperature. MPS ligands on SiO 2
	nanoparticles have a silane moiety which will link to the silica nanoparticle surface, leaving
	free their thiol moiety. Once mixed with the QD solution of interest, this thiol moiety will
	attach to a metal atom at the surface of QDs (Pb or Zn), replacing the native ligands, and
	creating covalent bonds between QDs and silica nanoparticles.		
	The hybrid SiO 2 -QDs particles are finally isolated by centrifugation (15000 rpm for 15 min)
	and suspended in hexane.						
							2 NPs is
	functionalized	with	a	mixture	of	dodecyltriethoxysilane	(DDS)	and

mercaptopropyltriethoxysilane (MPS). The mixture of these two silanes is made prior to injection. The amounts of the silanes are comprised between 1 and 10 molecules per nm² of silica NPs for MPS and 10 and 100 molecules per nm² of silica NPs for DDS. The calculated amount of both MPS and DDS silanes is based on the average size of the silica cargo nanoparticles, measured by analysis of TEM images. Supposing nanoparticles are spherical, the surface area of a single one is thus estimated. The solution is stirred at the same temperature for 6 hours and the functionalized SiO 2 NPs progressively precipitate. The liquid phase is discarded, and the solid is solubilized in 20 mL of hexane under ultrasounds. The obtained NPs are stable for weeks without further treatment.

ACKNOWLEDGMENTS REFERENCES

Funding Sources

This study has been supported through the grant NanoX n° ANR-17-EURE-0009 in the framework of the "Programme des Investissements d'Avenir" and by the French Ministry of the Armed Forces -Direction Générale de l'Armement.

AUTHOR INFORMATION

Corresponding Author *E-mail: epalleau@insa-toulouse.fr

Author Contributions

All authors contributed to the discussion and wrote the paper. All authors have given approval to the final version of the manuscript.

Notes

The authors declare no competing financial interests.

SUPPORTING INFORMATION

Synthesis of Hybrid Colloidal Nanoparticles for a Generic Approach to 3D Electrostatic Directed Assembly: Application to Anti-Counterfeiting
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Height of a layer of InP@ZnS NPs in a 3D assembly by considering a hexagonal close-packed structure (with c the height of the unit hcp cell):

Height of a 3D assembly composed of Nlayers of InP@ZnS NPs by considering a hexagonal closepacked structure:

Number of layers of InP@ZnS NPs in a 3D assembly:

𝑁 8-9:;< = ℎ -<<:,=89 + ℎ 8-9:; -2𝑅 !"#@%"& ℎ 8-9:;

Maximum number of InP@ZnS NPs per square micrometer in a 3D assembly:

è The bilayered InP@ZnS NPs assembly, which has a PL intensity in red levels of 0.12 shown on Figure 3 d of the manuscript (red diamond label), has a maximum thickness of ℎ -<<:,=89 = 7.3 𝑛𝑚 measured AFM, thus giving: 𝑁 !"#@%"& (,-.) = 167323 𝑁𝑃𝑠/µ𝑚 3

3/ Reading of a QR code obtained by nanoxerography of HNPs

Figure S2 shows how the PL image of a QR code obtained by directed assembly of HNPs (from Figure 4a of the manuscript) could be easily read by a smartphone application. Some applications are powerful enough to directly read colored QR code (like i-nigma). If not, the raw photoluminescent signal recorded via the PL setup is first binarized using any image processing software (like Fiji [START_REF] Xia | One-Dimensional Nanostructures: Synthesis, Characterization, and Applications[END_REF]).

Once converted to a black and white image, any code reader application would be able to decode the image and extract the information. Here it corresponds to the tracking information of a random product. 

4/ Focused Ion Beam preparation of cross-section lamella of NP assemblies

Figure S3 describes a typical protocol followed to obtain cross-section lamella of 3D NP assemblies.

(1) A 3D NP pattern of interest is selected.

(2) The assembly layer is protected by a 1.5 µm thick Pt layer to avoid damages and charge accumulation during the thinning process.

(3) A cross-section of the whole stack is performed using a ThermoFisher Helios NanoLab 600i

Focused Ion Beam (FIB) process. The final step is a low energy one to minimize irradiation damages and amorphization of the surfaces.

(4) The lamella is extracted using micromanipulator.

(5) It is then fixed on a support to be further thin down to 100 nm to get electron transparency.

(6) The lamella, further used for TEM observations, can be observed in the FEG-SEM included in the FIB system to probe the assembly from the bottom interface to the top surface.

Figure S3

. Focused Ion Beam preparation of cross-section lamella of 3D assemblies for further TEM characterization.

5/ Influence of the surface potential of charge patterns and immersion time on the 3D assembly thickness

Figure S4a illustrates the linear increase of the HNP assembly thickness with the increase of the surface potential of charge patterns. The surface potential of the charge patterns was carried out using Kelvin Force Microscopy (KFM) in lift" mode at a constant lift height of 30 nm with a fixed drive amplitude VAC of 500 mV. In our charge injection conditions, when the injection voltage amplitude varies from +20 V to +80V, the measured surface potential of the charges patterns typically ranges from +200mV to 10V. These observations are in good agreement with previous works (cf. references [START_REF] Sangeetha | 3D assembly of upconverting NaYF4 nanocrystals by AFM nanoxerography: creation of anti-counterfeiting microtags[END_REF] and [START_REF] Moutet | Dynamics of Dielectrophoretic-Force-Directed Assembly of NaYF4 Colloidal Nanocrystals into Tunable Multilayered Micropatterns[END_REF]).

The assembly thickness as a function of the immersion time into the colloidal dispersion is shown in Figure S4b. Thickness measurements were carried out on various samples dipped for fixed immersion time into dispersions extracted from the same synthesis pot. They were performed by ex situ AFM topographical characterizations in tapping mode. Obtained assembly kinetics are also in good agreement with previously reported dynamics (cf. reference [START_REF] Moutet | Dynamics of Dielectrophoretic-Force-Directed Assembly of NaYF4 Colloidal Nanocrystals into Tunable Multilayered Micropatterns[END_REF]). It is worth noting that the highest thickness value associated to the optimized immersion time value may differ a little from one HNP synthesis to another depending among other things on environmental conditions and small variations of dispersion concentrations.