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Enhancing intergranular conductivity in polycrystalline semiconductor assembly via polythiophene use
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We report here the synthesis and grafting of easily accessible catechol-terminated poly(3-hexylthiophenes) onto Al-doped ZnO particles (ZnO:Al) to obtain a performanceimproved polycrystalline assembly. These macromolecular binding species favor electronic conduction from one grain to another. Resistivity measurements of the grafted ZnO:Al powders performed under compression show an increased conductivity as compared to the pure ZnO:Al powders. The catechol function terminating the polymer appears to play an important role on its effect by forming a strong covalent bond with the surface of the zinc oxide. In particular, the conductivity obtained under characteristic pressures of lamination processes gives 1-10 Ω•cm, evidencing the great potential of such an approach for preparation of flexible or thermoreactive films.

INTRODUCTION

The development of polycrystalline inorganic films with specific electronic conduction properties is required for many modern technologies, such as display industries (using transparent conducting oxides, TCOs), [START_REF] Pasquarelli | Solution processing of transparent conductors: from flask to film[END_REF][START_REF] Faÿ | Polycrystalline ZnO: B grown by LPCVD as TCO for thin film silicon solar cells[END_REF] photoelectric devices (e.g., photovoltaic layers), [START_REF] Bosio | Polycrystalline CdTe thin films for photovoltaic applications[END_REF][START_REF] Mitzi | A High-Efficiency Solution-Deposited Thin-Film Photovoltaic Device[END_REF][START_REF] Matsui | Correlation between Microstructure and Photovoltaic Performance of Polycrystalline Silicon Thin Film Solar Cells[END_REF] thermoelectric devices, [START_REF] Boulouz | Transport properties of V-VI semiconducting thermoelectric BiSbTe alloy thin films and their application to micromodule Peltier devices[END_REF][START_REF] Boukai | Size-Dependent Transport and Thermoelectric Properties of Individual Polycrystalline Bismuth Nanowires[END_REF] superconducting films, [START_REF] Nguyen | Nonlinear surface impedance for thin films: Measurements and a coupled-grain model[END_REF][START_REF] Kozuka | Two-dimensional normalstate quantum oscillations in a superconducting heterostructure[END_REF][START_REF] Dane | Bias sputtered NbN and superconducting nanowire devices[END_REF] or electrochemical storage devices (e.g. batteries [START_REF] Julien | Fabrication of LiCoO2 thin-film cathodes for rechargeable lithium microbatteries[END_REF][START_REF] Wang | Characterization of Thin-Film Rechargeable Lithium Batteries with Lithium Cobalt Oxide Cathodes[END_REF] or solid oxide fuel cells [START_REF] Santiso | Deposition and characterisation of epitaxial oxide thin films for SOFCs[END_REF][START_REF] Kerman | Thin film nanocrystalline Ba0.5Sr0.5Co0.8Fe0.2O3: Synthesis, conductivity, and micro-solid oxide fuel cells[END_REF]). Nowadays, vacuum-based deposition techniques are widely used to deposit thin films in industrial processes. [START_REF] Martin | Chapter 1 -Deposition Technologies: An Overview[END_REF][START_REF]Thin Films and Vapor Deposition[END_REF] However, these methods are neither suited for the deposition of complex materials and unstable phases under vacuum conditions, nor for the deposition on flexible substrates or hybrid films fabrication. [START_REF] Caironi | Large Area and Flexible Electronics[END_REF][START_REF] Blayo | Printing processes and their potential for RFID printing[END_REF] For the latter, liquid-based deposition techniques represent an interesting alternative since the process relies on coating the substrate with an ink (i.e., a colloidal suspension of the active material) followed by solvent evaporation. [START_REF] Alex | der Vater des Computers[END_REF][START_REF] Habas | Low-Cost Inorganic Solar Cells: From Ink To Printed Device[END_REF] For applications in which ionic or electronic conduction is required, the critical point to overcome with ink-based deposited thin films is the restitution of the bulk material conduction properties to the polycrystalline film. The resulting granular films are often porous and the presence of residual impurities contributes to their low conductivity. [START_REF] Talapin | Prospects of Colloidal Nanocrystals for Electronic and Optoelectronic Applications[END_REF][START_REF] Grouchko | Conductive Inks with a "Built-In" Mechanism That Enables Sintering at Room Temperature[END_REF][START_REF] Rosen | Exceptionally Mild Reactive Stripping of Native Ligands from Nanocrystal Surfaces by Using Meerwein's Salt[END_REF][START_REF] Kovalenko | Colloidal Nanocrystals with Molecular Metal Chalcogenide Surface Ligands[END_REF] In this regard, the best way to improve the intergranular transfer is to densify the film through high temperature annealing. [START_REF] Kajikawa | Effects of grain-boundary potential barrier height and its fluctuation on conductivity of polycrystalline semiconductors in the ionized-impurity-scattering dominated case[END_REF][START_REF] Šnejdar | Electrical conductivity of polycrystalline semiconductors[END_REF][START_REF] Greuter | Electrical properties of grain boundaries in polycrystalline compound semiconductors[END_REF][START_REF] Zabet-Khosousi | Metal to Insulator Transition in Films of Molecularly Linked Gold Nanoparticles[END_REF][START_REF] Grovenor | Grain boundaries in semiconductors[END_REF] However, as for vacuum-based deposition routes, thermal sintering also prevents the use of poorly stable materials, such as polymeric substrates. Although this issue has been already addressed for nanocrystal-based thin films, [START_REF] Pasquarelli | Solution processing of transparent conductors: from flask to film[END_REF][START_REF] Talapin | Prospects of Colloidal Nanocrystals for Electronic and Optoelectronic Applications[END_REF][START_REF] Grouchko | Conductive Inks with a "Built-In" Mechanism That Enables Sintering at Room Temperature[END_REF][START_REF] Rosen | Exceptionally Mild Reactive Stripping of Native Ligands from Nanocrystal Surfaces by Using Meerwein's Salt[END_REF][START_REF] Kovalenko | Colloidal Nanocrystals with Molecular Metal Chalcogenide Surface Ligands[END_REF][START_REF] Jarosz | Photoconductivity studies of treated CdSe quantum dot films exhibiting increased exciton ionization efficiency[END_REF][START_REF] Jarosz | Photoconductivity studies of treated CdSe quantum dot films exhibiting increased exciton ionization efficiency[END_REF][START_REF] Luther | Structural, Optical, and Electrical Properties of Self-Assembled Films of PbSe Nanocrystals Treated with 1,2-Ethanedithiol[END_REF][START_REF] Klem | Efficient solutionprocessed infrared photovoltaic cells: Planarized all-inorganic bulk heterojunction devices via inter-quantum-dot bridging during growth from solution[END_REF][START_REF] Kameyama | Preparation and photoelectrochemical properties of densely immobilized Cu2ZnSnS4 nanoparticle films[END_REF][START_REF] Konstantatos | Ultrasensitive solution-cast quantum dot photodetectors[END_REF][START_REF] Oertel | Photodetectors based on treated CdSe quantum-dot films[END_REF][START_REF] Koleilat | Efficient, Stable Infrared Photovoltaics Based on Solution-Cast Colloidal Quantum Dots[END_REF][START_REF] Murray | Nanomaterials with tetrazole-based removable stabilizing agents[END_REF] a great challenge remains in optimizing liquid-based deposited thin films using low temperature processes.

Al-doped ZnO is an interesting example of doped conducting oxide and it was recently demonstrated that terephtalic acid derivatives grafted onto an Al-doped ZnO powder can increase the electronic connectivity between the grains. [START_REF] Gamon | The effect of organic additives on the intergranular conductivity of Al-doped ZnO[END_REF] In that case, it has been shown that the conductivity can be further increased when using a conjugated molecule, suggesting that the lower the difference between the HOMO and LUMO level (Δ H-L ), the better the grain boundary conductivity. This can be explained by a charge transfer between the organic molecule and the semiconductor, which would lead to the HOMO pinning at the Fermi level of ZnO. [START_REF] Greiner | Universal energy-level alignment of molecules on metal oxides[END_REF][START_REF] Heimel | The interface energetics of self-assembled monolayers on metals[END_REF] In order to test the influence of a covalent grafting on the oxide electronic conductivity, we decided to use a custom-made macromolecule, with a conjugated chain, a small Δ H-L and a grafting function. The low bandgap values conferred to conducting polymers such as polyaniline (3.2 eV, 10 2 S cm -1 ), polyacetylene (1.5 eV, 10 5 S cm -1 ) and polythiophene (2 eV, 10 3 S cm -1 ) make them attractive molecules to further improve the intergranular conductivity of granular powder [START_REF] Skotheim | Handbook of Conducting Polymers[END_REF]. Among them, polythiophene shows one of the lowest bandgap along with a reasonably good electronic conductivity [START_REF] Roncali | Conjugated poly (thiophenes): synthesis, functionalization, and applications[END_REF] , [START_REF] Lubis | Band gap design of thiophene polymers based on density functional theory[END_REF]. We thus chose polythiophene conducting polymers, as the HOMO-LUMO energy gap of which is as low as 2 eV.

As early as 1981, Waite, Tanzer et al. were the first to demonstrate the unique properties of catechol in the adhesion of mussels. [START_REF] Waite | Polyphenolic Substance of Mytilus edulis: Novel Adhesive Containing L-Dopa and Hydroxyproline[END_REF] Inspired by this pioneering work, several research groups used catechol derivatives to graft a wide range of polymers (e.g., polypeptides, [START_REF] Marcelo | Hybrid materials achieved by polypeptide grafted magnetite nanoparticles through a dopamine biomimetic surface anchored initiator[END_REF] glycopolymers, [START_REF] Muñoz-Bonilla | Preparation of glycopolymer-coated magnetite nanoparticles for hyperthermia treatment[END_REF] polyethers [START_REF] Preuss | Biomimetic Dopamine-Diels-Alder Switches[END_REF] or polynorbornene [START_REF] Ye | Surface-Initiated Ring-Opening Metathesis Polymerization of Pentadecafluorooctyl-5-norbornene-2-carboxylate from Variable Substrates Modified with Sticky Biomimic Initiator[END_REF]) onto various inorganic surfaces (e.g., iron, [START_REF] Goldmann | Biomimetic Mussel Adhesive Inspired Clickable Anchors Applied to the Functionalization of Fe3O4 Nanoparticles[END_REF] silver, [START_REF] Xiong | Efficient organic photovoltaics using solution-processed, annealing-free TiO2 nanocrystalline particles as an interface modification layer[END_REF] zinc oxide, [START_REF] Awada | Biomimetic Mussel Adhesive Inspired Anchor to Design ZnO@Poly(3-Hexylthiophene) Hybrid Core@Corona Nanoparticles[END_REF] titanium oxide [START_REF] Zobrist | Functionalization of Titanium Surfaces with Polymer Brushes Prepared from a Biomimetic RAFT Agent[END_REF][START_REF] Fan | Biomimetic Anchor for Surface-Initiated Polymerization from Metal Substrates[END_REF]). In this regard, we envisaged that the direct incorporation of a catechol functionality in poly(3-hexylthiophene) (P3HT) will enable a simpler and efficient procedure of grafting. In order to avoid the formation of a self-percolating network of polymer inside the ZnO:Al powder, we limited the study to low molecular weight polymers. The adsorption of polymers was thereafter analyzed before testing the effect of the polymer grafting on the intergranular conductivity of ZnO:Al.

MATERIALS AND METHODS

Materials

Dibromo-3-hexylthiophene (> 97 %, TCI), isopropylmagnesium solution 2 M in THF (Sigma-Aldrich), [START_REF] Pasquarelli | Solution processing of transparent conductors: from flask to film[END_REF]propane]dichloronickel(II) (Sigma-Aldrich), 3,4-(methylenedioxy)phenylmagnesium bromide solution 1 M in THF:Toluene (1:1) (Sigma-Aldrich), tris(pentafluorophenyl)borane B(C6F5)3 (95 %, Sigma-Aldrich), triethylsilane (98+%, Alfa Aesar), tetrabutylammonium fluoride trihydrate (≥97.0%, Sigma-Aldrich), dibasic potassium phosphate (Prolabo), methanol (≥99.5%, GPR RECTAPUR, VWR), dichloromethane (99% stabilized, GPR RECTAPUR, VWR), THF (RP-NORMAPUR, VWR), ZnO aluminum doped 3 w% (Zano® Al-10, Umicore) were used as raw materials. Trans-2-[3-(4-ter-Butylphenyl)-2-propenylidene] malonitrile (DCTB, used as the matrix for MALDI-TOF MS, was of the highest grade available and used without further purification) was purchased from Sigma Aldrich Co.

2.2.Typical procedure for the GRIM polymerization[54,55]

Polymerization reaction is carried out in a dried 100 ml round-bottom flask under inert atmosphere at room temperature. 650 μL (3.06 mmol) of dibromo-3-hexylthiophene diluted in 10 ml of distilled THF is added. After several minutes, 1.53 ml of an isopropylmagnesium solution 2 M in THF is added thanks to a syringe and the mixture is stirred for two hours. Then the solution is diluted by adding 50 ml of THF. [START_REF] Pasquarelli | Solution processing of transparent conductors: from flask to film[END_REF] propane]dichloronickel(II) (the amount depending on P1, P2, P3) is added and the mixture is stirred for 10 min before the addition of the 3,4-(methylenedioxy)phenylmagnesium bromide solution (1,53 mmol, 1,53 mL, 1.0 M in THF-toluene solution 1:1). After 30 min, the mixture is poured in methanol and the polymer is separated by filtration. The polymer is then dried under vacuum.

2.3.Typical procedure for the deprotection[56,57]

The polymer (100 mg) and tris(pentafluorophenyl)borane B(C6F5)3 (48 mg) are poured in a 100 ml dried round-bottom flask with 50 ml of dichloromethane under an inert atmosphere. 300 μL of triethylsilane is then added and the mixture is stirred for eight days. The solution is then poured in methanol to precipitate the polymer. After filtration, the polymer is dissolved in 50 ml of THF and 500 μL of TBAF buffer. The mixture is stirred 6 hours and the polymer is isolated by precipitation and filtration.

2.4.Functionalization procedure for the conductivity measurements

All conductivity measurements with organic additives were performed with a batch of ZnO:Al powder produced by heating the commercial powder (Zano® Al-10) in a tubular furnace under an H2/Ar (4 %) atmosphere at 900 °C for 1 hour with heating and cooling ramps of 5 °C•min -1 .

After annealing, the surface area of the powder decreased down to 2 m 2 •g -1 .

Polythiophenes P3HT-Cat (named P1-Cat, P2-Cat and P3-Cat) where grafted in THF, solvent in which the polymers are soluble, by dispersing 800 mg of ZnO:Al powder into 80 mL of P3HT-Cat 0,1 g•L -1 in THF. The suspension is agitated under magnetic stirring for 12 hours and filtered without washing. The powder is then dried in oven at 65 °C overnight.

2.5.Techniques and equipment

NMR. All NMR spectra were recorder either on Bruker Avance 300 MHz or 400 MHz spectrometer at Chimie ParisTech at 20 °C in CDCl 3 .

SEC.

In order to determine the number average molecular weight (Mn) and the polydispersity index (M w /M n ) of polythiophene samples, size exclusion chromatography (SEC) of polymers was performed in THF at 35 °C using an Agilent 1260 Infinity Series GPC (ResiPore 3 μm, 300 x 7.5 mm, 1.0 ml/min, UV (250 nm) and RI (PLGPC 220) detectors). The number average molecular masses (M n ) and polydispersity index (M w /M n ) of the polymers were calculated with reference to a universal calibration vs. polystyrene standards (limits M w = 200 to 400000 g•mol -1 ). MALDI-TOF. MS analyses were performed using an Axima Confidence mass spectrometer (Shimadzu). Acquisitions were performed in linear positive ion mode. The laser intensity was set just above the ion generation threshold to obtain peaks with the highest possible signal-to-noise (S/N) ratio without significant peak broadening. The acceleration voltage was 20 kV. The mass spectrometer was externally calibrated using PEG2000. Polymer sample for MALDI analysis was prepared at a concentration of 60 µM in THF. The DCTB (T-2-[3-(4-t-butylphenyl)-2-methyl-2propenylidene]malonitrile) solution was prepared at a concentration of 6 mM in THF. The sample was prepared by mixing the polymer solution with matrix solution at a volume ratio of 1:9.

BET.

The specific surface area of the powders was measured from gas adsorption analysis performed with a Belsorp-max (Bel Japan), and calculated thanks to the Brunauer, Emmett and Teller (BET) method. The surface area of the as-purchased Umicore (Zano® Al-10) powder is 30 m 2 •g -1 .

Scanning electron microscope (SEM-FEG).

The SEM images were performed thanks to a LEO 1530 (Zeiss) apparatus, working at 15 keV and equipped with an In-Lens detector. Infrared spectroscopy. The ATR-FTIR spectra were collected with a dry-air-purged Thermo Scientific Nicolet 6700 FT-IR equipped with a MCT detector. Spectral resolution was 4 cm-1, and spectra were averaged from 256 scans. For the study of the P3HT adsorption, the horizontal ZnSe crystal with a single reflection (A = 2.54 mm 2 ) and an angle of incidence of 45 ° (Smart Pike) was coated with 1 μL of the ZnO:Al suspension (1 g•L -1 ), which was dried under a flow of N2. A background spectrum was recorded after the pure THF solvent was added. After 1 hour of stabilization, the background was recorded and a droplet of the polymer P3HT dissolved in THF was added before recording the spectra.

X-Ray diffraction (XRD) experiments were carried out in

UV-visible spectrometry.

A UV-Visible Cary 100 Scan (Varian) spectrometer was used in order to record absorption spectra of the polymer (P1-Cat and P2-Cat) dissolved in THF in a standard quartz cell (10*10*45 mm) and with a blank cell containing a pure THF solution. Standard curves were performed at concentrations of 1, 2, 4, 5, 10, 12, 15,and 20.10 -3 mol•L -1 and the regression coefficient was 0.999 and 0.991 for P1-Cat and P2-Cat respectively. For the quantitative determination of the adsorption, 800 mg of ZnO:Al powder (beforehand annealed under H2/Ar 4 % atmosphere) are dispersed in 80 mL of a 1 g•L -1 solution of polymer in THF.

After immersion of the powder in the solution for 12 hours and dispersion in an ultrasonic bath for 2*15 min, the suspension is filtered thanks to a Büchner device without washing. The filtrate and the residue are collected. Thanks to the calibration curves, the concentration of the filtrates could be determined, and by substraction, the amount of polymer left at the surface of the powder in the residue was deduced. This corresponds to a mass percentage, rm, of polymer of 0.95 %. By using molar masses of P1-Cat and P2-Cat, MPi, as well as the specific surface, as, it was possible to estimate the mean coverage:

2.6.Experimental set-up for resistivity measurements under pressure.

The set-up used for the resistivity measurements is similar to that of Celzard et al [START_REF] Celzard | Electrical conductivity of carbonaceous powders[END_REF] and is identical to previously reported description [START_REF] Giaume | Effect of pressure on capacitor electrodes formed with oxide nanoparticles[END_REF][START_REF] Gamon | The effect of organic additives on the intergranular conductivity of Al-doped ZnO[END_REF]. It is schematized on Figure 1 and consists of a 13 mm-diameter stainless steel cylindrical Swagelok cell equipped with two stainless steel plungers insulated from internal walls by Mylar sheet. An appropriate mass of powder fills the internal cyclindrical space. The whole cell is placed between two compression moving platens of a numerically monitored Instron 5966 testing system. The two plungers are connected to a Keithley 2400 ohmmeter, which records the two probes resistance between the plungers during the compression cycle. Preliminary calibration performed with varying weights of material allowed us to estimate the junction resistance to be 0.4 ohms, which was then neglected in further experiments. To determine the thickness of the pellet during the experiment, measurement of the platens displacement is performed. This displacement combines both the powder compaction and the plungers deformation under pressure. This last effect is annealed by applying a correction of the deformation obtained on an empty cell.

RESULTS AND DISCUSSION

Polymer synthesis

As catechol derivatives have already been shown to graft conjugated polymers onto ZnO nanoparticles, we chose to use the same type of procedure in this study. [START_REF] Awada | Biomimetic Mussel Adhesive Inspired Anchor to Design ZnO@Poly(3-Hexylthiophene) Hybrid Core@Corona Nanoparticles[END_REF] A four-step synthesis was therefore investigated to introduce two catechol terminal groups on P3HT and to study the effect of the average molecular weight of P3HT (Scheme 1). Polymerizations were carried out with various proportions of catalyst to obtain three different targeted polymerization degrees: 25 (P1), 35 (P2) and 55 (P3). Scheme 1. ZnO:Al@P3HT synthetic strategy using two catechol anchoring groups.

Firstly, an in situ functionalization method via GRIM was used to obtain bifunctional (methylenedioxy)phenyl-terminated P3HT called Pn-Met (with n = {1, 2, 3} referring to the degree of polymerization of 25, 35 or 55 respectively). [START_REF] Awada | Biomimetic Mussel Adhesive Inspired Anchor to Design ZnO@Poly(3-Hexylthiophene) Hybrid Core@Corona Nanoparticles[END_REF] Indeed, the GRIM polymerization employs 2,5-dibromo-3-hexylthiophene which reacts with isopropyl magnesium bromide by transmetallation to generate 2-bromo-3-hexyl-5-thienyl magnesium bromide. Secondly, the subsequent addition of Ni(dppp)Cl 2 coupling catalyst produces regioregular head-to-tail P3HT. [START_REF] Loewe | A Simple Method to Prepare Head-to-Tail Coupled, Regioregular Poly(3-alkylthiophenes) Using Grignard Metathesis[END_REF] Finally, the addition of a 3,4-(methylenedioxy)phenylmagnesium bromide solution yields a protected catechol bis-substituted P3HT. NMR spectroscopy analysis confirms the presence of catechol group(s) in terminal positions (singlet at δ 6.02 ppm in 1 H NMR and 101.3 ppm in 13 C NMR spectra corresponding to the CH 2 of the catechol) and a regioregularity higher than 80 % was calculated by comparing the integration of the signals at 2.8 (I = 22.8) and 2.6 ppm (I = 5.5) (Supporting Information Figure S1-S8). Deprotection was achieved by a B(C 6 F 5 ) 3 -catalyzed cleavage of alkyl ethers linkage with hydrosilanes procedure described by Yamamoto and Philipps. [START_REF] Dilauro | Use of Catalytic Fluoride under Neutral Conditions for Cleaving Silicon-Oxygen Bonds[END_REF][START_REF] Gevorgyan | A Novel B(C 6 F 5 ) 3 -Catalyzed Reduction of Alcohols and Cleavage of Aryl and Alkyl Ethers with Hydrosilanes †[END_REF] Signal of the methoxy group at δ 6.02 ppm in NMR 1 H spectrum disappears. The final deprotected polymer is noted Pn-Cat.

P3HT synthesized before and after deprotection were analyzed by steric exclusion chromatography (SEC) and MALDI-TOF mass spectrometry to evaluate the control of the polymerization. SEC of P3HT showed monomodal signals with narrow dispersity index, but with higher M n,exp values compared with NMR results. This is consistent with the fact that SEC in these experimental conditions (THF, PS calibration) is known to overestimate P3HT molar mass by a factor around 1.5-2 (Table 1 and Supporting Information). [START_REF] Langeveld-Voss | End-group modification of regioregular poly(3-alkylthiophene)s[END_REF][START_REF] Liu | Employing MALDI-MS on Poly(alkylthiophenes): Analysis of Molecular Weights, Molecular Weight Distributions, End-Group Structures, and End-Group Modifications[END_REF] MALDI-TOF analysis confirms the monomodal distribution, and the success of the deprotection (Figure 2 and Figure S9-S14), while allowing a determination of the P3HT molar mass. For example, in the case of P3-Cat after deprotection: the peak at 3546.43 accounts for 20 repeating units, two catechol groups and a proton adduct (theoretical mass (+H + ) = 3544.94, Supporting Information Figure S13). Using this procedure, we successfully synthesized three polymers, doubly terminated with catechol, presenting various number average molecular weights: M n (g•mol -1 ) = 1800 (P1), 2600 (P2), 4500 (P3). 

[a] M n,exp and M w /M n of polymer determined by SEC-RI calibrated with polystyrene standards at 35 °C and reported uncorrected.

[b] M n,exp determined by MALDI-TOF spectrometry with DCTB matrix and without doping agent. 

3.2.Grafting

Grafting of the synthesized polymers has been studied on a commercially available aluminum-doped zinc oxide powder (Umicore Zinc Chemicals : Zano® Al-10), composed of very well crystallized nanometric particles of approximately 25 nm [START_REF] Gamon | The effect of organic additives on the intergranular conductivity of Al-doped ZnO[END_REF] (Figure 3). This raw powder was specifically selected in order to conduct the infrared spectroscopy study. Indeed, its high specific surface (30 m 2 .g -1 ) induces a high number of anchoring sites, and therefore will lead to a more intense infrared signal. The effect of an annealing treatment under a reducing atmosphere is also presented as will be discussed further in the conductivity study section. Figure 4a presents the spectrum of the polymer P1-Cat solubilized in THF at high concentration (>10 g.L -1 ). Vibrations between 1400-1500 cm -1 are attributed to υ c=c from aromatic carbons, deformation at 1375 cm -1 to δ c-h from alkyl chains, 1292 and 1269 cm -1 vibrations show elongation υ c-O and deformation of O-H bonds. Finally, the vibration at 1202 cm -1 characterizes deformation in the C-H and O-H planes. When diluted to 0.1 g.L -1 in THF, the polymer signature completely disappears in the ATR geometry (Figure S15b). Thus, characterization of the polymer oxide interaction can be performed by using 0.1 g.L -1 of polymer in THF above ZnO:Al particles. The adsorption of molecules at the surface of the solid should locally concentrate the polymer and therefore amplify the signal, which then becomes detectable again.

When a droplet of THF containing 0.1 g.L -1 of the protected methoxy-terminated polymer (P1-Met) is deposited onto the ZnO:Al particles, no signal appears (Figure 4c) indicating the absence of any significant interaction. When the catechol-terminated polymer (P1-Cat) is deposited onto the ZnO:Al particles, the IR signature of the polymer clearly appears (Figure 4b), revealing a polymer concentration in the close surrounding of the particles. This spectrum differs from the signature of the free polymer solution. The aromatic carbon vibrations at 1400-1500 cm -1 widen and change in intensity, although the peak positions do not change. However, the 1514 cm -1 band disappears. The three vibrations corresponding to elongation and deformation υ CO / δ OH are strongly modified to give a major band at 1254 cm -1 . These changes can be attributed to the formation of C-O-Zn bond. Indeed, Savic et al. thoroughly studied catechol and derivated product adsorption on titanium dioxide by in situ ATR-FTIR spectroscopy, completed by DFT calculi. [START_REF] Savic | The effect of substituents on the surface modification of anatase nanoparticles with catecholate-type ligands: a combined DFT and experimental study[END_REF] They observed evolution of the υ CO / δ OH signals which was attributed to C-O-Ti formation. [START_REF] Gulley-Stahl | Surface Complexation of Catechol to Metal Oxides: An ATR-FTIR, Adsorption, and Dissolution Study[END_REF][START_REF] Araujo | Interaction of Catechol and Gallic Acid with Titanium Dioxide in Aqueous Suspensions. 1[END_REF] The adsorption mode could be mainly attributed to a bidentate chelation (1254 cm -1 band), rather than a bridging binuclear chelation (1302 cm -1 ). [START_REF] Pujari | Covalent Surface Modification of Oxide Surfaces[END_REF][START_REF] Bahers | Promising anchoring groups for ZnO-based hybrid materials: A periodic density functional theory investigation[END_REF] Therefore, the ATR-FTIR experiment clearly evidences that specific adsorption occurs between the catechol function and the ZnO:Al surface, most probably due to a bidentate chelation.

Moreover, as no grafting of the protected polymer takes place on the surface (Figure 4c), only catechol reacts with the ZnO:Al surface. This specific interaction is confirmed by the color change of the ZnO:Al powder obtained after stirring in a THF solution of P3HT-Cat and filtering, while no color change occurs when using protected polymer P1-Met (Figure S16).

3.3.Quantitative analysis of the adsorption and optical properties of Pn-Cat

After validating the covalent bonding of the synthesized Pn-Cat onto the surface of ZnO:Al, we prepared the actual ZnO:Al@Pn-Cat grafted particles for the conductivity measurements. For this study, the raw ZnO:Al powder was first annealed under a reducing atmosphere in order to first increase and stabilize its bulk conductivity. [START_REF] Gamon | The effect of organic additives on the intergranular conductivity of Al-doped ZnO[END_REF][START_REF] Chang | Effects of post-annealing on the structure and properties of Al-doped zinc oxide films[END_REF][START_REF] Guin | Nanoscale Stabilization of Nonequilibrium Rock Salt BiAgSeS: Colloidal Synthesis and Temperature Driven Unusual Phase Transition[END_REF] Once the desired high electronic conductivity was achieved and the influence of surface proton conductivity was negligible, the polymer was grafted onto its surface. The effect of annealing on the particles morphologies is presented on Figure 3: grain size increases from 30 to 100 nm as shown by the SEM images as well as by the smaller broadening of the diffraction peaks after annealing.

As the polymers are colored, quantitative analysis of their grafting on ZnO:Al was further performed by UV-Visible spectrometry. For the three synthesized polymers, an adsorption peak is observed in the 440 nm range (Figure 5). The maximum position is bathochromic shifted as the chain length increases (moving from 433 nm to 445 nm, from P1-Cat to P3-Cat). •cm -1 and ε (441nm) = (143 ± 3) • 10 3 L•mol -1 •cm -1 for P1-Cat and P2-Cat respectively (Figure S17). Reported to a monomer chain unit, this corresponds to ε (433nm) = (8.31 ± 0.07) 10 3 L•mol - 1 •cm -1 for P1 and ε (441nm) = (9.553 ± 0.2) • 10 3 L•mol -1 •cm -1 for P2, which is in accordance with the literature. [START_REF] Cook | Analysis of the excited states of regioregular polythiophene P3HT[END_REF] Knowing the ZnO:Al particle size and concentration, we determined a mean coverage of 0.1 molecules per nm 2 . This value lies in the range of typical surface coverages for polymers [START_REF] Xia | Quantifying the Coverage Density of Poly(ethylene glycol) Chains on the Surface of Gold Nanostructures[END_REF] and is below that of monomers-grafted ZnO. [START_REF] Oehrlein | Effects of a phosphonate anchoring group on the excited state electron transfer rates from a terthiophene chromophore to a ZnO nanocrystal[END_REF][START_REF] Düring | ZnO nanorods assembled with different porphyrinssize-tunable hybrid particles[END_REF] This can be explained by higher steric interactions of the polymers compared to smaller molecules.

3.4.Electronic resistivity

The effect of such surface modification on the intergranular conductivity of the ZnO:Al powder was studied under compression. This setup is very useful for reproducing pressure ranges typically obtained in liquid-based deposited thin films either through capillary effects or calendaring [START_REF] Slowik | Capillary pressure in fresh cement-based materials and identification of the air entry value[END_REF][START_REF] Khristov | Critical capillary pressure for destruction of single foam films and foam: effect of foam film size[END_REF]. Moreover, it yields highly reproducible results enabling a precise comparison between the samples. [START_REF] Gamon | The effect of organic additives on the intergranular conductivity of Al-doped ZnO[END_REF][START_REF] Giaume | Effect of pressure on capacitor electrodes formed with oxide nanoparticles[END_REF] At low pressure, the presence of organic molecules at the grain surface slightly increases compacity revealing stronger adhesion between the grains (relative compacity increase of 20 % at 10 Pa). However, at high pressure (>10 7 Pa) the grafting of organic molecules at the grain surface has no effect on the relative density of the powder, d R , (Figure S18) because all grains are in hard contact and the increase of relative density is due to packing effect. So, the surface treatment does not modify the compacity of a ZnO:Al pellet at pressures above 10 7 Pa. Nevertheless, it should slightly improve the compacity of films made by liquid-based deposition techniques, for which the typical capillary pressure induced during film drying is in the 10 4 -10 6 Pa range. [START_REF] Slowik | Capillary pressure in fresh cement-based materials and identification of the air entry value[END_REF][START_REF] Khristov | Critical capillary pressure for destruction of single foam films and foam: effect of foam film size[END_REF] The change of the electrical resistivity with the applied pressure is represented on a logarithmic scale on Figure 6. At low pressure (below 10 6 Pa) the grains of the powder are weakly connected and the value of the resistivity is very irreproducible. Up to a pressure of 5.10 7 Pa, log(ρ) varies linearly with log(P). The powder compacts and the grains increase their coordination number. The decrease of the resistivity is associated with an increased connectivity of the particles with each other (increased number of connections). This dramatic decrease of the resistivity corresponds to a domain where inelastic deformation dominates. The inelastic contribution, on the other hand, is attested by the fact that after one cycle, the powder forms a cohesive pellet, which can only go back to a powder form when ground in a mortar. At higher pressure (i.e., above 10 7 Pa) the resistivity decreases more slowly. The change in resistivity is attributed to an increased contact surface between grains because of their elastic deformation as described by the contact theory developed by Hertz. [START_REF] Hertz | Ueber die Berührung fester elastischer Körper[END_REF] Indeed, the resistivity slightly increases when the pressure is released. Therefore, this experiment enables to explore if grafted molecules have an impact on the intergranular contact, on the way particles compact and connect with each other, and on the maintaining of these parameters when the pressure is released. The three grafted polymers have a positive impact on the resistivity over the whole applied pressure range. The resistivity is decreased by a factor of 10 for an applied pressure around 3 MPa. We cannot see any effect of the chain length on the conductivity within the experimental error that we estimate to 10%.

In order to determine the influence of the bond-type on the powder conductivity, a comparison between the addition of the protected (P2-Met) and deprotected polymer (P2-Cat) was made. As demonstrated in the grafting section, the Pn-Cat strongly binds to the zinc oxide surface through a covalent bond of the catechol group, whereas Pn-Met does not adsorb. In order to compare the effect of P2-Met et P2-Cat, the same proportion of polymer must be present in the pellets. This proportion of polymer is therefore controlled through a simple evaporation of the solvent (THF), after immersion of the ZnO:Al powder in the polymer solution. The resulting powder is then ground to ensure a good dispersion of the polymer (cf. experimental section). The resistivity of the powder containing the ungrafted polymer (P2-Met) is identical to that of the powder without any polymer (Figure 7), whereas the resistivity of the powder with the grafted P2-Cat polymer is strongly decreased as shown in the previous paragraph. This result clearly demonstrates the importance of a strong covalent interaction between the polymer and the semiconductor in order to increase the electronic transfer between the particles. 

CONCLUSION

We reported here the new synthesis of a catechol-terminated P3HT and the grafting procedure The performance of the molecule grafting technique does not reach that of temperature annealing (sintering increases the conductivity by more than 3 orders of magnitude for ZnO [START_REF] Gamon | The effect of organic additives on the intergranular conductivity of Al-doped ZnO[END_REF][START_REF] Hartner | Electrical properties of aluminumdoped zinc oxide (AZO) nanoparticles synthesized by chemical vapor synthesis[END_REF]). However, improving the conductivity of one order of magnitude thanks to molecule grafting will be of high interest when temperature annealing cannot be performed. This process, performed here on thick pellets, shows the great potential of such an approach for preparation of flexible or thermoreactive films at room temperature. This study therefore paves the way for the use of P3HT oligomer grafting as an alternative to high temperature annealing for the densification of thin films.

  Bragg-Brentano geometry on a Panalytical X'Pert Pro apparatus with monochromated CuKα1 beam in the 20 ≤ 2θ ≤ 80 ° scan range.

Figure 1 :

 1 Figure 1: scheme of the experimental set-up for resistivity measurement under pressure . The monitoring of the two plungers displacement combined with connexion to the ohmmeter allow the measurement of pressure, resistance and thickness during the experiment.

Figure 2 .

 2 Figure 2. MALDI-TOF of P3HT P3-Cat after deprotection. Linear chains: e.g., peak at 3546.43 accounts for 20 repeating units + two catechols + H +

Figure 3 .

 3 Figure 3. Characterization of commercial ZnO:Al powder : (a) FE-SEM-image showing 30nm nanoparticles before annealing and (b) after annealing (b), and (c) XRD diagram. All the peaks are attributed to würtzite phase and the insert on (c) shows the decrease of the peak broadening after annealing du to the larger particle size.

Figure 4 .

 4 Figure 4. ATR-FTIR analysis of (a) a THF solution of concentrated P1-Cat (>10 g.L -1 ); (b) a THF solution of 0.1 g.L -1 P1-Cat deposited onto ZnO:Al powder previously deposited onto the ZnSe crystal; (c) a THF solution of 0.1 g.L -1 P1-Met deposited onto ZnO:Al powder previously deposited onto the ZnSe crystal.

Figure 5 .

 5 Figure 5. Absorption spectra of catechol functionalized polythiophenes P1-Cat (squares), P2-Cat

Figure 6 .

 6 Figure 6. Resistivity in function of the applied pressure on the ZnO:Al powder pure (full line)

Figure 7 .

 7 Figure 7. Resistivity in function of applied pressure on pure ZnO:Al powder (full line); with the
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  ZnO:Al particles in order to obtain hybrid ZnO:Al powders with improved conductivity through a room temperature process.Polymers with different chain lengths have been prepared, and fully characterized by NMR spectroscopy and mass spectrometry. Such polymers can be grafted onto ZnO:Al nanoparticles via the catechol function. The influence of grafting on the intergranular conductivity of the powder has been tested. The resistivity obtained under pressures of 10 7 Pa decreased down to 1-10 Ω•cm, showing an increase in the electronic conductivity by a decade compared to untreated ZnO:Al powder. A mixture of the polymer and ZnO:Al nanoparticles did not improve the conductivity, proving the necessity of the covalent bonding via the catechol function. This effect can be attributed both to a better dispersion of the catechol-functionalized polymer within the zinc oxide powder, and to the improvement of the electronic transfer from one ZnO:Al grain to another, due to an increase of the electronic orbital overlap between the polymer and the solid particles.

  

Table 1 .

 1 Number average molecular weights observed for synthesized P3HT derivatives

	Entry	Polymers (targeted DP n )	M n,exp (g•mol -1 ) RMN	[a] (g•mol -1 ) M n,exp SEC	[b] (DP n ) M n,exp (g•mol -1 ) MALDI-TOF	M w /M n [a]
	1	P1-Met (25)	2550	3160	nd	-
	2	P1-Cat (25)	2550	nd	1800 (10)	1.1
	3	P2-Met (35)	4200	4846	nd	-
	4	P2-Cat (35)	4200	nd	2600 (15)	1.1
	5	P3-Met (55)	7530	9234	4400 (26)	1.1
	6	P3-Cat (55)	7530	nd	4500	
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