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Non-destructive depth-dependent morphological characterization of ferroelectric:semiconducting polymer blend films
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Herein we investigate the technologically relevant blend of the ferroelectric polymer poly(vinylidene fluorideco-trifluoroethylene), P(VDF-co-TrFE), with the semiconducting polymer poly(3-hexylthiophene), P3HT, by means of a combination of Scanning Probe Microscopy techniques, namely Atomic Force Microscopy, Conductive Force Microscopy, Kelvin Probe Force Microscopy and Piezoresponse Force Microscopy. This combination proves to be a powerful tool for the non-destructive morphological reconstruction of multifunctional nano-structured thin films, as those under study. Each modality allows discerning the two blend constituents based on their functionality, and, additionally, probes layers of different thickness with respect to the films surface. The depth-dependent information that is collected allows a qualitative reconstruction of the blend's composition and morphology both in-plane and out-of-plane of the film. We demonstrate that P3HT exhibits the tendency to reside the film surface at an almost constant composition of 15%, independent of blend's composition. Increasing the P3HT content in the blend results in the segregation of P3HT at the upper layers of the films, partially buried below a P(VDF-co-TrFE) superficial layer. The depletion of P3HT from the substrate/film interface is reflected by the poor existence of conducting pathways that connect the top and bottom planes of the film. The three-dimensional morphology of this polymer blend that is revealed thanks to the employed techniques deviates substantially from the ideal morphology proposed for the efficient performance of the targeted memory devices.

Introduction

The advance of organic electronics continuously pushes research efforts towards multi-functionality, often achieved by combining in the same device different functional materials. Devices that incorporate polymer blends as the active layers constitute such an example. In particular, blends of ferroelectric, FE, and semiconducting, SC, polymers have been proposed as efficient active layers for non-volatile memory devices. [START_REF] Asadi | Organic non-volatile memories from ferroelectric phase-separated blends[END_REF] Thanks to their bistable reversible polarization, ferroelectrics are appropriate materials for memories. However, capacitors that incorporate pure ferroelectric layers suffer from destructive read-out, since reading requires the application of an electric field that exceeds the coercive field, Ec. [START_REF] Asadi | Tunable Injection Barrier in Organic Resistive Switches Based on Phase-Separated Ferroelectric-Semiconductor Blends[END_REF][START_REF] Scott | Ferroelectric memories today[END_REF] The introduction of a semiconducting phase is necessary in order to induce the non-destructive read-out of the programmed state. [START_REF] Asadi | Organic non-volatile memories from ferroelectric phase-separated blends[END_REF] In order to combine the ferroelectric with the semiconducting functionality within the same active layer and demonstrate a performing non-volatile memory, lateral heterostructures have been successfully employed. In a lateral heterostructure, the ferroelectric and the semiconducting phases are arranged side-byside, forming domains that are perpendicular to the device plane and continuously connect the top to the bottom electrode. [START_REF] Asadi | Resistance switching in two-terminal ferroelectric-semiconductor lateral heterostructures[END_REF] Ideally, the ferroelectric material should form a matrix in which the semiconducting material is embedded, forming domains/columns that expand through the entire thickness of the matrix film, providing the necessary continuous conducting pathways. [START_REF] Mcneill | Structure of Phase-Separated Ferroelectric/Semiconducting Polymer Blends for Organic Non-volatile Memories[END_REF][START_REF] Asadi | Spinodal Decomposition of Blends of Semiconducting and Ferroelectric Polymers[END_REF][START_REF] Asadi | Resistance switching in two-terminal ferroelectric-semiconductor lateral heterostructures[END_REF] This specific morphology is critical for the operation of the memory device, since the operation mechanism relies on the formation of clear interfaces between the two constituents and the metal electrodes. Specifically, according to current understanding, [START_REF] Ghittorelli | Quantum tunnelling and charge accumulation in organic ferroelectric memory diodes[END_REF][START_REF] Kemerink | The operational mechanism of ferroelectricdriven organic resistive switches[END_REF] holes accumulate along the semiconducting/ferroelectric interface. Polarization of the ferroelectric matrix induces a strong stray field locally between the semiconducting-ferroelectric interface and the metal electrode, which results in a reduced depletion width in the semiconductor and subsequent charge injection by tunneling from the anode to the semiconducting phase. Therefore, ferroelectric polarization is used to control the injection barrier locally at the semiconductor/metal interface, switch the resistance of the diode that is practically formed by the metal/semiconductor/metal sequence and, finally, control charge flow via the semiconducting phase. [START_REF] Asadi | Organic non-volatile memories from ferroelectric phase-separated blends[END_REF][START_REF] Asadi | Resistance switching in two-terminal ferroelectric-semiconductor lateral heterostructures[END_REF] In practice, these ferroelectrically-driven diodes operate as vertical (with respect to the device's plane) field-effect transistors at the pinch-off. [START_REF] Ghittorelli | Quantum tunnelling and charge accumulation in organic ferroelectric memory diodes[END_REF] These lateral heterostructures have been traditionally prepared by phase-separated blends of a ferroelectric and a semiconducting polymer. Poly(vinylidene fluoride-co-trifluoroethylene), P(VDF-co-TrFE), has been used as the ferroelectric polymer [START_REF] Kang | Printable Ferroelectric PVDF/PMMA Blend Films with Ultralow Roughness for Low Voltage Non-Volatile Polymer Memory[END_REF][START_REF] Li | Processing and Low Voltage Switching of Organic Ferroelectric Phase-Separated Bistable Diodes[END_REF][START_REF] Khan | High-Performance Ferroelectric Memory Based on Phase-Separated Films of Polymer Blends[END_REF][START_REF] Costa | Novel poly(vinylidene fluoride-trifluoroethylene)/poly(ethylene oxide) blends for battery separators in lithium-ion applications[END_REF] while poly(3-hexylthiophene), P3HT, poly[3-(ethyl-5pentanoate) thiophene-2,5-diyl] (P3EPT), [START_REF] Khikhlovskyi | Nanoscale Organic Ferroelectric Resistive Switches[END_REF] poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO), [START_REF] Li | Processing and Low Voltage Switching of Organic Ferroelectric Phase-Separated Bistable Diodes[END_REF] or poly[(9,9-dinoctylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)](F8BT) [START_REF] Khikhlovskyi | Nanoscale Organic Ferroelectric Resistive Switches[END_REF][START_REF] Khikhlovskyi | 3Dmorphology reconstruction of nanoscale phase-separation in polymer memory blends[END_REF] have been employed as the semiconducting component. Given the crucial role of morphology in memories operation and driven by the need for performance improvement, several studies appeared in literature investigating the morphology of the P(VDF-co-TrFE):P3HT blend. In 2008 Asadi et al. claimed the formation of a phase-separated columnar-like network that comprises P3HT columns embedded in the ferroelectric matrix, with a typical lateral phase separation length of around 200 nm. [START_REF] Asadi | Organic non-volatile memories from ferroelectric phase-separated blends[END_REF] In 2010 McNeill, Asadi and co-workers [START_REF] Mcneill | Structure of Phase-Separated Ferroelectric/Semiconducting Polymer Blends for Organic Non-volatile Memories[END_REF] utilized AFM and Scanning Transmission X-ray Microscopy (STXM) to show that the two polymers form a phase-separated structure, where semiconducting columns with a lateral size ranging from 100 nm to 500 nm depending on the ferroelectric:semiconducting ratio, are extended through the entire thickness of P(VDF-co-TrFE):P3HT blend thin films. Even though STXM allows investigating the bulk structure of thin polymeric films [START_REF] Su | Phase Separated Morphology of Ferroelectric-Semiconductor Polymer Blends Probed by Synchrotron X-ray Methods[END_REF] the authors underlined that one needs to "be careful in reading too much the vertical information and the appearance of a wetting layer at the interface demands for further investigations with surface-sensitive techniques".

Khikhlovskyi et al. used atomic force microscopy (AFM) to show that the semiconducting polymer domains can form either convex protrusions at the film surface, or concave depressions, these latter being mainly responsible for the charge conduction in the device. [START_REF] Khikhlovskyi | Nanoscale Organic Ferroelectric Resistive Switches[END_REF] In order to reconstruct the three dimensional blend morphology, they selectively dissolved the different components and revealed the existence of various types of embedded semiconductor domains as well as a thin wetting layer at the bottom electrode. Semiconducting domains that go through the entire film thickness and serve to connect the bottom and top electrodes were observed, while others were electrically non-active, either protruding at the surface (not connected with the bottom electrode) or laying on the substrate, reminiscent of a partial wetting layer buried by the matrix. [START_REF] Khikhlovskyi | 3Dmorphology reconstruction of nanoscale phase-separation in polymer memory blends[END_REF] However, such "electrically blind" domains are undesirable for device operation because they do not contribute to the overall current and could even be detrimental for device performance by either inhibiting charge injection at the anode-semiconducting interface, or charge collection by the cathode. [START_REF] Su | Phase Separated Morphology of Ferroelectric-Semiconductor Polymer Blends Probed by Synchrotron X-ray Methods[END_REF] Yet, the destructive approach followed by these authors can result in partial information regarding the spatial distribution of one phase with respect to the other.

Driven by the need to provide an integrated and realistic picture of the complex morphology of these blends, and in view of the technological interest that these lateral heterostructures can have in emerging applications such as MEMOLEDS, artificial synapses, or thermistors, [START_REF] Asadi | Resistance switching in two-terminal ferroelectric-semiconductor lateral heterostructures[END_REF] we herein present a qualitative study of the threedimensional morphology of P(VDF-co-TrFE):P3HT blends, employing non-destructive techniques. Explicitly, a combination of different Scanning Probe Microscopy modalities has been utilized: Atomic Force Microscopy (AFM), Piezoresponse Force Microscopy (PFM), Kelvin Probe Force Microscopy (KPFM) and Conductive Atomic Force Microscopy (C-AFM). Each modality allows discerning the two blend constituents based on their functionality. Moreover, each modality probes a different layer of the film; AFM and PFM are purely surface sensitive techniques, KPFM has a sampling depth that goes over 100 nm when semiconducting materials are investigated, while C-AFM allows mapping the charge flow pathways that are continuous between the tip (i.e. the film surface) and the bottom electrode (i.e. the substrate/film interface). Therefore, morphological information on all three dimensions of the ferroelectric:semiconducting blend films can be qualitatively extracted by combining the above modalities, in a non-destructive way. By exploring the blend morphology with respect to blend composition, useful information on the physical reasons that drive morphology has been extracted. It is underlined that the present study uses P(VDF-co-TrFE):P3HT as a model system, yet the combination of the above modalities can be generalized as a powerful tool for the structural study of other complex multifunctional systems.

2.

Materials and Methods

Materials and Samples preparation

The statistical copolymer P(VDF-co-TrFE) (with a 75/25 VDF/TrFE molar ratio and a Mw of 400 kDa) was provided by courtesy of Piezotech ® FC (France). Regio-regular P3HT, rr-P3HT, with a Mw of 60 kDa and a regioregularity of 96 % was synthesised in our Laboratory according to Grignard metathesis method.

Tetrahydrofuran, THF, (SIGMA-Aldrich) was used as received without any further purification.

Note that most of the studies on P(VDF-co-TrFE):P3HT blends utilize regio-irregular P3HT, rir-P3HT, which ensures better solubility of P3HT in THF and easier film formation. However, this choice leads to amorphous semiconducting SC domains. Herein we opt to utilize regio-regular P3HT that leads to the formation of semicrystalline P3HT domains. In fact, semi-crystalline P3HT is known to allow better charge conduction than the amorphous one, which is extremely important for efficient charge transport in electronic devices. Holes mobility in rr-P3Ht is reported to be an order of magnitude higher than that in rir-P3HT (μ h+ rr-P3HT = 10 -3 cm² V -1 s -1 , μ h +rir-P3HT = 10 -4 cm² V -1 s -1 ), [START_REF] Pandey | Regioregularity vs Regiorandomness: Effect on Photocarrier Transport in Poly(3-hexylthiophene)[END_REF] thanks to the ordered π-π stacking of the thiophene rings obtained through the crystallization of the polymer. The use and study of rr-P3HT-containing blends is therefore preferable with respect to rir-P3HT-containing ones, since the final goal is their incorporation as active layers in organic electronic devices.

P(VDF-co-TrFE) and rr-P3HT were co-dissolved in THF at a total concentration of 25 mg mL -1 . Three weight ratios of P(VDF-co-TrFE):rr-P3HT have been prepared, i.e. 95:5 wt/wt, 90:10 wt/wt and 80:20 wt/wt and spin-coated onto cleaned ITO substrates.

Films with a thickness of ≈ 250 nm were obtained, as measured by profilometry (BRUKER DEKTAK XT-A). The films have been annealed on a precision hot stage from RT to 135 °C and an isothermal step has been performed for 15 min in order to increase both polymers crystallinity [START_REF] Spampinato | Enhancing the ferroelectric performance of P(VDF-co-TrFE) through modulation of crystallinity and polymorphism[END_REF] and promote phase separation. Then the films were let to cool down slowly until RT on the same hot stage.

Characterizations

Atomic force microscopy (AFM Dimension FastScan, Bruker) was used in tapping mode to characterize the surface morphology of the films. Silicon cantilevers (Fastscan-A) with a typical tip radius of ≈ 5 nm, a spring constant of 18 N m -1 and a cantilever resonance frequency of about 1.4 MHz were used.

Conducting AFM (C-AFM) measurements were performed in PeakForce mode with a Dimension ICON (Bruker) equipped with a TUNA module. Platinum-iridium-coated probes (SCM-PIT, Bruker) with a spring constant of 2.8 N m -1 and resonant frequency of 75 kHz were used. For C-AFM measurements, a DC bias of 5 V was applied between the bottom electrode and the tip.

Kelvin probe force microscopy (KPFM) measurements were performed in ambient atmosphere with a Dimension ICON (Bruker) in frequency-modulated mode (58 kHz, scan rate of 1 Hz, tip velocity of 10 µm sec -1 , drive amplitude 4 V). Highly doped Si probes (PFQNE-AL, Bruker) were used.

For Piezoresponse force microscopy (PFM) measurements, Platinum-iridium-coated probes (SCM-PIC, Bruker) with a spring constant of 0.2 N m -1 and resonant frequency of 15 kHz were used. The applied voltage is 4 V.

Contact angle measurements were carried out at room temperature with a Kruss ADVANCE goniometer (Kruss Drop Shape Analyzer DSA100), by means of the sessile drop method. For this analysis three liquids were used: water, ethylene glycol and diiodomethane. A droplet having about 1 μL of each liquid probe is deposited by a syringe on dry P(VDF-co-TrFE) and P3HT films, 250nm thick, which have been deposited on ITO substrates and have been annealed in the same way as the blend herein studied (135°C for 15 minutes). Static contact angles values were detected immediately after the sessile drop formation on the film surface, waiting for the drop to stabilize. For each liquid at least three measurements have been taken into account in consistency to the protocols applied for the OWRK model. [START_REF] Owens | Estimation of the surface free energy of polymers[END_REF] The surface tensions of P(VDF-co-TrFE) and P3HT have been calculated by means of the Kruss ADVANCE software, via the construction of the wetting envelope plot and the application of the OWRK model. [START_REF] Matavž | Tailoring Ink-Substrate Interactions via Thin Polymeric Layers for High-Resolution Printing[END_REF] 3.

Results and Discussion

Initial structural characterization of the film surface has been performed using PFM. This is a contact mode imaging technique that allows recording the electromechanical response of a material, in our case of the piezoelectric and ferroelectric P(VDF-co-TrFE). During scanning, an AC voltage is applied between the tip and the sample. The ITO, on top of which the film has been deposited, represents the ground contact, while the PFM conductive probing tip acts as the top electrode. If the electrically stimulated film is piezoelectric, expansions and contractions will be recorded as a vertical mechanical displacement that exhibits both an amplitude and a phase component (VPFM amplitude and VPFM phase images). The amplitude of the mechanical displacement vertical to the substrate's plane gives information about the magnitude of the electromechanical polarization displacement. The sample piezoresponse amplitude, directly measured with the help of the reflected laser beam and the photodetector, whose signal is represented in Volts, was calibrated in nanometers using the cantilever deflection sensitivity (nm/V). For this study, we used the nominal deflection sensitivity of the SCM-PIC probes (224 nm/V). The various orientations of the polarized piezoelectric domains are shown in the VPFM phase image. The height (topography) image along with the VPFM amplitude and VPFM phase images are recorded simultaneously during scanning, and correspond to the same sample area.

In Figure 1 When electrical stress is applied to the film through the piezo-tip a mechanical response is recorded only from the piezoelectric P(VDF-co-TrFE) matrix (pink and blue regions in Figures 1b,1c, 1e, 1f, 1h and 1i). [START_REF] Pandey | Regioregularity vs Regiorandomness: Effect on Photocarrier Transport in Poly(3-hexylthiophene)[END_REF][START_REF] Lacroix | Etude des mélanges de polymères semi-conducteur / ferroélectrique en films minces : application en électronique organique[END_REF] The P3HT domains do not respond to the applied voltage as shown by the green regions, indicating absence of displacement, since P3HT is not piezoelectric. Thus, the piezoelectric and semiconducting phases that populate the surface of the film can be discriminated. In line with other studies of polymeric systems that comprise both ferroelectric and semiconducting phase in physical contact, [START_REF] Yuan | Efficiency enhancement in organic solar cells with ferroelectric polymers[END_REF][START_REF] Yang | Tuning the Energy Level Offset between Donor and Acceptor with Ferroelectric Dipole Layers for Increased Efficiency in Bilayer Organic Photovoltaic Cells[END_REF][START_REF] Gutiérrez-Fernández | Morphology and Ferroelectric Properties of Semiconducting/Ferroelectric Polymer Bilayers[END_REF] our PFM characterization demonstrates that P(VDF-co-TrFE) retains its piezoelectric functionality. Note that piezoelectric functionality can be lost due to depolarization induced by incomplete compensation of charges by the neighboring semiconducting phase. [START_REF] Mehta | Depolarization fields in thin ferroelectric films[END_REF][START_REF] Batra | Phase Transition, Stability, and Depolarization Field in Ferroelectric Thin Films[END_REF] This is already a very important outcome since the applications of this blend necessitates the retention of polarization by P(VDF-co-TrFE). These PFM images show that P3HT domains of irregular shapes exist at the surface of the ferroelectric matrix. In Figures 1d, 1e and 1f circles and squares are used to evidence two different morphological features, as they appear on the three different PFM images. By comparing Figure 1d and Figure 1e we see that both features correspond to P3HT. In Figure 1a the red circle denotes a superficial convex protrusion, while the square corresponds to a superficial concave depression. The observation that semiconducting domains at the surface can be either convex or concave, appearing as protrusions or depressions has been already reported in previous works, [START_REF] Asadi | Organic non-volatile memories from ferroelectric phase-separated blends[END_REF][START_REF] Mcneill | Structure of Phase-Separated Ferroelectric/Semiconducting Polymer Blends for Organic Non-volatile Memories[END_REF][START_REF] Asadi | Spinodal Decomposition of Blends of Semiconducting and Ferroelectric Polymers[END_REF] and demonstrates that AFM topography images is not a reliable way to study the surface morphology of this blend. From the PFM images we can estimate a rough P3HT domain size for the three different blend compositions. This domain size was estimated by averaging the rough diameter of all P3HT features that appear in the VPFM amplitude images. As the content of P3HT increases, the mean diameter of the semiconducting features increases as well, going from about 100 nm for the 95:5 wt/wt blend (Figure 1b), to 160 nm for the 90:10 wt/wt blend (Figure 1e), to 460 nm for the 80:20 wt/wt blend (Figure 1h). The associated standard deviations are comparable to the mean values. This increase in size qualitatively agrees with the increase in P3HT domain size reported based on quantitative analysis of AFM images, [START_REF] Asadi | Spinodal Decomposition of Blends of Semiconducting and Ferroelectric Polymers[END_REF] but the absolute values we derive are half with respect to those derived by AFM for the same compositions.

Additionally, PFM images witness a very big polydispersity in size. For sample 80:20 wt/wt in particular, big domains of the order of 800 nm coexist with small domains of the order of 50 nm. This result could be representative of a nucleation and growth type of phase separation and puts in question the AFM-derived outcome on the spinodal decomposition driven phase separation. [START_REF] Asadi | Spinodal Decomposition of Blends of Semiconducting and Ferroelectric Polymers[END_REF] We underline that the phase separation of P(VDF-co-TrFE) and P3HT is assisted and enhanced by the natural tendency of these polymers to crystallize. Even in case of regio-irregular P3HT, the crystallization of the P(VDF-co-TrFE) matrix probably dominates the physical processes that drive the resulting blend morphology, and therefore, should not be omitted. The correlation between the topographic and electronic properties of the three blends has been investigated by means of KPFM. KPFM enables discriminating two polymers that demonstrate different electronic behavior by providing the surface potential map of the sample under study at the nanoscale. The potential measured between the tip and the surface of the film is called contact potential difference, VCPD, [START_REF] Melitz | Kelvin probe force microscopy and its application[END_REF] and is defined as follows:

𝑉

where Φsample and Φtip are the work functions of the sample and the tip respectively, and e is the electronic charge. When the tip is brought close to the film surface, an electrical force is generated between the tip and the surface, due to the differences in their Fermi energy levels. [START_REF] Melitz | Kelvin probe force microscopy and its application[END_REF] Therefore, regions where a larger VCPD is recorded correspond to an electrical insulator; vice versa when the measured VCPD is low, a semiconducting material is detected. It is underlined that KPFM, as opposed to AFM and PFM, is not a purely surface-sensitive technique, [START_REF] Liscio | Local Surface Potential of π-Conjugated Nanostructures by Kelvin Probe Force Microscopy: Effect of the Sampling Depth[END_REF] but its sampling depth goes up to over 100 nm when semiconducting materials are investigated.

Given that the thickness of the investigated films is 250 nm, the KPFM information recorded herein is coming from a thick layer at the upper part of the film, of almost half thickness with respect to the whole film. This suggests that KPFM exhibits a sort of ''bulk sensitivity''.

In Figure 2 the topography images (top row) and the corresponding surface potential maps (bottom row) are reported for the blends with a ferroelectric:semiconducting weight ratio of 95:5 wt/wt (Figures 2a and2b respectively), 90:10 wt/wt (Figures 2c and2d) and 80:20 wt/wt (Figures 2e and2f). P3HT and P(VDF-co-TrFE) can be unambiguously discriminated on the surface potential maps. The yellow features represent regions with low Φ, namely the semiconducting P3HT, while the pink regions correspond to regions with high Φ, that is the insulating P(VDF-co-TrFE) matrix.

In consistence with the PFM results, KPFM images show that the mean P3HT domain size increases with increasing the P3HT content in the blends, retaining a significant polydispersity. Furthermore, the P3HT domains have the tendency to connect with each other, creating a network. This is witnessed by the presence of connecting P3HT lines between the P3HT domains, even at the lowest P3HT content (Figure 2b). These connecting lines expand when P3HT loading increases and result in big disordered domains for the 80:20 wt/wt blend, of the order of several μm in size (Figure 2f). The appearance of these interconnecting lines and their relation to the evolution of the morphology with increasing P3HT loading could be related to a nucleation and growth type of phase separation. In that scenario, P3HT domains appear in the ferroelectric matrix, probably driven not only by the different chemical composition of the two polymers but also by the tendency of P3HT to crystallize. Spin-coated P3HT is known to crystallize forming nanofibrils [START_REF] Brinkmann | Structure and morphology control in thin films of regioregular poly(3hexylthiophene)[END_REF] and these nanofibrils grow by expanding along the fibers long axis. Therefore, the interconnecting lines we observe in KPFM images could be P3HT nanofibrils or bunches of them. Note that, as discussed above, a nucleation and growth driven phase separation is also implied by the domain size information estimated by analyzing the VPFM images.

The large P3HT domains are not apparent in the corresponding VPFM images. Recalling that KPFM probes a large thickness of the film while PFM probes the surface, we can conclude that a part of the P3HT domains that are apparent in the KPFM images is in fact buried below a P(VDF-co-TrFE) surface layer. Such an arrangement of P3HT with respect to the electrodes (in other words, the decrease of direct contact area between the semiconductor and the electrode) is not desirable for the memory applications that primarily this blend targets, since the operation mechanism of the memories relies on the formation of interfaces where the ferroelectric phase, the semiconducting phase and the metal electrode coexist, as it was described in the Introduction. Moreover, the network-like P3HT distribution observed for the 20 wt% P3HT loading deviates significantly from the columnar structure that has been described as ideal for the operation of these memories.

Hence, this KPFM study shows that the P3HT content in the blend should not exceed 10 wt%, so as to avoid the formation of the interconnected P3HT network and concurrently balance the amount of P3HT that resides at the surface, not buried by P(VDF-co-TrFE).

Moving further, we investigated the existence of semiconducting pathways that link the bottom to the top surface. For this, we performed Conductive Atomic Force Microscopy. In C-AFM the samples are grounded through the ITO bottom electrode, while the AFM tip serves as the top electrode. Topography and highresolution electric current flow maps (in the range of 2 pA to 1 µA) are simultaneously measured in Tunneling AFM (TUNA) mode and PeakForce TUNA™ mode, at the contact point of the tip with the surface of the sample.

Variations of electrical conductivity across medium-to low-conducting and semiconducting materials are mapped. If a current flow is passing between the bottom electrode and the AFM tip, it will be recorded.

Therefore with C-AFM we are able to study the existence of P3HT domains that traverse the film perpendicularly to its plane, i.e. along the entire film thickness, and thus gain insight in the spatial distribution of the semiconducting phase in all three dimensions. Topography images (top row of Figure 3) and highresolution electric current flow maps (bottom row of Figure 3) have been simultaneously measured for the three samples. In Figure 3a, the green circle on the top right side circumscribes a P3HT spike. The presence of the corresponding red spot in Figure 3b shows that this spike represents a conducting pathway from the bottom to the top of the film. On the contrary, for the P3HT domain which is inscribed in the green circle on the left side of Figure 3a no electric flow is recorded by the AFM tip, as observed in Figure 3b. This suggests that not all P3HT domains that appear at the surface are connected to the bottom electrode through conductive channels. The same observation applies for the other two loadings. However, by increasing the amount of P3HT in the blend, the number of P3HT conducting channels that traverse the film and connect the bottom and the top sides increases. Once more, there is significant polydispersity in P3HT domain size, some rough mean values being 180 nm for the 90:10 wt/wt blend, and 230 nm for the 80:20 wt/wt blend. Interestingly, the number density of continuous connecting P3HT pathways increases considerably for the higher P3HT contents. Comparing the PFM and C-AFM images for the same blend composition we see that only few conducting columns exist for the 5 wt% blend, their number density increases for the 10 wt% sample, yet it seems lower than the P3HT domains apparent in PFM, while for the 20 wt% blend, the number densities derived by PFM and C-AFM are similar. This evolution of the number density, taking into account the different depths probed by the two modalities, implies that P3HT probably tends to deplete the film/substrate interface and to segregate at the upper parts of the films. When P3HT content increases, P3HT domains grow deeper in the films, perpendicularly to the films plane. An eloquent way to confirm this outcome is provided by the plot of the areal content of P3HT, as a function of the P3HT content in the blends, presented in Figure 4, for the three modalities studied herein. The values or the areal content have been calculated by using image analysis tools (ImageJ, [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]). The error bars have been calculated by statistical analysis of five images per sample and by considering three contrast thresholds by image. Starting with the surface aerial content which is probed by PFM, we see that 12 to 15% of the surface is covered by P3HT, regardless of blends composition. Even when only 5 wt% of P3HT is added in the blend, its majority tends to segregate at the surface resulting in a surface content of 13%. This behavior of P3HT points towards a saturation limit of the blends surface composition, namely of the amount of P3HT that the surface can accommodate. We calculated the surface tensions, γ, of pure rr-P3HT and pure P(VDF-co-TrFE) films by applying the OWRK (Owens, Wendt, Rabel and Kaelble) model [START_REF] Owens | Estimation of the surface free energy of polymers[END_REF] and we have obtained the following values: γP3HT =31.85 ± 0.3 mJ m -2 and γPVDF-co-TrFE = 33.02 ± 0.7 mJ m -2 . The slightly lower surface tension of P3HT suggests that the semiconducting polymer tends to segregate at the surface, yet, the proximity of these surface tension values and the low content of P3HT in the blends result in the saturation of the films surface composition at around 15% of P3HT.

Concerning the analysis of the KPFM images, we see that the P3HT aerial content is much higher than the actual P3HT content in the blends (for instance, 16% for the 5 wt% blend) and significantly higher than the surface content calculated on the PFM images. Recalling that KPFM probes 100 nm of the films with respect to their surface, we conclude that P3HT preferentially segregates at the upper layers of the blend films. In fact, the P3HT content at this upper layer greatly increases when the P3HT loading in the blend increases (30% of P3HT at a 20 wt% loading). At the same time, the evolution of the aerial content of P3HT in the C-AFM images shows that the amount of P3HT that contributes to conducting pathways from the top to the bottom electrode enhances significantly with P3HT content. This implies that adding P3HT in the blend results in the expansion of P3HT domains along the vertical direction with respect to the film's plane.

Stepping back and combining the information contained in Figure 4, we propose the following scheme for the three-dimensional morphology of the P(VDF-co-TrFE):P3HT blend films and its evolution with respect to P3HT loading. At low loadings, P3HT primarily resides the surface of the film, at a surface composition that is dictated by energetics, namely by the competition of the two polymers due their respective surface energies.

The rest of P3HT is primarily located at the upper layer of the film and just a very small amount reaches the interface with the substrate, resulting in very few conducting pathways. When P3HT content increases, the surface composition is practically unaffected, but the upper part of the film is further enriched with P3HT.

Adding extra P3HT results in the expansion of P3HT domains along the film's z-direction, creating, thus, more conducting pathways. Such a morphological arrangement of the two polymers in the blend could be attributed to the lower surface tension of P3HT that in principle drives this polymer towards the surface. Nonetheless, one should consider that these blend films are prepared by spin-coating which is a dynamic process that freezes the sample in a non-equilibrium state. Specifically, Heriot and Jones [START_REF] Heriot | An interfacial instability in a transient wetting layer leads to lateral phase separation in thin spin-cast polymer-blend films[END_REF] studied the phase separation of polymer blends during spin coating and concluded that during solvent evaporation there is the formation of a layered structure (parallel to the film's plane) which subsequently breaks-up into lateral domains. In a latter publication it was demonstrated that self-stratification is also possible, depending on the evaporation rate during spincoating [START_REF] Mokarian-Tabari | Quantitative evaluation of evaporation rate during spin-coating of polymer blend films: Control of film structure through defined-atmosphere solvent-casting[END_REF]. The insights on the phase separation of two polymers during film formation by spin-coating provided by these reports could be related to the morphological scheme presented above for the P(VDF-co-TrFE):P3HT blend; the segregation of P3HT at the upper part of the film could be related to the formation of the layered (stratified) structure, while the increase of perpendicular P3HT domains that eventually link the two sides of the films could be related to the observed break-up in lateral domains. Although such an approach can justify the morphological features observed in the P(VDF-co-TrFE):P3HT blend, it omits a crucial parameter that is the inherent tendency of these two polymers to crystallize. Competition between crystallization, phase separation and solvent evaporation dynamics runs blend films formation quite complex.

Therefore, controlling the morphology of these blend films is extremely difficult. In order to efficiently use the ferroelectric:semiconducting polymer blends in organic electronic devices, one should turn towards alternative strategies for the preparation of a well-defined structure that complies with the proposed ideal morphology.

Patterning could provide realistic solutions in this respect, either by means of laser-induced patterning, [START_REF] De | Laser Fabrication of Polymer Ferroelectric Nanostructures for Nonvolatile Organic Memory Devices[END_REF] or by nano-imprint lithography [START_REF] Nougaret | Nanoscale Design of Multifunctional Organic Layers for Low-Power High-Density Memory Devices[END_REF].

Conclusions

To conclude, the combination of AFM, PFM, KPFM and C-AFM has been used to unveil qualitative information about the three-dimensional morphology of ferroelectric:semiconducting P(VDF-co-TrFE):rr-P3HT blend films.

The combination of these modalities allows discriminating the two phases laterally and in-depth, in a nondestructive way. The evaluation of the recorded images and the calculation of the areal P3HT content has revealed the saturation of the surface at 15% of P3HT and the preferential segregation of P3HT at the upper part of the film, within the first 100 nm with respect to the surface. The efficient formation of P3HT domains that traverse perpendicularly the films and create continuous conducting pathways is achieved only for the high P3HT loadings studied herein. Yet, at these high loadings KPFM exposed the existence of an interconnected P3HT network that is lying partially buried by P(VDF-co-TrFE). These results well-document that the morphology of the ferroelectric:semiconducting blends significantly deviates from the ideal morphology proposed for the efficient operation of memory devices. Furthermore, achieving the minimum lateral P3HT feature size of 5 nm that was estimated to be sufficient for charge injection and charge transport [START_REF] Ghittorelli | Quantum tunnelling and charge accumulation in organic ferroelectric memory diodes[END_REF] in phaseseparated blends seems un-realistic. Other approaches, such as patterning, should be followed.

  the PFM height images (Figures 1a, 1d, 1g) and the corresponding VPFM amplitude images (Figures 1b, 1e and 1h) and VPFM phase images (Figures 1c, 1f and 1i) are shown for a samples with a P(VDF-co-TrFE):P3HT composition of 95:5 wt/wt (first row), 90:10 wt/wt (second row) and 80:20 wt/wt (third row).

Figure 1 -

 1 Figure 1 -5 µm x 5 µm PFM height image, VPFM amplitude image and VPFM phase images recorded for the 95:5 wt/wt P(VDF-co-TrFE):rr-P3HT blend (a, b and c respectively), for the 90:10 wt/wt blend (d, e and f, respectively), and for the 80:20 wt/wt blend (g, h and i, respectively. All three images are recorded simultaneously on the same sample region. The circles and squares denoted on the three images of 90:10 wt/wt blend correspond to the same features. The red circle represents a convex P3HT domain, while the red square corresponds to a concave P3HT domain.

Figure 2 -

 2 Figure 2 -KPFM topography images (top row) and the corresponding surface potential maps (bottom row) for the following compositions of the P(VDF-co-TrFE):P3HT blends: 95:5 wt/wt (a and b), 90:10 wt/wt (c and d), and 80:20 wt/wt (e and f).

Figure 3 -

 3 Figure 3 -C-AFM topography images (top row) and the corresponding current flow maps (bottom row) for the 95:5 wt/wt (a and b, respectively), 90:10 wt/wt (c and d, respectively) and 80:20 wt/wt (e and f, respectively) P(VDFco-TrFE):P3HT blends. The green circles designate the same morphological features in the topography and current flow images.

  the blend (wt %)

Figure 4 -

 4 Figure 4 -The P3HT areal content, calculated from the VPFM amplitude images, the KPFM maps and the C-FM maps for the different ferroelectric:semiconducting compositions, as a function of the respective P3HT wt% content in the blends.
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