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Ultra-Fast Crystallization Dynamics at an Organic-Inorganic Interface Revealed in Real Time by Grazing Incidence Fast Atom Diffraction

The poor structural properties of organic-inorganic interfaces and their variability represent the main cause of device under-performance. Understanding and controlling the development of these properties in real time has been a difficult experimental challenge. Using a recent technique based on grazing incidence fast atom diffraction (GIFAD), we were able to directly observe during deposition structural transitions in a perylene monolayer on Ag(110). Crystallization from the liquid phase occurs into two distinct structures with drastically different dynamics. Transition to the most compact packing occurs by self-organization only after a second layer has started to build up; subsequent incorporation of molecules from second to first layer triggers an ultra-fast crystallization on a macroscopic sale. The final compact crystalline structure shows a long range order and superior stability, which opens good perspectives for producing in a controlled manner highly ordered hybrid interfaces for photovoltaics and molecular electronics.

The size, the anisotropy and the flexibility of organic molecules give rise to a complex organization dynamics when deposited on inorganic substrates. [START_REF] Kowarik | Organic molecular beam deposition: fundamentals, growth dynamics, and in situ studies[END_REF] These considerations are largely responsible for both polymorphism [START_REF] Mayer | Dynamics of bimodal growth in pentacene thin films[END_REF][START_REF] Jones | Substrate-induced and thin-film phases: polymorphism of organic materials on surfaces[END_REF] and the lack of long range order in thin organic films. For applications that require good charge transport properties, such as molecular electronics, [START_REF] Klauk | Organic thin-film transistors[END_REF] the level of organization and homogeneity are crucial properties. Because these depend strongly on the deposition process and parameters, growth monitoring in real time by surface sensitive and nondestructive techniques appears essential.

Various techniques have been used to continuously monitor the growth of thin organic films. In particular, reflectivity curves have been used with different probes, electrons in Reflection High Energy Electron Diffraction 5 or X-rays, [START_REF] Mayer | Growth dynamics of pentacene thin films: Real-time synchrotron x-ray scattering study[END_REF][START_REF] Kowarik | Real-time studies of thin film growth: Measurement and analysis of X-ray growth oscillations beyond the anti-Bragg point[END_REF][START_REF] Sparenberg | Controlling the growth mode of para-sexiphenyl (6P) on ZnO by partial fluorination[END_REF] to gain information of growth modes. However, the subsequent damage to the film, shown to being due to secondary electrons, [START_REF] Graham | Damage to trifluoroacetamido-terminated organic self-assembled monolayers (SAMs) on aluminum, titanium, copper and gold by aluminum K.alpha. x-rays is due principally to electrons[END_REF] remains a critical issue. [START_REF] Kowarik | Thin film growth studies using time-resolved x-ray scattering[END_REF] Atom scattering at grazing incidence probably represent the best alternative. It is extremely sensitive to surface quality in terms of defect density (adatoms, step edges). In the diffractive mode, [START_REF] Schuller | Diffraction of fast atomic projectiles during grazing scattering from a LiF(001) surface[END_REF][START_REF] Rousseau | Quantum scattering of fast atoms and molecules on surfaces[END_REF] it gives access at first order to the periodic profile of the valence electron density. [START_REF] Khemliche | Grazing Incidence Fast Atom Diffraction: an innovative approach to surface structure analysis[END_REF] Grazing Incidence Fast Atom Diffraction (GIFAD) [START_REF] Khemliche | Device and method of characterizing surfaces[END_REF] has been used for resolving crystallographic properties of a thin organic film. [START_REF] Seifert | Surface structure of alanine on Cu(110) studied by Fast Atom Diffraction[END_REF] Here, we show that GIFAD is also able to provide in real time (see figure S1) valuable information on the structural dynamics of an organic monolayer without any damage to the film.

Perylene deposited on Ag(110) represents a good prototype of a weakly interacting system. The good balance between intermolecular and molecule-substrate forces makes the organization mode extremely sensitive to substrate preparation and growth conditions. The main features of the monolayer formation have been well described. [START_REF] Seidel | Structural transitions of perylene and coronene on silver and gold surfaces: A molecular-beam epitaxy LEED study[END_REF] With increasing density, a gas-like phase transforms into a liquid-like phase, [START_REF] Gao | Understanding and controlling the weakly interacting interface in perylene/Ag(110)[END_REF] which further evolves into a crystalline monolayer under various structures. Besides these general observations, the gas-to-liquid and liquid-to-solid phase transitions have not been accessible and the characteristics of the final monolayer structure show large discrepancies. [START_REF] Gao | Understanding and controlling the weakly interacting interface in perylene/Ag(110)[END_REF][START_REF] Dou | Aggregation of organic molecules on silver surface with the balance between molecule-substrate interaction and intermolecular interaction[END_REF] These facts call for a better understanding of the phase transitions, which might only be accessible by monitoring continuously the growth process by a surface sensitive and non-destructive tool.

In grazing incidence atom scattering, topographic defects translate directly into a loss of reflectivity. For this reason, follow up of this parameter during thin film growth provides stringent clues of the growth process in addition to providing endpoint detection. For instance, GIFAD could effectively monitor the layer-by-layer homoepitaxial growth of GaAs(100). [START_REF] Atkinson | Dynamic grazing incidence fast atom diffraction during molecular beam epitaxial growth of GaAs[END_REF] Figure 1a shows the time evolution of the reflectivity for 500 eV He atoms during perylene deposition on Ag(110). The beam is aligned along the [1-10] direction of the substrate. The reflectivity curve is obtained by summing the intensity inside a rectangular zone having a width of 1.8° and 1.5° along the polar and azimuthal directions respectively. Opening the evaporator shutter produces a drop of the reflectivity, which reaches a minimum at 320 s. At this stage, molecules can be seen as low density randomly distributed protrusions that obstruct specular scattering of the probe beam until roughly a coverage of half a monolayer. Above this coverage, it is the voids between molecules that become defects; thus the reflectivity increases as the voids are being progressively filled. A peak is eventually reached and, as deposition proceeds, the reflectivity decreases until a weak but sharp revival followed by an abrupt drop. Then the evaporator shutter is closed and the reflectivity slowly recovers. It is noteworthy that the shutter is closed at a precise moment determined by prior experiments. As shown in figure S3, when deposition proceeds further, the curve exhibits a significant change of slope and falls continuously.

The height of the peak at 1800 sec. points to a very smooth monolayer that perfectly wets the substrate. The remarkable feature lies in the weak reflectivity gain followed by a sharp drop around 2500 s, such an anomaly could be the signature of an unusual phase transition. Note that the slope of decrease is much steeper than observed at start of deposition where molecules adsorb parallel to the surface plane. [START_REF] Gao | Understanding and controlling the weakly interacting interface in perylene/Ag(110)[END_REF] One can notice the asymmetry of the reflectivity curve, the time span to reach the first minimum, which signs a half completed monolayer, is shorter that required to complete the monolayer. In addition, the slope of decrease following the peak is weaker that observed at start of deposition.

The explanation can be found in the evolution of the sticking coefficient, which can be inferred from the flux of desorbed species. Figure 1b shows the signal collected during deposition by a Quadruple Mass Spectrometer (QMS) facing the sample (see figure S1), this signal is the sum of the intensities measured at m/z= 252 (intact perylene), 125 and 126 (fragments generated in the ionization zone of the QMS). Assuming that the sticking coefficient is initially unity, it starts to decrease as soon as the reflectivity reaches its minimum. Following completion of the wetting layer, the flux of desorbed molecules increases more rapidly. This behaviour points to the existence of repulsive intermolecular forces induced by a charge transfer with the substrate.

The reflectivity curve tells how many particles are scattered within the specular cone, it essentially measures the density of topographic defects. A more refined step consists in analysing the intensity distribution of particles that actually fall within this specular cone. In particular, the mean exit angle is very sensitive to subtle variations in the local molecular arrangement. The time evolution of this parameter is shown in figure 1c. Besides the large increase due to growing roughness as coverage approaches half a monolayer, weaker yet significant variations are visible at different stages of the film growth. Two kinks, at 1260 and 2050 s respectively, translate a change of the local organization, i.e. most probably phase transitions. The sharp rise-and-drop observed on the reflectivity curve is visible here as a rapid oscillation. A sensitivity of 20 to 30 µrad is achieved on the mean scattering angle. In contrast to X-rays or electrons, a quantitative analysis of the GIFAD pattern yields not only the lattice parameter but also the corrugation of the He-surface interaction potential. [START_REF] Khemliche | Grazing Incidence Fast Atom Diffraction: an innovative approach to surface structure analysis[END_REF] In a first order approximation, the latter can be considered proportional to the electron density. [START_REF] Esbjerg | Dependence of the He-scattering potential at surfaces on the surface-electron-density profile[END_REF][START_REF] Nardelli | A density-functional study of van der Waals forces: He interaction with a semiconductor surface[END_REF] Thus the diffraction pattern depends directly on the electronic corrugation as it could be determined by Atomic Force Microscopy (AFM) in contact mode. Due to the grazing geometry, there is an averaging effect along the beam direction and it is therefore the mean corrugation taken over many lattice units that finally produces the observed diffraction pattern.

At the end of the growth process described in figure 1, GIFAD measurements performed by rotating the sample azimuth reveal two distinct crystalline structures, we name them S1 and S2.

The former is characterized by a higher molecular density and is comparable to that reported by Gao and co-workers. [START_REF] Gao | Understanding and controlling the weakly interacting interface in perylene/Ag(110)[END_REF] For the same system, Bobrov et al. [START_REF] Bobrov | True perylene epitaxy on Ag(110) driven by site recognition effect[END_REF] have derived from calculations a similar structure as the most compact crystalline lattice. The detailed description of these structures is well beyond the scope of this report; the most relevant information to retain is that S1 is more compact than S2.

To help identifying the actual nature of the sharp transition visible in both reflectivity and mean exit angle, we performed a new growth sequence on a freshly prepared substrate. This time, the He beam is aligned at 71.5° from the Ag [1-10] direction, i.e. along a mean crystallographic direction of the structure S1. To increase resolution and contrast, both beam energy and incidence angle have been reduced to 300 eV and 0.5° respectively. Figure 2a shows the corresponding reflectivity curve; the main features of figure 1 are well reproduced. After closing the shutter, a clear diffraction pattern starts to appear (see the multimedia file); figure 2b shows the image resulting from summing the 5 last images of the sequence. On this image, one can actually distinguish two types of features; at the lower part of the scattered pattern, two side spots are observed in addition to the 0 th order, this diffraction pattern corresponds to structure S1. Above it, on the right hand side lies another spot that belongs to structure S2 whose crystallographic axis is misaligned by few degrees. For this reason, the associated diffraction pattern becomes asymmetric [START_REF] Zugarramurdi | Surface-grating deflection of fast atom beams[END_REF] with Bragg peaks distributed on a larger Laue circle whose center is shifted horizontally as represented by the dash lines in figure 2c. Another image, showing more clearly the diffraction pattern arising from both structures S1 and S2 and recorded at a slightly larger incidence angle, is shown in figure S4.

We now reanalyse the deposition sequence using the following procedure. We select a region in the ( , ) plane (see angle definition in figure S1) that contains one of the features discussed above; this is sketched in figure 3a. The data set is a 3 dimensional matrix = ( , , ) where t represents the time and I the intensity. For each selected zone, the data is integrated within the corresponding band and the intensity is then reduced to = ′( , ). The result of this treatment is shown in the upper part of figures 3b and 3c. At start, only the 0 th diffraction order from the substrate is visible since the He beam is not aligned with any particular crystallographic direction of Ag(110). In this condition, the electronic density averages to a flat profile. At the reflectivity peak, the 0 th order reappears on top of a diffuse background.

On these graphs, one already notices that diffraction, meaning long range order, appears earlier from S2 than from S1. We conclude that S2 forms before the reflectivity peak, whereas S1 appears following the sharp rise-and-drop of the reflectivity. To better visualize the relative intensity evolution of the diffraction spots, the data is replotted after normalizing the intensity with respect to the 0 th order. The results are shown in the lower part of figure 3b and3c, with the reflectivity curve superimposed. For structure S1 (figure 3b), the striking evidence is the instantaneous appearance of high order diffraction peaks right near the end of the reflectivity drop, just before closing the shutter. By contrast, for structure S2 (figure 3c) high order peaks start to appear well before the reflectivity peak.

On the basis of the experimental elements described in the previous section and complementary information derived from the literature, we propose a model describing the successive steps leading to crystallization of the perylene monolayer into a compact structure. Such a dynamics can be divided in three stages, as depicted in figure 4a. The first stage, which spans up to half way between the reflectivity extrema (the first kink in the mean scattering angle) consists in the building up of a dilute gas-like phase with molecules lying flat on the substrate; 17 molecules are very mobile and segregation does not occur. At the end of this stage, the sticking coefficient starts to decrease (figure 1b) and the kink in the mean exit angle (figure 1c) could be the sign of a transition from the gas to the liquid phase. In the second stage, crystalline domains start to form as high order diffraction peaks appear in structure S2 (figure 3c). At this stage, there is coexistence between liquid and crystalline (under a low density structure) domains, as reported by Bobrov et al. [START_REF] Bobrov | True perylene epitaxy on Ag(110) driven by site recognition effect[END_REF] At the reflectivity peak, this mixed monolayer is characterized by a good flatness as evidenced by the high intensity of reflected particles and the appearance of a specular (0 th order) peak (figure 3b).

In figure 1, concomitant to the reflectivity loss around 2000 s, we observe simultaneously a change of slope in the mean exit angle and a sharp increase in the flux of desorbing molecules. Although an order-disorder transition may accompany the densification of the first layer, as has been reported by Weidong Dou et al., [START_REF] Dou | Aggregation of organic molecules on silver surface with the balance between molecule-substrate interaction and intermolecular interaction[END_REF] this would rather be the signature of a nearly closed monolayer and the start of a second layer. This interpretation is confirmed by the fact the diffraction features from structure S2 do not degrade with decreasing reflectivity (figure 3c).

Note that, at the end of this second stage, the flux of desorbing molecules increases substantially, meaning that repulsive forces prevent landing molecules from adsorbing in the first layer. For this reason, in a third stage, they rather adsorb in a second layer, inducing a loss of reflectivity.

Next, densification of the remaining liquid domains of the first layer proceeds through incorporation of second layer molecules. When a critical density in the first layer has been reached, the associated change of morphology triggers a change of conformation of the molecules in the second layer, these undergo a transition from planar to tilted position. With respect to the incident He beam, the scattering cross section is thus greatly enhanced and the reflectivity drops. In turn, this allows crystallization, possibly through orientational ordering, of the first layer into a compact structure. Note that in bulk crystalline perylene, molecules do not adopt a parallel structure but rather a herringbone type ordering. [START_REF] Fedorov | Structural and electronic properties of perylene from first principles calculations[END_REF] On Ag(110), as the density increases within the first layer, the subsequent change of conformation that may consist in a hexatic phase, modifies the molecules-surface interaction, which in turn triggers a reorientation of molecules of the second layer. This interplay between first and second layer conformations seems to be a general feature of organic layers; it has for instance been reported on bilayers of sexiphenyl molecules on Cu(110), [START_REF] Wagner | Revealing the buried metal-organic interface: restructuring of the first layer by van der Waals forces[END_REF] α-6T on Ag(111) [START_REF] Ghanbari | Layer-resolved evolution of organic thin films monitored by photoelectron emission microscopy and optical reflectance spectroscopy[END_REF] and alkane films on the native oxide layer of a silicon substrate. [START_REF] Corrales | Spontaneous formation of nanopatterns in velocity-dependent dip-coated organic films: from dragonflies to stripes[END_REF] Grazing Incidence fast Atom Diffraction (GIFAD) has been used to follow in real time the organization dynamics of a perylene monolayer on Ag(110). This original technique permits sensitive characterization of the growing layer in terms of the nanoscopic roughness, changes in the local molecular arrangement and crystalline order without perturbing the growth process. The most spectacular results is the observation of a quasi-instantaneous crystallization of the first layer into a compact and very stable structure. We suggest a model through which an intimate interplay between the nearly closed first layer and the growing second layer produces a densification of the former, a change of conformation in the latter and in turn crystallization of the first layer. Although perylene-Ag interaction is large enough to impose some epitaxial relationship in the low density monolayer, [START_REF] Bobrov | True perylene epitaxy on Ag(110) driven by site recognition effect[END_REF] intermolecular Van der Waals forces take over at higher density and direct the selforganization. The bilayer can then be considered decoupled from the substrate.

Remarkably, the mean scattering angle of the probe beam may be treated as a thermodynamic order parameter, it senses small variations in the statistical average of the local molecular arrangement. Thus we are able to clearly identify gas-to-liquid and liquid-to-solid phase transitions; at first sight, the ultra-fast transition observed here has all the properties of a first-order transition. Another impact of this study has to do with the thermodynamics of phase transitions in 2D systems. [START_REF] Zangi | Phase transitions in a quasi-two-dimensional system[END_REF] Contrary to 3D systems where first order structural phase transitions are commonly observed, [START_REF] Ni | First-order structural phase transition in CaFe2As2[END_REF] the lack of long range translational order in 2D system has given rise to a controversy as to whether the liquid-solid transition requires a two-step process implying an intermediate hexatic phase. The latter is characterized by a quasi-long range orientational order and a shortrange translational order. The two-stage model proposed in figure 4 for describing the rise and drop may be compatible with an intermediate hexatic phase.

There exist in fact a large variety of phases, besides the generic gas-liquid-solid triad. Organic layers are good candidate for exploring these different phases; first because they are more likely (like noble gas layers) to build up layers that are largely decoupled from the substrate and second because the molecular orientation and intermolecular interactions provide an extended phase space for their mode of organization. Finally, besides providing a sensitive control over the growth mode and thus the possibility to greatly improve the quality of organic/inorganic interfaces, the delicate dynamics revealed by GIFAD may also represent a guide to improve our description of dispersion forces in these systems.

Supporting Information

• Experimental method; experimental setup: figure S1; reflectivity curve measured with a moderate quality substrate: figure S2; reflectivity curve over an extended deposition time: figure S3; diffraction pattern measured at a larger incidence angle following the growth sequence described in figures 2 and 3 : figure S4 (file Supplementary Information-Momeni.pdf)

• Movie from the growth sequence described in figures 2 and 3 (Growth-sequence-Momeni.avi)
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Figure 1 .

 1 Figure 1. Deposition probed by 500 eV He at 1° incidence. a) Reflectivity curve relative to the bare substrate, the sequence contains 1500 images of 3 s. exposure; b) Flux of desorbing molecules obtained by summing the signals measured at m/z=252 (intact molecules), 125 and 126 (fragments generated in the QMS; c) Time evolution of the mean polar exit angle.

Figure 2 .

 2 Figure 2. Deposition probed by 300 eV He at 0.5° incidence. a) Reflectivity curve relative to the bare substrate, the sequence contains 300 images of 15 s exposure. b) Diffraction pattern obtained by summing the 5 last images of the sequence; c) it contains diffraction peaks characteristic of both S1 and S2 structures.

Figure 3 .

 3 Figure 3. Same data as in figure 2 but treated by zones in the scattered intensity. a) zones in the polar angle θ used to reduce the data set. b) and c) time evolution of the azimuthal angle φ for structure S1 and S2 respectively; in the lower plots the intensity has been normalized to that of the 0 th order peak.

Figure 4 .

 4 Figure 4. a) Proposed scenario leading to crystallization of the perylene monolayer. 1: dilute gas phase; 2: coexisting liquid and low density crystalline domains (S2); 3: landing molecules start to form a second layer, with a reduced sticking coefficient. b) substeps in phase 3 leading to crystallization under S1; a): incorporation of 2 nd layer molecules into the 1 st layer increases its density until a critical value that b) lifts up the second layer molecules and further c) triggers an instantaneous crystallization of the first layer.