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ZIF-8 thin films by a vapor-phase process: limits to growth

 

Introduction

Nanoporous hybrid organic-inorganic thin films present many distinctive properties with respect to the different materials introduced these last years for the fabrication of electronic devices, filling a large gap between fully inorganic and organic materials. [1][2][3] For instance, porous organosilicates (SiOCH) are now industrialized as low dielectric constant insulators in integrated-circuit interconnections 4 and nanoporous SiOCH thin films are used for the microfabrication of commercial integrated gas sensors based on nano-electro-mechanical systems. 5 Today, one of the challenges is to extend the number and the type of porous organic-inorganic hybrids that can be deposited and integrated using processes compatible with the microelectronic industry in order to improve the current applications and to develop new ones. Vacuum-based techniques for the material deposition are often crucial in this context, since they can ensure uniform and reproducible deposition of thin films (typically a few tens to a few hundreds of nanometers) on large surfaces. Metal-Organic Frameworks (MOFs), crystalline materials made of inorganic nodes (metal ions or clusters) linked together by organic ligands with covalent bonds, are among the challenging phases for which an appropriate deposition method for these types of applications is not yet developed. MOFs are of potential interest since they have demonstrated great capabilities in many applications such as gas capture, 6,7 gas separation 8,9 and catalysis; [10][11][12] they also show great potential as sensitive layers for sensors [13][14][15] or insulators in microelectronic devices 1,16 . A precursor in the field of MOFs for micro-processing-compatible applications is the ZIF-8 [START_REF] Park | Proc. Natl. Acad. Sci[END_REF] for which a seminal work reports its growth as thin-film by gasphase only process, [START_REF] Stassen | [END_REF] and which has been applied on various substrates for the preparation of gas sensors [START_REF] Xu | 19th International Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS)[END_REF] , membranes 20- 22 and supermicrocapacitors 23,24 . However, the gas-phase only process, based on the exposure of ZnO thin film to the ligand 2-methyl-imidazole atmosphere, can fully convert only thin oxide layers (<15 nm). 25 Generally, a residual oxide is observed underneath MOF films formed from thicker oxide layers. A similar maximum value of 10 nm of converted oxide from large ZnO nanoparticles was also reported in mechanochemistry. 26 Addition of water vapor during the conversion facilitates the growth of ZIF-8 and is shown to increase the reaction rate and the final thickness, but at the expense of the surface roughness 27 and with thickness remaining around 100 nm, that is below the practical threshold for most sensing applications. In this work, a new process based on repeated exposure to the 2-methylimidazole (MeIm-H) ligand and water vapor, which allows to produce films with controllable thicknesses up to a few hundred nanometers, is reported. ZIF-8 formation is This journal is © The Royal Society of Chemistry 2023
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MeIm-H was introduced randomly within the 2 × 2 × 2 supercells of the defect-free and defective models in order to compare its dynamic behavior in the absence/presence of defects. MD simulations were conducted for each system at 398 K using 3-D periodic boundary conditions within an NVT ensemble and starting from random velocities. All systems were simulated for 5 ns using a time step of 1 fs. The temperature of the system was controlled with the Nosé thermostat, 32 using a relaxation time of 0.1 ps. Electrostatic potentials were calculated using the Ewald summation method 33 with an energy cutoff of 10 -3 kcal mol -1 , while van der Waals interactions were calculated in the real space through an atom-based summation method, using a cutoff of 15.5 Å. Partial atomic charges were assigned using the QEq method. 34 Data were sampled from the trajectories every 5 ps. text of the article should appear here with headings as appropriate.

Results and discussion

Synthesis and characterization of a representative ZIF-8 film.

The approach reported here to produce ZIF-8 layers with controlled thicknesses relies on sequential exposures to linker and water vapor of a metallic oxide precursor deposited on a substrate. It is an all-gas-phase method to produce ZIF-8 films starting from a single layer of ZnO. The surface of the representative sample after 10 exposures (ZIF-8@10_exposures) was characterized with several complementary techniques, yielding to a multi-technique comprehensive analysis on the same sample beyond current state of the art. Scanning Electron Microscopy (SEM) confirmed the formation of a continuous layer on top of ZnO, which thickness is 80 nm on average (Figure 1a). This approach was also successfully applied to ZnO-coated silicon micropillars a few micrometers in diameter, leading to the desired conformal deposition (Figure 1b). ZIF-8 formation was monitored by ellipsometry, after thorough fitting of the data (see SI for details on the fitting).

The AFM micrograph shows a root mean square (RMS) roughness of 25 nm (Figure 1c), in line with roughness observed in the literature for samples with comparable thickness. [START_REF] Stassen | [END_REF]35,36 The ZIF-8 formation is further confirmed by inplane XRD analysis, infrared spectroscopy, XPS and TOF-SIMS. The diffraction peaks observed in the XRD analysis of the asdeposited sample after 10 exposures, ZIF-8@10_exposures, correspond to ZIF-8 sodalite type structure (Figure 2a). 37 No other polymorphs of the ZIF-8 are produced. Expected infrared vibrations of ZIF-8 are obtained in the FTIR spectra (see Figure S4 and discussion therein). The XPS and TOF-SIMS data, discussed in the mechanism section below, further corroborate the formation of ZIF-8. When the as-deposited sample is exposed to thermal treatment under vacuum (see "activation procedure" in the experimental section above), the relative intensity of the first peak (110) in the XRD diffractogram changes (Figure 2a). Such phenomenon is attributed to the removal of disordered molecules from the material pores. 38,39 Refractive Index (RI) of the layer is also modified by the activation from ~1.50 after synthesis (see SI for detailed description, RI evaluated at 633 nm) to 1.36 after the thermal treatment at 250°C. This value is close to those reported by Eslava et al. (1.34-1.35) for ZIF-8 layers between 400 nm and 1.4 m synthetized by immersion of the substrate in a solvent containing the reagents. 40 Cruz et al. evaluate the RI of thin ZIF-8 layer at 1.33 (~ 30 nm). 27 This low RI confirms the liberation of the porosity occurring after activation. The porosity and adsorption properties of the films after activation were studied by ellipsometry-porosimetry (Figure 2b). Using methanol as a probe molecule, a S-shape adsorption isotherm is observed with a maximum methanol volume fraction of 18% vol., which is in line with previous works on ZIF-8 thin films. 40 The sample porosity was also probed using water adsorption, showing that a substantial amount of water is adsorbed (~ 2.5 % vol. at saturation pressure), even though this material is considered hydrophobic. This water adsorption capacity is higher than previously measured on ZIF-8 powder (H2O : 0.7% vol. and MeOH : 38% vol. near saturation, recalculated from Zhang et al. 41 ) and is to be correlated with the substantial presence of hydrophilic defects within the phase (see mechanism discussion below). This journal is © The Royal Society of Chemistry 2023

Please do not adjust margins Please do not adjust margins Increase of ZIF-8 film thickness. Water plays an essential role in the growth of ZIF-8 from ZnO. [START_REF] Stassen | [END_REF] Under dry conditions, the ZIF-8 thickness obtained by our process limited to a single exposure is low (~5 nm) and can be increased with increasing water pressure, to reach 30-40 nm at pressure above 450 mbar (Figure 3a, single exposure). A substantial increase in the ZIF-8 thickness is observed as the number of reactive exposures is increased (10±2 nm/exposure at a substrate temperature of 103±4°C, see Figure 3b). Higher substrate temperature decreases the reaction rate (Figure 3b), as already observed by Stassen et al. [START_REF] Stassen | [END_REF] The best conditions we explored are 20 reactive exposures with the substrate at 103±4°C, which lead to a thickness of 230±25 nm. At high H2O pressure, ellipsometric data became impossible to fit. This is linked to increased roughness, as already reported elsewhere. [START_REF] Stassen | [END_REF] At the same time, the samples obtained herein represent an improvement with respect to the state of the art in terms of combined increased thickness and reduced roughness (Figure 3c), although this approach does not completely limit the roughness for thick samples.

Depth Profiles of growing ZIF-8 phases. In order to investigate if this thickness limitation was connected to intrinsic mechanistic features, the depth profiles of characteristic samples were investigated by TOF-SIMS and XPS. The diffusion rate of the incoming vapor phase ligand 2-methylimidazole (MeIm-H) in the growing ZIF-8 phase was investigated by molecular dynamics. of ZIF-8 layers obtained in this work (blue) and reported in the literature (from reference [35] in red, [18] in orange, and [36] in purple). Shaded area highlights yet unreported samples combining thickness with smoothness. TOF-SIMS depth profile. Figure 4a shows typical TOF-SIMS depth profiles of ZIF-8 thin film grown using 3 exposures (ZIF-8@3_exposures). The distributions of O -, H -, CN -and Si -ions confirm the presence of the elements constituting the different layers. The Zn related ions (ZnO -, ZnOH -, ZnC4H4N2 - consistent with ZnMeIm-H species) are shown in Figure S4 as well as the ion C4H4N2 -characteristics of MeIm-H. Three different parts of the depth profile can be distinguished. The first one corresponds to the ZIF-8 layer. The carbon, hydrogen, CN -, ZnC4H4N2 -profiles are relatively constant in the ZIF-8 layer indicating a stable composition over the depth. The clear increase of the molecular signal of oxygen marks the second part of the stack, which corresponds to the ZnO layer. The molecular signal of ZnO -and O -ions is roughly constant throughout the thickness of the ZnO layer and is rapidly dropping when the signal of Si -from the substrate appears.

In the ZnO region, fairly uniform distribution for all complexes ions can be recognized. The presence of Zn-OH indicates that the ZnO layer contained a relatively constant level of hydroxyl groups in its bulk. This result is in good agreement with previous papers showing the presence of Zn-OH bonds in a ZnO deposited by ALD at 150°C from diethylzinc and deionized water. 42 It is worth noting, that the OH -and the ZnOH -ions present a maximum enrichment at the interface between the ZIF and the ZnO layers. These signals are also present in the ZIF-8 layer: they decrease from the maximum value around the ZnO/ZIF-8 interphase to the minimum value close to the ZIF-8 surface. This minimum value is lower than that of the residual Zn-OH present in the ZnO phase grown by ALD. This journal is © The Royal Society of Chemistry 2023

Please do not adjust margins Please do not adjust margins XPS studies. The film compositions were also characterized by XPS (ZnO and ZIF-8@3_exposures, see Figure S5). Detailed description of the XPS data can be found in SI. For ZnO, the O 1s region can be decomposed using two contributions: a first one centered at 530.1 eV (FWHM of 1.2 eV) which can be attributed to the O² -(O(II)) in the hexagonal lattice of ZnO Wurzite) and thus to the Zn-O bond. A second one at 531.6 eV (FWHM of 1.8) can be attributed to the presence of oxygen vacancies (O(I)), defects in the Zn-O structure that are mainly hydroxyl groups. [43][44][45][46] The presence of hydroxide has already been observed in the literature and it has been shown that by decreasing the temperature during ALD deposition, this contribution increases significantly. [START_REF] Stassen | [END_REF]47 Previous works have also shown that this Zn-OH contribution does not vanish after a long time sputtering which indicates the presence of this electronic state also in the depth of the ZnO film. 42 This result is in good agreement with ToF-SIMS results where a signal from ZnOH -ions vanished just in the silicon substrate region. It should be noted that this binding energy could also corresponds to Zn-carbonate bonds which can eventually overlap the Zn-OH signal. [48][49] For ZIF-8, all expected features are observed, including zinc, nitrogen, and carbon (see SI for detailed description). A low intensity O 1s region is also observed and can be decomposed into two contributions (Figure S5). A first one at 531.5 eV can be attributed to Zn-bounded hydroxyls (or eventually carbonates) in ZIF-8. 48 A smaller contribution at a higher binding energy (533 eV) is attributed to chemisorbed species such as water or carbonates. No ZnO residue seems present at the surface of ZIF-8 as evidenced by the absence of O-Zn contribution around 530.1 eV.

In-depth XPS analysis. Figure 4b shows an in-depth XPS analysis of a 5 exposures sample (ZIF-8@5_exposures) which was synthesized and stored in an inert atmosphere (argon glove box) and transferred in the XPS chamber without contact with the atmosphere after final exposure with MeIm-H and H2O. From 0 to 1800 s of sputtering, the ZIF-8 layer is first probed. The obtained atomic ratios are relatively uniform in depth and the composition is close to those detected at the surface. In this region, the oxygen content is low and the O 1s spectrum can be deconvoluted into two peaks (Figure 4d) related to Zn-OH (~ 531.5 eV) and to adsorbed water (~ 532.7 eV). These different contributions are plotted as a function of the sputtering time in Figure 4c. The Zn-OH contribution is lower than those of adsorbed water and decreases as we go deeper into the ZIF layer. After ~1800 s of sputtering, the oxygen content increases rapidly indicating that the ZnO layer start to appears. The O 1s spectra of this interface zone can be deconvoluted into two components: one peak at 530.1 ev associated to ZnO and a peak at 531.6 eV attributed to Zn-OH (Figure 4d). A contribution related to adsorbed water cannot be completely excluded but the use of an additional peak at high binding energy does not improve significantly the fit. Figure 4c shows that the Zn-OH concentration increases substantially at the vicinity of the interface between ZIF-8 and ZnO. These XPS data are in good agreement with the ToF-SIMS profiles discussed previously, confirming the presence of Zn-OH groups in each region of the stack (ZIF-8 and ZnO) and a significant enrichment at the interface. Please do not adjust margins Please do not adjust margins the cage in panel (e) was taken from a snapshot of the simulation in which MeIm-H is crossing through the window.

Molecular dynamics simulations. Molecular dynamics (MD) simulations were performed to investigate the impact of hydroxyl groups in the ZIF-8 phase on the rate of diffusion of imidazole through the porous structure itself. Specifically, three different MD simulations were conducted in order to compare the dynamic behavior of a single MeIm-H molecule within hydroxyl-free, that is pristine, ZIF-8 with respect to the dynamic behavior of MeIm-H within hydroxyl-rich, that is defective, ZIF-8 frameworks. These hydroxyl sites have been previously shown to be thermodynamically favored, as arising from missing-linker defects, formed by a water molecule together with an OH group replacing the MeIm linker. 50 In the present work, two defective phases were investigated with 5% and 15% of missing linkers, respectively. The positions of missing linkers were randomly assigned within a 2 × 2 × 2 supercell of defect-free ZIF-8 using a Monte-Carlo approach (see Computational Details section). Each of the two Zn centers involved in each missing-linker defect was then saturated with a hydroxo and an aqua ligand, respectively. The two defective supercells were geometry-optimized allowing the relaxation of all atom positions before exploring the diffusion of the MeIm-H molecule through MD simulations (Figure 5). Snapshots of the three simulated systems, i.e. the pristine and defective structures, are compiled in Figure S6.

Visual inspection of the MD trajectories revealed that MeIm-H is trapped inside a single cage of the defect-free MOF along the whole simulation run, whereas it diffuses through different cages (i.e. across the windows of the MOF) in the defective ZIF-8 models (Figure 5b). This is further illustrated by the comparison of the Mean Square Displacement (MSD) of MeIm-H obtained from the simulations with the three analyzed MOF compositions (Figure 5a). The MSD represents the deviation of the MeIm-H position (r) with respect to a reference position over time, averaged over the ensemble composed by all the time periods of Δt length obtained from the overall 5 ns of MD simulation, as shown in eq. 1:

𝑀𝑆𝐷 = 〈|𝑟(Δ𝑡) -𝑟(0)| 2 〉 (1) 
In all systems, the MSD displays a short (t < 5 ps) ballistic regime from 0 to ca. 35 Å 2 (Figure 5a), which accounts for the mobility of the imidazole molecule within a single cage of ZIF-8. In the defect-free ZIF-8 (Figure 5a, black line), this is followed by a plateau in the MSD, showing that MeIm-H does not visit any other cage than the initial one. Conversely, a diffusive regime (MSD(Δt) linear in time with a slope > 0) is observed for the two defect-containing ZIF-8 (Figure 5a, blue and red lines).

Mechanistic insight.

General Considerations. In the global reaction equation for the formation of ZIF-8 (equation 2), zinc oxide reacts with 2 equivalents of ligand to yield one equivalent of ZIF-8 and one equivalent of water.

While the stoichiometry is correct, this proposal can only be read as a first and balanced equation, but is not very informative regarding the underlying growth. In fact, several points of attention become apparent when addressing the reaction from a mechanistic point of view, rather than just overall stoichiometry. Firstly, the repeating molecular motif in ZIF-8 is centered around a tetrahedral zinc coordinated to four imidazolates, not two as the equation 1 might suggest at first reading. The reaction also suggests ZnO as a reactant. However, the MOF-CVD reaction probably takes place at the interface of the two phases, as well established for most heterogeneous gas/solid reactions. The surface zinc species, and a fortiori the most reactive ones, which are those to be considered first in a mechanistic study, are not necessarily well represented by ZnO. Several works have focused on the surface state of ZnO deposited by ALD. Borylo et al. probed the surface by XPS and found a carbon-rich composition (45%) while oxygen and zinc only represent about 22% and 33% respectively. 42 Hydroxyls as well as chemisorbed species (water, carbonates) are observed in works examining the surface state of ZnO (not necessarily synthesized by ALD). [START_REF] Stassen | [END_REF]43,47 These surface species are expected to be important in the reaction with the ligand. Khaletskaya et al. also demonstrated that the morphology of the starting ZnO influenced the growth of ZIF-8 layers. 51 Macroscopic effect of water. Since the first publication, [START_REF] Stassen | [END_REF] the necessity of water vapor in the MOF-CVD process to promote the growth of the ZIF layer is stressed. This limitation in terms of thickness of transformed ZnO is also observed for mechanochemical syntheses where the reaction stops at a certain thickness of ZIF-8 formed. 26 Figure 3a similarly shows the beneficial effect of water on final layer thickness. These observations, in apparent contradiction with the reported equation 2 where water is involved in the products of the reaction and not in the reactants, raise the question of the role of water in the mechanism of ZIF-8 layer growth. Among the proposed explanations, the most invoked is that presence of water would promote the formation of hydroxyl groups on the surface of the precursor oxide layer. In contrast, the formation of Pt-ZIF-8 from Pt-doped zinc oxide powder deduced from thermogravimetric analysis (TGA) measurements show that the conversion rate for the wet atmosphere experiment is lower than under dry conditions (about 8%), while other conditions (under air, vacuum or N2) lead to conversion rates in the range of 12-13%. The assumption given is that water competes with the ligand for the coordination of the metal centers and that excess water would shift the equilibrium of the formation reaction to Ptdoped ZIF-8. 52 The effect of the addition of water vapor during the ZIF-8 formation reaction is therefore unclear. Even if some hypotheses have been proposed to justify the role of water vapor in the reaction and consider in particular that a starting ZnO layer rich in hydroxyl groups favors the conversion to ZIF-8, no fine analysis to identify and follow the evolution of these groups during the reaction has been implemented.

Molecular-level mechanistic proposal. The combined ToF-SIMS and XPS studies reported above at different stages of growth allow to discuss mechanistic phenomena that might explain, at least in part, these results. The ToF-SIMS and in depth XPS analyses revealed an interface rich in hydroxyl groups for all the samples. As discussed above, the hydroxyl content appears maximum at the ZIF-8/ZnO interphase. The reaction of the water resulting from the reaction between terminal Zn-OH and incoming MeIm-H with the yet unconverted ZnO regenerates hydroxyl groups, which allow the ZIF-8 growth reaction to proceed. A mechanism, along the line of previous literature suggestions, reflecting this reactivity in the absence of water molecule, is shown in Scheme a. The maximum concentration of hydroxyl observed experimentally at the ZIF-8/ZnO interphase agrees with this proposal, where crystalline ZnO and ZIF-8 layers are considered in first approximation. At the same time, this mechanism, depicted in Scheme a, cannot reflect all the phenomena involved in the reaction, since external source of water in the form of water vapor is known to be necessary as reviewed above.

In agreement with the experimental impossibility to grow thick ZIF-8 layers without external water addition, molecular dynamics simulations suggest that imidazole linker cannot diffuse in pristine ZIF-8 (see black curve, Figure 5a). A Conolly surface analysis was further done to compare the bulkiness of MeIm-H with the width of the windows that connect neighboring cages of the MOF (Figure 5c-e). To do so, single cages of the pristine MOFs were extracted from representative snapshots of the simulations. As shown in Figure 5d, the windows of the defect-free MOF are rather circular and too narrow to allow MeIm-H to pass through (Figure 5c). In the presence of defects, i.e. water and -OH groups, these windows can eventually enlarge enough to allow the diffusion of MeIm-H from one cage to another (compare MeIm-H dimensions in Figure 5c with the width of the window in Figure 5e). The mean square displacement of imidazole in defective ZIF-8 (see red and blue curves in Figure 5a) similarly demonstrates that MeIm-H can indeed diffuse through ZIF-8 porous network in the presence of defects as missing linkers, which may be experimentally obtained in the early stages of ZIF-8 growth close to the ZnOH/ZnO interface (or by treating the MOF with water vapor, vide supra). Importantly, as this slope is directly proportional to the diffusion coefficient, the higher slope of the MSD diffusive regime obtained for ZIF-8 with 15% of defects when compared to that with only 5% of defects indicates that indeed, the diffusion of MeIm-H through ZIF-8 increases with the number of missing linkers thanks to the increasing number of pore windows with larger openings. This is also consistent with previous computational studies, which reported that the presence of defects in ZIF-8 facilitates the window crossing of a series of adsorbates by increasing the local hoping rate for molecular diffusion. 53 Here, four "crossing" events in which MeIm-H travels across the window that connects two neighboring cages were accordingly observed in the ZIF-8 model with 15% of defects (at t = 125, 800, 2120 and 2825 ps), while only two of them (at t = 1720 and 3205 ps) were found when the number of defects is decreased to 5%. Figure 5b illustrates such a crossing event observed over the MD simulation with 15% of defects. Thus, one may conclude that one key role of defects in the growing mechanism of ZIF-8 is to provide diffusion path to MeIm-H molecules from the MOF surface to the MOF-ZnO interphase, where they then react to increase the thickness of the MOF layer. Conversely, a pure defect-free phase would hamper this diffusion of the linker toward the interphase. While defective (hydroxyl) ZIF-8 are likely to grow close to the hydroxyl-rich interphase with Zn-O, the growth process itself which implies the diffusion of ligand vapor phase through the pores thus exposes these defects to a "repair" reaction (see Scheme 1b), whereby a H2O/OH pair is replaced by a bridging linker. This is equivalent to curing the defects and hence leading to a stunted growth. Under certain conditions, the addition of water can repristinate the defects and prolong the growth range of the ZIF-8. Yet, along the process, when the growing phase becomes sufficiently defect-free to become sufficiently hydrophobic (as pristine crystalline ZIF-8 is), to quell window crossing by water, 53 external water addition is not possible and the upper limit for material growth is reached.

To agree with coordination chemistry principles as well with the known water resistance of crystalline ZIF-8, this hypothesis calls for water displaceable zinc coordinated imidazole-based linker under the form, for example, of a mono coordinated species (such as neutral imidazole Zn(NC4H5NH) or anionic imidazolate Zn(NC4H5N│) with a free doublet on the zinc-free nitrogen ( N│) which offers an alternative to the waterresistant bridging linkers present in ZIF-8 (Zn(NC4H5N)Zn). This journal is © The Royal Society of Chemistry 2023

Please do not adjust margins Please do not adjust margins Interestingly, one or both of the proposed monocoordinated species listed above are expected to be intermediates of the defect suppression reaction presented in Scheme 1b. This rationalization could lend itself to give some mechanistic explanation to the known fact that ZIF-8 growth by wet imidazole exposure of ZnO cannot be resumed by reintroducing a previously dried sample to a reactive atmosphere. Furthermore, this role could offer a rationale for the efficiency of our cyclic pulsing process, which pointedly avoids such dehydration step while offering some defect reintroduction by cycling water exposure, especially when the crystallization has not completely settled in, leaving water displaceable zinc-coordinate imidazole still in the growing phase.

A last consequence of the introduction of water, which is mentioned in the literature but not explained, is the maturation of the crystals. This maturation or enlargement of crystals could result from the same phenomenon of creation of defects and then "repair" that is promoted by water. Water brings sufficient mobility to the 2-methylimidazole and creates Zn-OH bonds which are reactive. The coarsening and reorganization of the crystals would result in the roughness observed for layers that were synthesized with water or that were exposed to water vapor after synthesis. 32 

Final considerations on proposed growth mechanism

The experimental (XPS and TOF-SIMS composition profiles) and computational studies presented here provide first precise molecular-level insight in the ZIF-8 defects nature and role in this growth mechanism. Unlike previous hypotheses which focused on defects around ZIF-8/ZnO interphase, it is the (ZnOH/ZnOH2) defects within the ZIF-8 phase that come in focus here. As shown by the calculations, their presence which remains substantial at the initial stages of the growth that is at short distance from the ZnO substrate, facilitates the linker diffusion to the interphase due to micropore windows enlargement. Conversely, their absence hinders the diffusion. The expected reaction of incoming vapor phase imidazole with ZnOH(OH2) defects, equivalent to curing the growing phase into a more defect-free structure, can therefore explain in part why this growth process is inherently self-blocking.

The studies presented here also tie in with the mechanistic hypotheses put forward to explain the central role played by water in the ZIF-8 phase growth. Most hypotheses in literature addressing the role of water in the ZIF growth focus on the ZIF-8/ZnO interphase as an enabler of reagent/MOF building block mobility at interphase [START_REF] Stassen | [END_REF]27 and/or as co-source of necessary interphase hydroxyls and hydration. [START_REF] Stassen | [END_REF] Herein a further role for water in the growth mechanism can be proposed related to the possibility to shift the position of the equilibrium between defect -rich and defect-poor ZIF-8 phases. Water could displace zinc-coordinated imidazole-based linker and hence prevents the formation of defect-free growth-suppressant ZIF-8.

An intriguing further role of water proposed elsewhere for this process is the increase of the final roughness of the sample (Figure S7). A possible explanation has been offered, with the persistent presence of water formed at the ZnO/ZIF-8 interphase, due to its incapacity to leave the interphase. [START_REF] Stassen | [END_REF] The mechanism proposed herein suggests that the incapacity for water to diffuse rapidly off the interphase is linked to the increasing crystallinity of the superior aged -hence cured-ZIF-8 layer. If it is true that the roughness is indeed due to water impossibility to diffuse from the interphase, our mechanistic proposal here suggests that the concomitant undesirable phenomena of self-limitation growth and roughness increase might be intimately intertwined and attempting to solve one without addressing the other might be an arduous, if at all possible, task. Our molecular level mechanism does not take into account intergrain surface chemistry occurring in polycrystalline samples like ours, which could affect the final observed roughness. In summary, while thicker and as rough as before layers have been obtained, the ideal targeted double goal of growing thicker and smoother layer does not appear to be within the reach of this approach for mechanistic reasons due to the approach itself.

Conclusions

In this work, an improved process for ZIF-8 thin film realization is described, based on repeated exposure to ligand and water of a ZnO sacrificial layer. This approach allows the control of the thickness of the film up to several hundred nanometers. Molecular composition of the film was probed in depth by XPS and TOF-SIMS, highlighting the presence of Zn-OH groups in each region of the stack (ZIF-8 and ZnO) and a significant enrichment at the interface. Experimental data and molecular dynamics simulations suggested that the Zn-OH defects in the ZIF-8 layer are in fact mandatory to allow diffusion of the ligand to the growing interface. These elements tend to explain the efficiency of our cycling process. At the same time, this insight suggests a limit to growth which is consubstantial with the method proposed: upon growth, the top layer of the growing ZIF film, that is the one closer to the ultimate surface, is cured from its initial defects present closer to the ZnO/ZIF-8 interphase. Due to the topology of the ZIF-8 and in particular to the fact that the window diameter of the crystalline material is smaller than the diameter of the free ligand, such aspect of the ageing process becomes a physical barrier to the diffusion and hence the further growth of the material. The take home message is that ZIF-8 layers that can be obtained through this direct method are inherently barred from being thick and reasonably defect-free at the same time. While the water cycling that we have devised pushes back some of these limitations, it cannot overcome them. Our work suggests that more subtle approaches are necessary for this fabrication approach of this type of MOF (nanopatterning of the starting substrate, process engineering limiting the curing reaction without disrupting the growth, annealing process unlocking these limitations, ...). This will allow to help further the development of MOF thin film deposition processes, en route to vapor phase fabrication methods capable of unlocking the potential of these materials in microelectronics.

Figure 1 .

 1 Figure 1. a) SEM cross-sectional picture of ZIF-8@10_exposures. b) SEM images of silicon pillars coated with ZnO by atomic layer deposition (b1) and the same pillars after 10 exposures of conversion in ZIF-8 (b2), (b3) and (b4). c) AFM migrograph of ZIF-8@10_exposures (RMS of 25 nm).

Figure 2 .

 2 Figure 2. a) In-plane XRD patterns of ZIF-8@10_exposures, as deposited (in blue) and after activation (in red), and a reference ZIF-8 signal from the data bank of DIFFRAC.EVA software (in black). b) Adsorption and desorption methanol and water isotherms obtained by ellipsometry porosimetry at room temperature (22°C) of the activated ZIF-8@10_exposures.

Figure 3 .

 3 a) ZIF-8 thicknesses obtained for reaction (1 exposure of 30 min) with different water vapor pressure at a substrate temperature of ~103°C. Horizontal error bars represent pressure variation during the experiment, and vertical error bars represents the fit uncertainty. b) Evolution of the ZIF-8 layer thickness assessed by spectroscopic ellipsometry as a function of the number of exposures with PH2O=400 mbar at a substrate temperature of 103°C (red circles) and 110°C (blue squares). The error bars correspond to the standard deviation of the thickness obtained from several runs (typically 2-4 samples). c) Chart of thicknesses (nm) vs. RMS roughness (nm)

Figure 4 .

 4 Figure 4. a) TOF-SIMS profile of the stack ZIF-8/ZnO/Si in ZIF-8@3 exposures, b) XPS atomic concentration profile of a ZIF-8/ZnO/Si in ZIF-8@5_exposures, c) Examples of the O 1s peak deconvolution at different sputtering times (60 s and 1560 s correspond to the ZIF layer, 1740 s corresponds to the appearance of ZnO and 3240 s is closer to the ZnO layer), d) O atomic concentration profile (black circles), ZnOH2 contribution to the O 1s peak (white triangles, ~533 eV), and ZnOH contribution to the O 1s peak (blue circles). In the ZnO region (sputtering time > 1740 s), ZnOH (green triangle) is detected in addition to the Zn-O bonds.

Figure 5 .

 5 Figure 5. a) Mean Square Displacement (MSD) of MeIm-H inside pristine ZIF-8 (black line) and defective ZIF-8 containing 5% and 15% missing linkers (blue and red lines, respectively), averaged over 5 ns of MD simulation. b) Overlay of snapshots extracted from the MD simulation of MeIm-H inside the 15% defective ZIF-8, showing the migration of MeIm-H from one cage to another. Only two cages of the MOF are represented for clarity. c) Dimensions (Å) of MeIm-H and d,e) Dimensions of the windows connecting two cages of pristine ZIF-8 (d) and ZIF-8 (15% defects) (e), estimated from a Conolly surface analysis. The geometry of
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 29 Scheme 1. a) Proposed idealized reaction mechanism involved in the growth of a defect -free ZIF-8 layers from exposure of a crystalline ZnO layer to vapor pressure of Imidazole linker, b) Proposed mechanism on defect curing occurring by incoming imidazole on originally defective (as grown) ZIF-8 in agreement with the experimental observed hydroxyls within the MOF layer and bulk ZnO.
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