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Abstract. 
We studied the growth of epitaxial ferroelectric layers BaTiO3/Pt(001) in the framework of solar water splitting. The stoichiometry, i.e. the Ti/Ba ratio, appears as a crucial parameter not only for the crystallographic structure but also for the photocurrent generation when the sample is used as photoanode. We established an electrochemical poling method using a modulated potential, without altering the sample to control the electric polarization. Importantly, we show that the photoanode efficiency is improved when the polarization of the film is oriented towards the substrate. We demonstrate that this improvement is only due to the electrical field created by screening charges, which allows the separation of photo-generated charges.


I. INTRODUCTION

The transformation of solar light into chemical energy in the form of hydrogen, using photoelectrochemical water splitting, is a seductive energy-harvesting/generation method with the important advantage of being environment-friendly and free from carbon dioxide emission.1,2 However, highly efficient photoelectrodes are needed to make the method competitive as compared to steam reforming of hydrocarbons. Since the pioneering discovery of photo-assisted water electrolysis using semiconducting TiO2 in 1972 by Fujishima and Honda,1 many others oxide materials (Fe2O3, WO3, BiVO4,...) have been tested for this application.3-6 Nevertheless, these oxides do not fulfil all the requirements that include stability, light absorption, charge separation and fast reaction kinetics at the electrolyte/semiconductor interface.  Different strategies (e.g. doping, nanostructure designs, heterojunction) have been developed to tackle these challenges.5,7 In the case of photoanodes, the upward energy band bending at their surfaces is a crucial factor that favors the photocatalytic oxygen evolution reaction,8 and the built-in field inside the space charge region (SCR) acts for the separation of photogenerated charges. A SCR can appear in a p-n junction, however the driving forces are limited by the small gap value of the semiconductors used.9 
Another approach to overcome this limitation is to replace the conventional semiconductor by ferroelectric material in photoelectrodes. Indeed, in ferroelectric-based photovoltaic devices, the spontaneous electric polarization is the driving force behind the photocurrent improvement. Moreover and contrary to conventional p-n junctions where the photovoltage is limited to the electronic bandgap, ferroelectrics can produce voltages that are significantly higher than the band gap.10 The impact of ferroelectricity in the framework of photocatalytic applications has been studied.11,12 In particular, these studies proposed that the screening of the internal polarization induces band bending at the surface which favours oxidation (respectively, reduction) reactions in the case of an internal polarization pointing towards (respectively, outwards) the substrate.13,14 The potential use of ferroelectric materials in the framework of solar water splitting is an emerging and promising subject,15-17 with numerous studies concerning for instance BiFeO3.18-20 Among them, few publications tried to study the role of the ferroelectric polarization.15-18  In all these experiments, authors show an increase of the photoanode efficiency when the electric polarization is oriented towards the backside of the electrode. However, puzzling questions remain open as for example: (i) is the higher efficiency due to an improvement of the surface reactivity, and/or to an improvement of the charge separation? and (ii) what are exactly the collateral modifications in the sample induced by the electric polarization?
Bulk BaTiO3 is a ferroelectric material at room temperature exhibiting a ferroelectric to paraelectric phase transition at about 130 ° C accompanied by a tetragonal to cubic structural transition.21 The ferroelectric phase can be stabilized in strained epitaxial layers.22 In a previous study,15 we showed that epitaxial BaTiO3 thin films are well-suited for studying the influence of polarization on the photoelectrochemical properties. However, the films were deposited on Nb:SrTiO3(001), a substrate that shares several properties with the film, like the presence of titanium and oxygen and the positive response to photoelectrolysis. Therefore, with those films it was difficult to detect possible alterations of the sample during the photoelectrochemical measurements and/or the polarization procedure.
Besides, in order to study the role of the polarization on the photoelectrochemical efficiency, it is necessary to establish a non-destructive method to master the electric polarization on large surface which remains a quite tricky issue for freestanding surfaces. In the literature several poling procedures have been proposed, including polarization in electrolyte15,23 or electrode on surface.9 However, in these studies the authors did not study the possible alteration of the sample surface induced by the poling method.
In the present work we study single crystalline thin films of barium titanate (BaTiO3) deposited on Pt(001) crystal substrates. The films were elaborated by atomic oxygen assisted molecular beam epitaxy (AO-MBE). AO-MBE allows a fine control of the growth conditions and in particular of the thin films’ stoichiometry and crystalline quality, and avoids the growth of oxygen deficient layers, which have been shown to exhibit reduced ferroelectric properties.24 The epitaxial growth of BaTiO3/Pt(001) was theoretically predicted22 but not yet experimentally established. Indeed, the face centered lattice parameter of platinum is 0.392 nm, i.e. 1.8 % lower than the in-plane lattice parameter of BaTiO3 (0.399 nm). The present work aims at studying the photoelectrochemical properties of BaTiO3/Pt(001) films, especially the influence of the surface stoichiometry and the pristine as well as a potential imposed electrical polarization. 


 
II. EXPERIMENTAL SECTION

Sample preparation. Barium titanate was deposited on single-crystalline Pt(001) using AO-MBE, a technique that makes possible the deposition of single crystalline layers of controlled stoichiometry, morphology and thickness.4,15,25-29 High purity Ba and Ti (99.99% grade) metals were evaporated from dedicated Knudsen cells in the presence of an atomic oxygen plasma (high brilliance, 350 W power). We obtained well-defined oxides under good vacuum conditions (i.e. 10-7 mbar working pressure, 10-10 mbar base pressure). The substrate was first radiatively heated at a temperature of ca. 450 °C, with a filament located behind the sample under oxygen plasma during one hour prior to the deposition, a procedure that leads to clean and well define Pt(001) surface. During the growth, the sample was kept at 450°C. The typical oxide deposition rate was estimated to about 0.06 nm/min, thanks to a quartz microbalance. The thickness of one film was cross-checked by specular X-ray reflectivity. 
Crystallographic structure and chemistry. In situ Reflection High Energy Electron Diffraction (RHEED) patterns were observed and acquired during film growth to monitor the crystalline structure and the quality of the samples. In situ X-ray photoelectron spectroscopy (XPS) spectra were systematically recorded just after the deposition in order to determine the stoichiometry and the electronic structure of the films. Ti2p, Ba3d, O1s core levels were recorded using Al Kα radiation. The composition was also determined in situ by Auger electron spectroscopy  (AES) by measuring the TiLMM/BaMMN ratio.30
Photoelectrochemistry. The photoelectrochemical water splitting response of our films was studied using a three electrodes cell. All the electrochemical measurements were performed at the room temperature using a NaOH 0.1M solution as electrolyte, a platinum wire as counter electrode and an Ag/AgCl electrode for the potential reference (VAg/AgCl = +0.97 V vs. RHE). The sample was mounted as anode (working electrode) using a dedicated sample holder designed to allow contact only between the barium titanate surface and the electrolyte. The illumination source was a Newport 1000 W Xe Arc Lamp with an infrared filter providing an  incident light flux of around 100 mW/cm² (measured with a Newport 1918-R Power Meter). Potential control and current acquisition between the three electrodes realized using a Princeton Applied Research (PAR) 263A potentiostat controlled by a computer. For photocurrent density – voltage curves, J(V), the potential was swept from -1 V to +0.7 V vs. Ag/AgCl at a rate of 50 mV/s. The photocurrent is defined as the difference between the current recorded under light and without light (dark).
Piezoresponse Measurements.  Piezoresponse force microscopy (PFM) images were recorded using a Brücker Dimension ICON microscope under Nanoscope V controller, which is part of the Interdisciplinary Multiscale Atomic Force Microscopy Platform (IMAFMP) at the SPEC laboratory. PFM performed in contact mode was used both to write micron-sized domains by applying various DC voltages on the tip while the backside of the substrate is grounded (PFM-poling) and to read ferroelectric polarization maps at the remanence after the poling (PFM-reading). The PFM-poling with a positive potential applied on the sample surface is expected to induce a remnant polarization oriented towards the substrate (noted P↓) inside the ferroelectric layer, while a negative potential is expected to induce a remnant polarization oriented towards the surface (noted P↑). During the PFM-reading procedure, we measure both the amplitude and the phase of the PFM signal which describe completely the polarization vector at the remanence: amplitude and orientation. The PFM-reading was carried out by applying a drive amplitude (AC voltage) of  2V on the sample while the tip was grounded. While the method is great to determine the electric polarization orientation it is not convenient to pole a sample on large surface.
Electrochemical Poling of the sample: a method of soft poling in electrolyte (EC-poling) was developed in order to minimize alteration of sample during poling the procedure. EC-poling was performed in the photoelectrochemical cell, in dark, using NaOH 0.1M as electrolyte. In order to obtain a polarization oriented towards the substrate (i.e. EC-P↓) a DC bias of -0.7 V vs. Ag/AgCl was applied to the sample with the superimposition of a sinusoidal signal of 10 mV amplitude with frequencies varying continuously from 100 kHz down to 10 Hz. The EC-poling procedure lasted 50 minutes. We tested that both the sinusoidal signal with different frequencies and a minimum of 45 minutes duration are necessary for an efficient poling. In order to obtain a polarization oriented towards the surface (i.e. EC- P↑), all parameters remain the same except that the DC bias has to be switched to + 0.7 V vs. Ag/AgCl . 
Time-resolved photoelectron spectroscopy (TRPES) was carried out by using a laser-pump / synchrotron radiation (SR) probe method31 on the TEMPO beamline32 at synchrotron SOLEIL (Saint-Aubin, France). We used a synchrotron photon energy of 825 eV and two types of laser excitation source : a 10 kHz ns-pulsed laser and acontinuous wave laser emittting at 355 nm and 375 nm , respectively. The laser are operated in a pseudo-continuous mode modulated with a 50% duty cycle at a period up to 2s which induced surface photovoltage (SPV). The surface photovoltage (SPV) was determined by measuring the binding energy of the O1s core level. 



III. RESULTS AND DISCUSSION

Structure and chemistry. 
RHEED patterns of the 10 nm thick BaTiO3 (001) film grown on a Pt (001) single crystal, shown on figure 1, features straight streaks accounting for an epitaxial two-dimensional growth of the (001) perovskite structured overlayer. Indeed, the observed patterns are consistent with the modelled surface reciprocal lattices depicted on figure 1 (middle) assuming a cube (perovskite) on cube (FCC) <100>BaTiO3 // <100>Pt epitaxial relationship. In addition to the structural phase identification, we have also derived from the RHEED patterns strike distances, the evolution of the in-plane lattice parameter as reported on figure 2. Its evolution is consistent with an in-plane compressive epitaxial strain: it progressively increases from the substrate lattice parameter to an asymptotic value. Full lattice relaxation is completed at about 20 nm. The asymptotic value of lattice parameter is estimated ca. 0.400 ± 0.02 nm, a value slightly lower than bulk in-plane parameters of BaTiO3 at 750K (0.4015 nm) and of BaTiO3 grown on SrTiO3 (001) (0.405 nm).30
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Figure 1. (Left panel) RHEED patterns of a 10 nm thick BaTiO3 film grown by AO-MBE on Pt (001), prior to (up) and at the end of deposition (down) over the (11)* direction. (middle panel) The corresponding surface reciprocal lattices assuming a cube (perovskite) on cube (FCC) <100>BaTiO3 // <100>Pt epitaxial relationship are represented: making explicit the diffraction directions, the apparent elementary surface unit cell (in the reciprocal space) is also shown. For Pt(001), because it is a face centered cubic (FCC) structure its primitive surface lattice is rotated by 45° with respect to the cube reciprocal space due to extinction rules excluding the h + k = 2n + 1 spots. 
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Figure 2. In-plane lattice parameter derived from (11)* direction RHEED patterns as a function of the film thickness for BaTiO3 film grown by AO-MBE on Pt (001). Dashed lines stand for the lattice parameter of bulk  BaTiO3  and  Pt (001) at the deposition temperature (900K) (taking into account the thermal expansion). 

Influence of the layer composition (Ti/Ba ratio) on crystallographic structure and on photocurrent.
When BaTiO3 is grown on SrTiO3(001), the crystallographic quality of the film is dependent on Ba/Ti ratio,30 and the films having the best RHEED pattern exhibit a raw AES Ti LMM/BaMNN ratio of ~1.2  which corresponds to a BaO rich surface layer. For BaTiO3 films deposited on Pt(001), we observed similar phenomena, the RHEED patterns with sharp and straight lines are observed only when the AES ratio is between 1 and 1.8. However, these films exhibit a large range of photocurrent values (typically between 0.001 and 1 mA/cm2 at 0.5 V vs Ag/AgCl). The photocurrent may depend on several parameters like thickness of the film, Ti/Ba ratio, and ferroelectric polarization. In order to understand the role of each parameter we have plotted on figure 3: the photocurrent bulk density, i.e. the photocurrent density (J) divided by the thickness of the BaTiO3 film (BTO), as a function of the AES Ti/Ba ratio. First, no significant photocurrent can be measured for films below 3 nm. A more precise analysis of figure 3 shows that the photocurrent bulk density (J/BTO) is not constant, which means that the photocurrent is not proportional to the thickness of the film i.e. the amount of light-absorbing material. Moreover, an overall tendency can be evidenced: a higher Ti/Ba ratio, whatever the thickness, is favorable for photocurrent bulk density, the higher photocurrent is also concomitant with a higher RHEED quality. It appears that the best RHEED patterns of BaTiO3/Pt(001) films are obtained when the Ti/Ba ratio is between 1.3 and 1.8,  i.e. still corresponding to a BaO rich layer on surface, but with a lower thickness than in the case of  films grown on SrTiO3(001) substrate. Besides, when comparing different films having the same thickness (10 nm) (crosses in figure 3), one observes that two samples having an equivalent AES Ti/Ba ratio can exhibit very different photocurrent values. It shows that beyond chemical composition and thickness, other parameters, like polarization, can influence the photocurrent.
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Figure 3. (lower panel) Photocurrent bulk density ((J/BTO), see text) as a function of AES Ti LMM/BaMNN ratio for different films (thickness from 2 nm to 25 nm) of BaTiO3 film grown by AO-MBE on Pt (001) at 0.5 v vs Ag/AgCl, (circles of different color, corresponding to different thicknesses). Crosses correspond to films with a thickness of 10 nm. Color scale indicate the value of thickness in nm. (upper panel) RHEED patterns over the (11)* direction for two 10 nm BaTiO3/Pt (001) films with Auger ratio of 0.9 (left) and 1.66 (right). 

BaTiO3 stability in the electrolyte.
When studying photoelectrodes, it is mandatory to evaluate their stability with respect to the electrolyte and/or with respect to the photoelectrochemical reaction. During the photoelectrochemical experiment (J(V) scans) we observe no significant modification of the photocurrent even after one hour of experiment, showing that the sample is stable with respect to the photoelectrochemical reaction. However the XPS spectra of the sample (after reaction) show that the photoelectrochemical experiment induces deposition of carbon on the surface and a relative diminution of Ba species (see figure 4). More precisely, the (Ti/Ba)XPS ratio deduced from the area of Ti2p3/2 and Ba3d5/2 photoemission peaks and corrected by the respective Scofield factors vary from 0.63 (on the as-grown sample) to 0.75 (on the same sample after photoelectrolysis). The shape of the Ti2p peak remains unchanged while the higher binding energy Ba3d components (at 781.5 eV and 796.9 eV) vanish after photoelectrolysis (figure S1, see supporting information). These components correspond to a chemical state of Ba often labelled Ba, which corresponds to Ba near the topmost surface region.30,33 We have already shown30 that this  component is decreasing after ethanol bath. Here we show that the surface Ba atoms are also instable in NaOH at pH 13. Let us note that this modification of the surface (decrease of barium surface species) is observed as soon as the surface is immersed in the electrolyte, but further baths have no effect. Therefore, the photoanode surface that reacts during the photoelectrolysis experiment is already the modified surface, with less barium, and which remains stable during photoelectrolysis.
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Figure 4. Photoemission scans for a 10 nm BaTiO3/Pt (001) films with AES Ti/Ba ratio =1.3 , as grown sample (black), after photoelectrochemical measurements (red). (lower panel) survey scans, (inset) corresponding  (Ti/Ba)XPS ratio; (upper panel) normalized Ti 2p and Ba 3d  photoelectron peaks. 

Influence of the ferroelectric polarization.
In a previous paper15, we determined that when the polarization of BaTiO3 films is oriented towards the substrate (P↓) it is favorable for an efficient photoelectrolysis. However, the method used in this publication, involving high voltage (8 V) in an electrolyte, induces not only the change of the polarization but also drastic chemical changes in the film and/or even its dissolution in the electrolyte. Indeed, using very high voltages to polarize ferroelectric films can also induce ion migration and resistance changes.34 Therefore, in the present study, we developed a softer poling method: EC-poling (see experimental section), and special care was taken to follow any changes in film composition during the EC-poling. The on-off current density curves for different EC polarizations are shown on figure 5. It confirms that the EC-P↓ is favorable when the BaTiO3 film is used as photoanode. With respect to the EC-P↑ state, the EC-P↓ induces a sizeable reduction of the onset potential on the J(V) curves equal to 0.64 V and an increase by a 2.3 factor of the photocurrent at 0.2 V vs Ag/AgCl. By applying different successive EC poling, we observe that the values of photocurrent are not completely reversible (see inset of figure 5), which could be interpreted as if the EC-P↓ state cannot be easily reverted. One can also notice no significant modification of transient currents between different states of polarization, showing that the kinetics at the surface is not influenced by the polarization.
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Figure 5.  On-off current density versus applied voltages vs Ag/AgCl for a 10 nm BaTiO3/Pt (001) films with AES Ti/Ba ratio =1.5 for different successive EC-poling: as-grown: P0 (black line), EC- P↑ poled: P1 (red line) and EC- P↓ poled: P2 (blue line). (inset) photocurrent density at 0.2 V vs Ag/AgCl for different successive polarizations: P0 (gray), P1(red), P2 (blue), EC- P↑ poled: P3 (red).  
Since the EC - P↓ polarization is the best one for photoelectrolysis, we have characterized this polarization state in detail. Just after the growth, the films were characterized by PFM and for most of them the polarization is found to be slightly oriented towards the substrate (P↓). However, we noticed that a long annealing under oxygen plasma at 500°C might lead to a mainly P↑ polarized film. Indeed, on figure 6 (a,c), one can clearly see that the PFM images acquired on an annealed film, the surface regions PFM-poled with ± 8 V exhibit contrast in both amplitude and phase images.  The well-defined phase contrast of 176° between the two PFM-poled regions confirms the ferroelectric character of the film (figure 6, f). Moreover, there is no phase contrast between the unpoled region and the -8V PFM-poled regions, meaning that the polarization of this annealed film is probably mostly P↑ oriented. The PFM images recorded on the same sample after the EC-P↓ polarization are represented on figure 6 (b,d). The phase contrast between the two PFM-poled regions is still high (165°), however the unpoled region in the phase image is no longer homogeneous and at least 50 % of its surface is now oriented like + 8V PFM-poled zone. Therefore, the polarization of the film has changed in order to be now more P↓ polarized, showing that the EC-poling procedure is efficient. The PFM amplitude images are consistent with these observations: on the annealed sample, before the EC-poling, higher amplitude is observed when the sample is PFM-poled with -8V in the same direction than the native one, while on the EC-P↓ polarized sample the amplitudes of both PFM-poled zones are of the same level. 

The electronic structure of the sample before and after the EC-poling has been studied by XPS (figure 7). Intensity and shape of the photoemission peaks are almost unchanged after the EC-poling process, showing that the procedure does not alter the film. Only the positions of the photoemission peaks are modified: a rigid shift of 0.25 eV of binding energy for all the photoemission peaks towards higher binding energy is observed. This phenomenon can be seen as a further proof of P↓ polarization, since previous studies evidenced a decrease of photoemission threshold for positive PFM-poled zone.15 Indeed, the decrease of the photoemission threshold leads to a rigid shift of all the photoemission peaks towards higher binding energy. 
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Figure 6.  PFM amplitude images (a,b)  and PFM phase images (c,d) at ferroelectric remanence after PFM-poling using the pattern (e) composed of -8V (black) and +8V (white) regions. These PFM images were recorded on an 18 nm BaTiO3/Pt (001) film with AES Ti/Ba ratio =1.6 after long 500°C annealing under oxygen plasma (a,c) and after EC- P↓ poling (b,d). The polarization of the film is deduced from the contrast between both PFM PFM- P↓ and PFM- P↑ poled zones and the native zone of the sample part not influenced by the PFM (external part of the images).  (f) Phase profile corresponding to the highlighted region in (c,d) marked by the dashed red and gray rectangles, respectively. 
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 Figure 7.  Ba3d and Ti2p photoemission peaks recorded on the same sample than in figure 6: an 18 nm BaTiO3/Pt (001) film with AES Ti/Ba ratio =1.6 after long 500°C annealing under oxygen plasma (black line) and after EC- P↓ polarization (red line). 

In order to bette understand the exact role of the P↓ polarization on the photocurrent efficiency, we have measured different films by time-resolved (TR) spectroscopy. This method allows to measure the charges carrier lifetime.35 Three representative samples were measured (figures 8,  S2-3, see supporting information): sample S1, a long time annealed sample, which is P↑ polarized, as determined by PFM; sample S2, an as-grown sample, naturally slightly P↓ polarized and sample S1-EC-POL, sample S1 after EC-P↓. The position of the O1s photoemission peak of sample S1 during laser modulation is represented on figure 8. When the laser is on, the steady-state kinetic energy is higher than the value in the dark, and same sign for this kinetic energy shift (KE) is observed for the three measured films. Both KE onset and decay are fitted using exponential curve derived from reference 36:
	Eq.(1)
where KE(t) is the relative position of the O1s peak, V is the O1s shift theoretically recorded at saturation,   is  the decay  time  constant and  is a decay exponent which should be between 0 and 1. The fit parameters are indicated on figure 8. In the following, we will discuss the decay curves. Under illumination, core level shift toward higher kinetic energy can have two different origins: (i) surface photovoltage for a p-type semiconductor, or a (ii) photoconductance phenomena. We will discuss and examine these two hypothesis in the following. 
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Figure 8. (table) parameters of the decay and onset fits using Eq. (1) for S1-P↑: 25 nm BaTiO3/Pt (001) film after long 500°C annealing under oxygen plasma, mainly P↑ polarized determined by PFM. S2-P↓: 10 nm BaTiO3/Pt (001) naturally P↓ polarized determined by PFM. S1-EC-POL-P↓: S1 sample after EC- P↓ polarization. (bottom) relative kinetic energy of O1s peak recorded on the S1–P↑ sample, during laser modulation. The laser modulation is indicated by the arrows. The decay and onset are fitted using Eq. (1) decay (red line), onset (blue line). 

According to the theory developed in reference 35, one can discriminate between n and p type semiconductors by looking at the sign of kinetic energy shift. In the case of a p-type semiconductor, after photoexcitation by the laser, the transfer of electrons towards the surface favored by the built in electric field, is accompanied by a reduced downward band bending (figure S4, see supporting information). Since X-ray photoemission is surface sensitive (few nm), the probed region is thinner than the depletion region and all the photoemission peaks are shifted towards higher kinetic energies when the laser is on.  According to this model, a higher kinetic energy with laser on corresponds to a surface photovoltage of p-type semiconductor, while an n-type semiconductor exhibits lower kinetic energy with laser on. The three studied films exhibit positive SPV, i.e. the sign of p-type semiconductors. Since BaTiO3 thin films are expected to be n-type, this result is surprising. However, if the films exhibit a downward band bending (p-type semiconductor), one expects this band bending to increase when the amount of negative charges increases at the surface, which is the case when the P↑ polarization increases. In a TR experimentV can be an evaluation of band bending since the laser on state at saturation corresponds to flat band while laser off corresponds to regular band bending condition.  Therefore, according to the value of polarization, we expect V(S1)> V(S2) > V(S1-POL) and it is what we observe. Moreover, in this case, electrons migrate towards the surface when the laser is on, and according to the field in the charge region, we will expect that the lifetime of electrons at the surface will increase with the amount of band bending, therefore we expect (S1) > (S2) > (S1-POL). This second expectation is not met because both (S2) and (S1-POL) are higher than (S1) (see in parameter table in figure 8), thus we must examine the second hypothesis.

When the sample is insulating, charging phenomenon can occur during photoemission process. Charging phenomena in photoemission are known to increase the width of photoemission peaks and to shift the positions towards lower kinetic energies [37]. If the sample is illuminated with  light, with a wavelength above the band gap, the charging phenomenon can disappear thanks to photoconductivity [38]. Thus, the photoemission peak will retrieve its normal position, i.e. a shift towards higher kinetic energy with respect to the measurement in dark. With this assumption, V is expected to be proportional to the charging effect. The polarization in the film favors the photoemission yield when the polarization is oriented towards the surface (P↑) (scheme 1). The photoemission process leaves positive charges at the surface, which are completely compensated when laser is on, thanks to the photoconductance phenomena, and partially compensated when laser is off. We will now describe the current of compensation (Je, electron current towards the surface). When the laser is off: Je will be the sum of the drift current (Jdrift :favored or not by the internal field) and the diffusion current (Jdiff: due to carrier gradient). Assuming that charging intensity is proportional to the photoemission yield, we expect V(S1)> V(S2) > V(S1-POL). Besides, positive charges are left by the photoemission process; their lifetime will depend on the velocity of electrons to reach the surface in order to compensate the positive charges. The internal field favors electrons drift towards the surface only when polarization is oriented towards the surface (P↑)(scheme 1), although the diffusion current (Jdiff) of electrons is always oriented towards the surface. Therefore, assuming that conductivity and carrier diffusion constant remain the same for the three samples, we should have (S1)< (S2) < (S1-POL). However, we can see that the second inequality is not satisfied, the experimental lifetime of S1-POL being between the two others values. It means that in the S1-POL sample, the drift current is lower than predicted, the diffusion coefficient is higher or a new way to promote electrons towards the surface is possible. Importantly, it is known that artificial polarization may induce oxygen ion and vacancy migration leading to a drastic change of film resistance [34]. The EC-poling procedure at -0.7 V may also induce reduction of the sample and the migration of oxygen vacancies may lead to the formation of conductive filaments.39 These conductive filaments can then act as new route for electron migration, and thus highly decrease the lifetime of positive charges at the surface, i.e. involving (S1-POL-Rreduced) << (S1-POL). Moreover, the decrease of the resistance of the BaTiO3 film is confirmed by comparing the measurements of photoelectrochemical dark current  recorded on sample S1 and S1-POL (figure 9). A summary of the mechanisms influencing lifetime with respect to polarization is illustrated on Scheme 1, assuming that the surface photovoltage measured in our samples is due to photoconductance phenomena. Hence, time-resolved spectroscopy seems to confirm that when polarization is oriented towards the substrate (resp. the surface), it favors the migration of electrons towards the substrate (resp. the surface), even though when the film is artificially EC-polarized, new conduction channels are created decreasing the film resistance.
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Figure 9. Dark current density recorded on S1-P↑, and S1-EC-POL-P↓ samples
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Scheme 1. Illustration of the mechanism of photoinduced core level shift due to photoconductivity. The kinetic energy shift is proportional to the amount of positive charges created during photoemission process. The lifetime is dependent on the capacity of electrons to reach the surface, i.e. the amount of current compensation (Je). P and E are respectively the polarization and the depolarization field. Dark crosses schematize positive charge and blue arrows the electron drift current, brown arrows the diffusion current of electrons and yellow line the conducting filament. 

Let us now discuss the two models. On one hand, we cannot exclude that the kinetic energy shift is due to change in band bending but with this model we have no explanation about the higher decay time for the S2-P↓ sample. Moreover, there is also no justification for a higher decay time in the S1-POL sample with lower resistance compared to the S1 sample, with higher resistance. On the other hand, the model of photoconductance allows to explain the sign and the amplitude of KE, and the variation of decay time for the three samples. To explain why classical surface photovoltage does not occurs in these ferroelectric films let us rise some consideration. In ferroelectric films, the band bending is mainly due to charge screening, if the amount of screening charges cannot be easily modified by photogenerated charges (contrarily to the general semiconductor case) then the band bending remains rigid upon illumination. With this assumption, the KE is then dominated by photoconductance phenomena.

IV. CONCLUSION
We studied the growth of BaTiO3 thin films deposited on Pt(001).  AO-MBE proved to be able to realize high quality crystalline epitaxial films. We evidenced that the Ti/Ba ratio is a critical parameter in order to obtain high quality RHEED patterns and measurable photocurrents. When the Ti/Ba ratio is outside the critical range, the low photocurrent is clearly correlated to the disordered crystallographic structure, which can increase the recombination rate and/or induce a detrimental change the depletion layer width. These films are suitable for studying the influence of the electric polarization on the photoelectrochemical and electronic properties. When the sample is introduced in the electrolyte, the extreme BaO surface layer is mostly removed. However, no further modifications are observed and the photocurrent is stable during the photochemical experiment. We developed a new efficient soft poling procedure based on modulated low potential, which preserves the quality of the film. This method allows us to confirm that the efficiency of the photoanode is higher when the electrical polarization is oriented towards the substrate. The polarization can be reverted but the procedure is not completely reversible. We have characterized in details the P↓ EC-poled film by PFM, XPS and TR spectroscopy, and compared with pristine P↓ or P↑ polarized films. These experiments evidence that P↓ polarization induces an electric field in the sample that favors the drift of electrons towards the substrate. However, the EC-polarized film is slightly different from pristine polarized film since it exhibits a decrease of resistance thanks to probable conductive filaments created during the poling procedure. These filaments may leave scars in the sample and thus explain the partial non-reversibility of the poling procedure. 
The role of the polarization in the photoelectrochemical reaction can now be elucidated. The field induced by the polarization, created by internal screening charges, increases separation of photo-generated charges, but does not seem to influence the surface reactivity.
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