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Thermoelectricity has gained considerable interest in the last decade due to the advent of organic thermoelectric materials. Crystallinity and doping level crucially determine the thermoelectric figure of merit of semi-conducting polymers. Hence, detailed insight into these factors is prerequisite for developing efficient devices. Here we show that the semicrystalline structure of aligned P3HT films shows superior thermoelectric efficiencies as compared to the smectic-like phase because of both a higher in-plane orientation and a higher doping level. Conductivities up to 160 S/cm and power factors of 56 W m -1 K -2 along the rubbing direction are obtained versus a few W m -1 K -2 for non-oriented films. Different intercalation mechanisms of F 4 TCNQ in the layers of alkyl side chains are evidenced by electron diffraction in doped oriented films of the smectic-like and the semi-crystalline phases. We provide compelling evidence that doping of the smectic-like phase promotes ordering of P3HT backbones along the chain direction within individual -stacks whereas for the semi-crystalline phase, dopant intercalation reorganizes the arrangement of successive stacks and perturbs the packing of alkyl side chains. Insight in the orientation of F 4 TCNQ - anions in the layers of alkyl side chains of P3HT crystals was further retrieved from a detailed polarized UV-vis-NIR spectroscopic analysis. Our results demonstrate that both orientation of the polymer chains and crystallinity enhance the thermoelectric properties as well as the doping level. We anticipate that detailed control of polymer morphology in films further improves the thermoelectric figure of merit of semiconducting polymers.

Introduction

The scientific community of plastic electronics witnesses in the last decade a renaissance of interest for conducting polymers and doped polymer semi-conductors used as thermoelectric materials. [START_REF] Poehler | Prospects for Polymer-based Thermoelectrics: Stat of the Art and Theoretical Analysis[END_REF][START_REF] He | Towards High-Performance Polymer-based Thermoelectric Materials[END_REF] Besides classical conducting polymers such as PEDOT:PSS, doped polymer semi-conductors appear as interesting alternative candidates for TE applications since the processing and crystallization of the polymer semi-conductor can be decoupled from doping to ensure optimal control over both crystallinity and doping levels. It is of particular importance to master the doping process in order to tune the charge carrier densities since it determines the type of targeted application. Improved On/Off ratio and charge mobilities are obtained in Organic Field Effect Transistors (OFET) [START_REF] Lu | Moderate Doping Leads to High Performance of Semiconductor/Insulator Polymer Blend Transistors[END_REF]4 for low dopant concentrations in blends with semi-conducting and insulating polymers. Interesting thermoelectric properties of conducting polymers such as poly (3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) can be achieved by fine tuning the doping level in the thin films through sequential post-treatments with common acids and bases. [START_REF] Fan | Significantly Enhanced Thermoelectric Properties of PEDOT:PSS Films through Sequential Post-Treatments with Common Acids and Bases[END_REF] Among other polymers, regioregular poly(3-hexylthiophene) (P3HT) doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F 4 TCNQ) is a model system to better understand the correlation between structure, charge transport and thermoelectric properties . [START_REF] Duong | The Chemical and Structural Origin of Efficient P-type Doping in P3HT[END_REF][START_REF] Wang | Optical measurement of doping efficiency in poly(3-hexylthiophene) solutions and thin films[END_REF][START_REF] Jacobs | Comparison of Solution-Mixed and Sequentially Processed P3HT:F 4 TCNQ Films: Effect of Doping-Induced Aggregation on Film Morphology[END_REF][START_REF] Scholes | Overcoming Film Quality Issues for Conjugated Polymers Doped with F4TCNQ by Solution Sequential Processing: Hall Effect, Structural, and Optical Measurements[END_REF][START_REF] Scholes | The Effects of Crystallinity on Charge Transport and the Structure of Sequentially Processed F4TCNQ-Doped Conjugated Polymer Films[END_REF][START_REF] Hynynen | Enhanced Electrical Conductivity of Molecularly P-Doped Poly(3-Hexylthiophene) through Understanding the Correlation with Solid-State Order[END_REF][START_REF] Pingel | Comprehensive Picture of p-Type Doping of P3HT with the Molecular Acceptor F 4 TCNQ[END_REF][START_REF] Hynynen | Influence of Crystallinity on the Thermoelectric Power Factor of P3HT Vapour-Doped with F 4 TCNQ[END_REF][START_REF] Patel | Morphology Controls the Thermoelectric Power Factor of a Doped Semiconducting Polymer[END_REF][START_REF] Glaudell | Impact of the Doping Method on Conductivity and Thermopower in Semiconducting Polythiophenes[END_REF][START_REF] Kang | 2D coherent charge transport in highly ordered conducting polymers doped by solid state diffusion[END_REF][START_REF] Thomas | Branched Side Chains Govern Counterion Position and Doping Mechanism in Conjugated Polythiophenes[END_REF][START_REF] Kroon | Polar Side Chains Enhance Processability, Electrical Conductivity, and Thermal Stability of a Molecularly p-Doped Polythiophene[END_REF][START_REF] Lim | Thermoelectric Properties of Poly(3hexylthiophene) (P3HT) Doped with 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) by Vapor-Phase Infiltration[END_REF] The electronic process of doping in P3HT/F 4 TCNQ implies an integer charge transfer from the HOMO of the P3HT (approx. -4.9 eV) to the LUMO of the dopant (approx. -5.2 eV). [START_REF] Gao | Controlled p-doping of the hole-transport molecular material N,N'-diphenyl-N,N'-bis(1-naphthyl)-1,1'-biphenyl-4,4'-diamine with tetrafluorotetracyanoquinodimethane[END_REF] But this redox reaction depends strongly on the proximity of dopant molecules and polymer backbone, [START_REF] Scholes | The Effects of Crystallinity on Charge Transport and the Structure of Sequentially Processed F4TCNQ-Doped Conjugated Polymer Films[END_REF] hence, on the diffusion of dopant molecules and on their location in the polymer matrix. Transmission Electron Microscopy and polarized UV-Vis-NIR spectroscopy analysis of highly oriented thin films of F 4 TCNQ-doped P3HT demonstrated that the F 4 TCNQ -anions are located in the layers of alkyl side chains within crystalline P3HT domains with the molecular long axis of F 4 TCNQ -oriented perpendicular to the polymer backbone. [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF] Recent studies on a family of poly(2,5-bis(3-alkyl-2-yl)thieno [3,2-b]thiophene) (PBTTT) with varying alkyl side chains showed that the ultimate doping level is determined by both the side chains length and packing. 22 The structure of side chains (branched versus linear) is equally important in determining the ultimate doping level in thin films. [START_REF] Thomas | Branched Side Chains Govern Counterion Position and Doping Mechanism in Conjugated Polythiophenes[END_REF] Numerous studies on P3HT/F 4 TCNQ have demonstrated that the method of doping impacts the final doping level and corresponding charge conductivity. Blending P3HT with F 4 TCNQ in solution [START_REF] Duong | The Chemical and Structural Origin of Efficient P-type Doping in P3HT[END_REF][START_REF] Wang | Optical measurement of doping efficiency in poly(3-hexylthiophene) solutions and thin films[END_REF] results in poor charge conductivities whereas sequential doping of P3HT films by spin-coating or by dipping into a solution of F 4 TCNQ [START_REF] Jacobs | Comparison of Solution-Mixed and Sequentially Processed P3HT:F 4 TCNQ Films: Effect of Doping-Induced Aggregation on Film Morphology[END_REF][START_REF] Scholes | Overcoming Film Quality Issues for Conjugated Polymers Doped with F4TCNQ by Solution Sequential Processing: Hall Effect, Structural, and Optical Measurements[END_REF] leads to enhanced conductivities of up to 10 S cm -1 . Even higher conductivities are obtained upon vapor phase doping. [START_REF] Patel | Morphology Controls the Thermoelectric Power Factor of a Doped Semiconducting Polymer[END_REF][START_REF] Glaudell | Impact of the Doping Method on Conductivity and Thermopower in Semiconducting Polythiophenes[END_REF] Hence a large spread of conductivities in F 4 TCNQ-doped P3HT is reported in the literature depending on the doping method. Crystallinity of pristine P3HT films is also an essential factor controlling the conductivity in F 4 TCNQ-doped films. [START_REF] Scholes | The Effects of Crystallinity on Charge Transport and the Structure of Sequentially Processed F4TCNQ-Doped Conjugated Polymer Films[END_REF][START_REF] Hynynen | Enhanced Electrical Conductivity of Molecularly P-Doped Poly(3-Hexylthiophene) through Understanding the Correlation with Solid-State Order[END_REF][START_REF] Hynynen | Influence of Crystallinity on the Thermoelectric Power Factor of P3HT Vapour-Doped with F 4 TCNQ[END_REF] For instance, Hynynen et al. have evidenced a clear correlation between the crystallinity of P3HT measured via the free exciton bandwidth, and the charge conductivity. [START_REF] Hynynen | Enhanced Electrical Conductivity of Molecularly P-Doped Poly(3-Hexylthiophene) through Understanding the Correlation with Solid-State Order[END_REF] This correlation relates to the higher charge carrier mobility as the degree of solid state order increases.

Although many studies have focused on non-oriented thin films, it can be highly advantageous to study doped oriented thin films. [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF][22][START_REF] Vijayakumar | Bringing conducting polymers to high order: towards conductivities beyond 105 S/cm and thermoelectric power factors of 2 mW . m -1. K -2[END_REF][START_REF] Yasuda | Anisotropic carrier transport properties of stretch-oriented π-conjugated polymers in organic field-effect transistors[END_REF] We have previously demonstrated that a two-step process can afford highly in-plane oriented conducting polymer layers of interest for thermoelectric applications. [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF] Soft doping of P3HT films rubbed at 220°C with a solution of F 4 TCNQ in acetonitrile (1 mg/ml) in ambient leads to charge conductivities up to 22 S cm -1 and power factor of 8.5 µW m -1 K -2 . Most importantly, alignment of P3HT enhances both charge conductivity and thermopower S along the polymer chain direction resulting in improved TE power factors PF= S 2 . [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF] The anisotropy of the thermopower is explained in terms of a heterogeneous material model that takes into account the semi-crystalline nature of the films. [START_REF] Vijayakumar | Bringing conducting polymers to high order: towards conductivities beyond 105 S/cm and thermoelectric power factors of 2 mW . m -1. K -2[END_REF] Interestingly, adjusting the temperature applied during the rubbing process (T R ) provides a handle to tune in-plane orientation, structure and crystallinity of the films.

Regarding alignment, increase of T R from room temperature to 220°C results in a remarkable increase of the order parameter up to 0.84. [START_REF] Hamidi-Sakr | Precise Control of Lamellar Thickness in Highly Oriented Regioregular Poly(3-Hexylthiophene) Thin Films Prepared by High-Temperature Rubbing: Correlations with Optical Properties and Charge Transport[END_REF] Concerning the structure, for 50 °C < T R < 150 °C; the films consist of a small fraction of non-oriented crystalline phase and an oriented "smectic-like" phase with face-on oriented domains. In the smectic-like structure, P3HT chains show translational order along the -stacking direction (b P3HT axis) but no translational order along the chain direction within stacks of backbones (the 002 reflection is absent in the diffraction pattern). In addition, the layers of alkyl side chains are highly disordered. [START_REF] Hamidi-Sakr | Precise Control of Lamellar Thickness in Highly Oriented Regioregular Poly(3-Hexylthiophene) Thin Films Prepared by High-Temperature Rubbing: Correlations with Optical Properties and Charge Transport[END_REF] When a film of P3HT is rubbed above 150°C, oriented crystallization parallel to the rubbing direction R sets in and leads to a well-defined semi-crystalline lamellar morphology. In the semi-crystalline phase, the packing of P3HT backbones displays well-defined translational order along both the chain and the -stacking directions, and relatively well packed alkyl side chains. [START_REF] Hartmann | 2D versus 3D Crystalline Order in Thin Films of Regioregular Poly(3hexylthiophene) Oriented by Mechanical Rubbing and Epitaxy[END_REF][START_REF] Kayunkid | Structural Model of Regioregular Poly(3hexylthiophene) Obtained by Electron Diffraction Analysis[END_REF] Finally, increasing T R from 140°C to 220°C results in an increase of both crystallinity (from 25% to 60-62%) and lamellar periodicity (that scales inversely to the undercooling).

In this contribution, we use the structural variety achieved by controlling the rubbing temperature to investigate the doping mechanism in aligned P3HT films and how it impacts the resulting charge conductivity and TE properties. The fundamental questions we address are the following: How does the original structure of the P3HT films (smectic versus semicrystalline) affect the final doping level? How are the dopant molecules distributed in the structure of P3HT and to what extent are the TE properties affected? To answer these questions, we use a combination of UV-Vis-NIR absorption and electron paramagnetic resonance (EPR) spectroscopies, Transmission Electron Microscopy and Electron Diffraction, conductivity and Seebeck coefficient measurements. We uncover correlations between film structure and crystallinity and corresponding charge conductivity and TE properties. As a main result, the semi-crystalline structure of aligned P3HT films shows superior conductivity and TE efficiencies (power factor) as compared to the smectic-like phase. Polarized UV-vis-NIR absorption spectroscopy shows that the distinct phase behavior relates to different in-plane orientations and doping levels. A combination of electron diffraction and polarized absorption spectroscopy gives a detailed insight into the mechanism of dopant intercalation in the P3HT structure both in terms of structural modification and orientation distribution of dopant molecules in the layers of alkyl side chains. Correlations between the order parameter and the anisotropy in charge transport are analyzed. High conductivities up to 160 S/cm and power factors of 56 W m -1 K -2 are reached.

Results and Discussion

Fabrication of highly in-plane oriented conducting polymer films

In-plane oriented P3HT thin films were prepared by mechanical rubbing at different temperatures T R (78 °C to 186 °C). The oriented P3HT films were then subjected to a soft doping by dipping the films for 10 s into a solution of F 4 TCNQ in acetonitrile (ACN) (1 mg mL -1 ) (see Figure 1 a,b). A particular attention has been paid to prepare the samples and perform the charge conductivity and Seebeck coefficient measurements under inert atmosphere (in our previous work, the doping process was conducted in air, resulting in lower charge conductivities). [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF] Polarized optical microscopy (POM) of the rubbed films shows a colour change upon doping while the films remain birefringent: the pristine orientation of the rubbed layers is not altered in the doping process (Figure ESI 1). Films rubbed at high temperature (T R > 150°C) are more uniform and birefringent than those oriented at 78°C indicating better alignment. No rupture or discontinuity of the films normal to the rubbing are observed as demonstrated in our previous work. [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF][22][START_REF] Vijayakumar | Bringing conducting polymers to high order: towards conductivities beyond 105 S/cm and thermoelectric power factors of 2 mW . m -1. K -2[END_REF] Rubbing temperatures above T R > 220°C

were not used to avoid plastic deformation of the polymer layer. As doping introduces charges in the polymer, electron paramagnetic resonance (EPR) spectroscopy can be used to probe the oriented and doped P3HT films (Figure 2). [START_REF] Atherton | Electron Spin Resonance: Theory and Applications[END_REF][START_REF] Weil | Electron Paramagnetic Resonance 2nd edition[END_REF] This method is sensitive to the local environment of the electron spins associated with both the P3HT polaron and the F 4 TCNQ -radical anion. At X-band frequencies and fields applied here (about 9.8 GHz microwave frequency and 0.35 T magnetic field strength), the contributions of these two species strongly overlap in the doped P3HT films, resulting in a featureless EPR signal whose g value of 2.0023 is close to that of the free electron. This comes to no surprise, as both, P3HT polaron and F 4 TCNQ -anion, are organic radicals and the overall spectral width of at least one of them seems broader than the difference in g values between the two.

Despite the limited resolution of the X-band EPR spectra, evidence for both, orientation and doping is obtained for oriented and doped P3HT films. First, EPR can be used to visualize the doping process as a function of dopant concentration. As seen in Figure 2.a, the increase of doping concentration from 0.01 mg/ml to 1 mg/ml results in a clear broadening of the EPR signal. The broadening is attributed to increased dipolar interactions between spins, reflecting a decreased average distance between spins when the doping level augments. [START_REF] Gao | Enhanced Charge Transfer Doping Efficiency in J-Aggregate Poly(3-hexylthiophene) Nanofibers[END_REF][START_REF] Gao | Aggregates Promote Efficient Charge Transfer Doping of Poly(3hexylthiophene)[END_REF] As an alternative, one could also consider a segregation of dopants in some parts of the films, but this contradicts the UV-vis observations indicating that only P3HT crystals are doped, not the amorphous phase (vide infra). A more direct approach to quantify the doping level would be quantitative EPR. [START_REF] Eaton | Quantitative EPR[END_REF] However, in this particular case, determining the amount of rubbed P3HT film on the substrate of each of the consecutively measured samples is far from trivial.

However, we are confident that our attribution of the signal broadening to an increased dipolar interaction, hence smaller distance between F 4 TCNQ and P3HT, hence higher doping level, is accurate. From this, we can infer that the semi-crystalline films allow for more efficient doping as the smectic-like films (Figure 2.c), as evident from the broader EPR line of the former. [START_REF] Gao | Enhanced Charge Transfer Doping Efficiency in J-Aggregate Poly(3-hexylthiophene) Nanofibers[END_REF][START_REF] Gao | Aggregates Promote Efficient Charge Transfer Doping of Poly(3hexylthiophene)[END_REF] Moreover, the films show a clear anisotropy of the EPR signal in the magnetic field (Figures 2.b,d). The shape (intensity and linewidth) of the signal is orientationdependent, and clearly more for the semi-crystalline than for the smectic-like films. This gives further evidence for the highly oriented and anisotropic character of the films after doping which is further probed by polarized UV-vis-NIR spectroscopy. Therefore, the broader EPR spectra of the semi-crystalline films compared to the smectic-like films point towards an increased doping efficiency in the former. The orientation dependence of the EPR spectra, while visible for both, smectic-like and semi-crystalline films, is clearly more pronounced for the latter, as expected from their higher degree of order. The insets show the relative orientation of the pole pieces of the EPR spectrometer with respect to the thin film. In a) and c) the magnetic field lies in the film plane and is perpendicular to the rubbing direction. In b) and d) the EPR signal is recorded parallel and perpendicular to the film normal.

Evolution of spectroscopic features with rubbing temperature and doping

As shown previously for P3HT, rubbing temperature impacts the degree of alignment and crystallinity of the films (see Figure ESI 2). [START_REF] Hamidi-Sakr | Precise Control of Lamellar Thickness in Highly Oriented Regioregular Poly(3-Hexylthiophene) Thin Films Prepared by High-Temperature Rubbing: Correlations with Optical Properties and Charge Transport[END_REF] It can therefore be used as a handle to probe the impact of structural variation on doping and thermoelectric properties. Polarized UV-Vis-NIR absorption spectroscopy evidences different levels of alignment of the rubbed P3HT films depending on the rubbing temperature T R . The 3-D order parameter (OP) of the non-doped films increases gradually from 0 to 0.8 with increasing T R up to 171°C and levels off at 0.8 with further increase of T R . [START_REF] Hamidi-Sakr | Precise Control of Lamellar Thickness in Highly Oriented Regioregular Poly(3-Hexylthiophene) Thin Films Prepared by High-Temperature Rubbing: Correlations with Optical Properties and Charge Transport[END_REF] The 3-D order parameter is defined as:

OP = (DR-1)/(DR+2) (1)
With the dichroic ratio at 610 nm, DR = Abs // / Abs⏊ (2) Figure 3a represents the optical spectra of thin P3HT films rubbed at different T R recorded for light polarisation parallel to the rubbing direction R (POL // R) and normalised with respect to the thickness (15-30 nm). Figure 3b represents the optical spectra recorded for the light polarisation perpendicular to the rubbing direction (POL ⊥ R). The alignment is maintained after the sequential doping process (Figure ESI1). [START_REF] Hamidi-Sakr | Precise Control of Lamellar Thickness in Highly Oriented Regioregular Poly(3-Hexylthiophene) Thin Films Prepared by High-Temperature Rubbing: Correlations with Optical Properties and Charge Transport[END_REF] The spectra recorded for light polarization parallel (POL // R) or perpendicular (POL ⊥ R) to the rubbing direction show different and characteristic features dominated by the doped P3HT and the F 4 TCNQ -anions, respectively. For POL // R (Figure 3a), the polaronic bands P1 and P2, located at λ > 2500 nm (≈ 0.5 eV) and 795 nm (1.56 eV), respectively, result from the doped and oriented P3HT backbone. The peak located at ≈ 540 nm corresponds to the neutral form of P3HT (labelled N). The polaronic bands are polarized along the rubbing direction, i.e. the polymer backbone.

With increasing rubbing temperature, the polarization of the different species gets more defined. At low T R (< 150°C), the weak anion features and weak polaronic bands are seen for both light polarization orientations because of the low level of alignment. On the opposite, for T R > 150°C, the samples are highly oriented and the different polaronic and F 4 TCNQ -bands are strongly polarized (Figure 3). For POL ⊥ R, the UV-vis spectrum is dominated by three peaks of F 4 TCNQ -centred at 416, 768, and 875 nm. The peak located at 480 nm corresponds to the amorphous fraction of P3HT. Interestingly, no polarons are observed for POL ⊥ R at high T R . This absence suggests that the amorphous interlamellar zones of P3HT are only poorly doped, as stressed in our previous study. [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF] For all samples, the vibronic structure of the neutral form of P3HT (N) disappears upon doping. Both, the position and the shape of the N component change with T R. For POL // R, it red-shifts from 517 nm to 561 nm with increasing T R (Figure ESI 4.a, b). This is related to the increasing conjugation length for the P3HT films rubbed at higher T R . [START_REF] Hamidi-Sakr | Precise Control of Lamellar Thickness in Highly Oriented Regioregular Poly(3-Hexylthiophene) Thin Films Prepared by High-Temperature Rubbing: Correlations with Optical Properties and Charge Transport[END_REF] For POL ⊥ R, the maximum of the absorption of neutral P3HT is slightly blue-shifted with increasing T R (from 504 nm to 480 nm) (Figure ESI 4.c, b). This is due to the higher contribution of the amorphous part at high T R whereas for low T R both amorphous and crystalline contributions overlap.

Further insight into the doping level is obtained by following the spectroscopic variation with increasing T R . The evolution of the absorbance of the neutral and polaronic features is of particular interest. As a general trend, the slope of the P1 band at 2500 nm indicates a redshift of the P1 band with increasing T R . Ghosh et al. demonstrated that the redshift of the polaronic absorption correlates with a larger delocalization of the polarons in the more crystalline films. [START_REF] Ghosh | Polaron Delocalization in Conjugated Polymer Films[END_REF][START_REF] Ghosh | Spectral Signatures and Spatial Coherence of Bound and Unbound Polarons in P3HT Films: Theory Versus Experiment[END_REF] This is consistent with the structural evolution in rubbed P3HT films, i.e. with the increase of the length of the planarized segments in P3HT crystals grown at increasing T R . [START_REF] Hamidi-Sakr | Precise Control of Lamellar Thickness in Highly Oriented Regioregular Poly(3-Hexylthiophene) Thin Films Prepared by High-Temperature Rubbing: Correlations with Optical Properties and Charge Transport[END_REF] Thus the more delocalized polaron for T R = 186°C reflects the higher crystallinity of the pristine P3HT films.

As a rule, the absorbance of P1 and P2 polaronic bands increase at the expense of the neutral form N with increasing T R . This is clearly seen in Figure 3c showing the ratio r = Abs P1 (at 2500 nm) / Abs N (at 550 nm) as a function of T R . Two temperature ranges can be defined. For T R < 150°C, r ~ 0.55 whereas for T R > 150°C, r ~ 0.9. This might indicate a difference in doping level for the two temperature regimes. Interestingly, the discontinuity observed around 150°C coincides with the transition from the smectic-like to the semicrystalline phase. [START_REF] Hamidi-Sakr | Precise Control of Lamellar Thickness in Highly Oriented Regioregular Poly(3-Hexylthiophene) Thin Films Prepared by High-Temperature Rubbing: Correlations with Optical Properties and Charge Transport[END_REF] Thus the smectic-like phase appears less doped than the semi-crystalline phase.

Let us now determine how the differences in polymer chain alignment and doping level impact the thermoelectric properties of the doped films rubbed at different temperatures. 

Dependence of thermoelectric properties on in-plane alignment and crystallinity

In the next step, the impact of thin film structure on thermoelectric properties has been studied as a function of T R . Charge conductivity and Seebeck coefficient were measured on thin P3HT films rubbed at T R from 78°C to 186°C and subsequently doped by F 4 TCNQ /ACN (1 mg/mL). Figure 4 a, b demonstrates the evolution of electrical conductivities σ // and σ⏊ and of the Seebeck coefficients S // and S⏊, respectively. Both σ and S are measured in parallel and in perpendicular to the rubbing direction (typical Seebeck voltage curves are shown in Figure ESI 5). The values of charge conductivity are improved along the polymer chains (delocalisation of the polarons along the polymer chains) over non-oriented films. The conductivity increases drastically above T R =140°C. The highest value obtained for σ ll is 160 S . cm -1 which exceeds by one order of magnitude the value obtained for non-oriented vapor phase doped films (12.7 S . cm -1 ). [START_REF] Hynynen | Enhanced Electrical Conductivity of Molecularly P-Doped Poly(3-Hexylthiophene) through Understanding the Correlation with Solid-State Order[END_REF] As seen in Figure 4a, σ⏊ is always below 20 S . cm -1 and changes little with rubbing temperature. The charge conductivity measured perpendicular to the rubbing is close to the one obtained for the non-rubbed reference samples (~ 9 S . cm -1 ). It suggests that the conductivity in the non-rubbed films is limited by the contribution of the charge transport perpendicular to the polymer chains. Most interestingly, σ // displays a discontinuity at ~150°C that coincides again with the transition from the smectic-like to the semi-crystalline phase.

Similarly to the conductivity, the Seebeck coefficient S // is enhanced along the chain direction and reaches 60 µV K -1 . This value does not vary much with T R and no discontinuity is observed around 150°C. In contrast, S⏊ shows a much stronger variation and decreases from 35 µV . K -1 to 12 µV . K -1 when T R approaches 160°C. In our previous study, the anisotropy of the Seebeck coefficient was explained by a heterogeneous model taking into account the coexistence of crystalline and amorphous phases. [START_REF] Vijayakumar | Bringing conducting polymers to high order: towards conductivities beyond 105 S/cm and thermoelectric power factors of 2 mW . m -1. K -2[END_REF] In particular, it was shown that S⏊ is determined by the Seebeck coefficient of the crystalline domains that channel the majority of charges when the temperature gradient is perpendicular to the rubbing direction. With increasing T R in the range 150°C -220°C, the lamellar thickness and the average coherence length of P3HT backbones in the crystalline domains tend to increase. [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF] In addition, the proportion of edge-on P3HT crystals inceases too. We propose that the observed variation of S⏊ with T R in the semi-crystalline phase reflects these structural changes. [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF] Figure 4c shows the evolution of the power factor PF= S 2 as a function of T R . PF // is dominated by the dependence of σ // and reaches a maximum value of 56 µW m -1 K -2 at T R = 186 °C.

This value is higher than the 27 µW m -1 K -2 value reported recently for P3HT doped by vapour-phase infiltration [START_REF] Lim | Thermoelectric Properties of Poly(3hexylthiophene) (P3HT) Doped with 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) by Vapor-Phase Infiltration[END_REF] and clearly reflects the benefits of enhanced alignment and crystallinity on TE properties.

As seen from Figure 4 a, b, explicit anisotropy of both σ and S is observed in the oriented films of P3HT. One can expect the anisotropy in conductivity to be correlated with the degree of in-plane alignment. We therefore plotted the evolution of the charge conductivity anisotropy a σ = σ// / σ⏊ as a function of the order parameter extracted from the dichroic ratio of the polarons (OP P1 ) as shown in Having demonstrated that in-plane alignment plays an important role on charge conductivity and thermoelectric properties, the next section focuses on the impact of crystallinity on TE

properties. An elegant mean to do so is to use the excitonic band width, W, as a measure of the film's crystallinity and to correlate it with the charge conductivity σ // along the chain direction. The correlation between W and charge conductivity // along the chain direction is also possibly related to the change in conjugation length induced by chain alignment upon rubbing. [START_REF] Hamidi-Sakr | Precise Control of Lamellar Thickness in Highly Oriented Regioregular Poly(3-Hexylthiophene) Thin Films Prepared by High-Temperature Rubbing: Correlations with Optical Properties and Charge Transport[END_REF] Increasing T R leads to larger stem length in the P3HT crystals and hence a higher crystallinity. The larger stem length in the crystals is consistent with the larger dichroic ratio in UV-vis absorption. As seen in Figure ESI7, this interrelation between alignment (dichroic ratio) and crystallinity (excitonic bandwidth W) is clearly reflected in the apparent correlation between W and R. This analysis implies that the benefits of alignment and crystallinity on TE properties are inter-related.

Impact of doping on both smectic-like and semi-crystalline structures. a) Structural analysis by Transmission Electron Microscopy.

Let us now identify how the doping impacts the structure of both phases. Low dose electron diffraction was used to explore the impact of F 4 TCNQ doping on the structure of P3HT thin films rubbed at different T R . Figure 5 First, we describe the ED patterns of the non-doped films rubbed at different temperatures and identify the characteristic structural features of both smectic-like and semicrystalline phases. The P3HT films rubbed at T R = 78°C are composed of a fraction of unoriented edge-on crystal (Scherrer ring 0 2 0) and a fraction of aligned face-on domains (equatorial h 0 0, h= 1-3). These aligned face-on domains correspond to the smectic-like phase of P3HT as they show only equatorial h 0 0 reflections and no meridional 0 0 2 reflection along the rubbing direction. In other words, there is no well-defined translational order along the chain direction (c axis) within π-stacks of polythiophene backbones. [START_REF] Hamidi-Sakr | Precise Control of Lamellar Thickness in Highly Oriented Regioregular Poly(3-Hexylthiophene) Thin Films Prepared by High-Temperature Rubbing: Correlations with Optical Properties and Charge Transport[END_REF][START_REF] Hartmann | 2D versus 3D Crystalline Order in Thin Films of Regioregular Poly(3hexylthiophene) Oriented by Mechanical Rubbing and Epitaxy[END_REF] This is illustrated in Figure 5e: (b,c) stacks show a statistical stacking disorder characterized by Δc intra and disordered side chains in the smectic-like phase.

P3HT films oriented at 186°C have the highest degree of alignment (consistent with POM and UV-vis spectroscopy) as seen from Figures ESI 1 and ESI 3c. The films consist of both aligned edge-on and face-on P3HT crystals as indicated by the co-existence of equatorial 0 2 0 and h 0 0 (h= 1-4). The 0 0 2 reflection is very sharp and intense, indicating a very high level of translational order along the chain direction c. Most characteristic of the semi-crystalline phase is the presence of sharp h 0 0 reflections (h = 1-4) and well-defined mixed indices h 0 2 reflections, as a consequence of translational order along both a P3HT and c P3HT directions and partially-ordered side chains. The semi-crystalline phase is also visualized by bright field transmission electron microscopy and composed of the typical periodic alternation of crystalline lamellae and amorphous interlamellar zones. [START_REF] Hamidi-Sakr | Precise Control of Lamellar Thickness in Highly Oriented Regioregular Poly(3-Hexylthiophene) Thin Films Prepared by High-Temperature Rubbing: Correlations with Optical Properties and Charge Transport[END_REF] Next, we describe the evolution of the film structure upon doping with F 4 TCNQ.

Considering the smectic-like phase, doping induces a sizable increase of the layer spacing d 100 from 16.9 Å to 17.9 Å as well as a slight reduction in π-sacking period d 020 from 3.8 Å to 3.6 Å. Most interestingly, some order along the monomer direction seems to be induced by doping as indicated by the appearance of the meridional 0 0 2 reflection (Figure 5 b,d). In other words, the intercalation of F 4 TCNQ into the side chain layers induces a reorganisation of the polymer chains within the (b,c) stacks of polythiophene backbones. Intra-stack order has thus been improved and becomes similar to that of the semi-crystalline phase but the side chains remain disordered (See schematic Figure 5f). This result is against the commonly accepted view on doping that would expect dopant intercalation to induce disorder in the pristine polymer structure at low doping concentration. [START_REF] Chew | Spectroscopic studies of dopant-induced conformational changes in poly (3-hexylthiophene) thin films[END_REF] Herein, dopant intercalation plays a role similar to solvent vapour annealing [START_REF] Schulz | Controlled Crystallization of Conjugated Polymer Films from Solution and Solvent Vapor for Polymer Electronics[END_REF] and allows the chains to reorganize and reach a more ordered state because the smectic-like phase is metastable and is prone to structural reorganization. It is worth noting that Chabinyc and coworkers evidenced ordering of regiorandom P3HT upon doping, indicating an effect similar to the presently one for the smecticlike phase of regioregular P3HT. [START_REF] Lim | The role of Ordering on the Thermoelectric Properties of Blends of Regioregular and Regiorandom Poly(3-hexylthiophene)[END_REF] For the semi-crystalline phase, the variation of unit cell parameters induced by doping is similar to the smectic-like phase one, albeit the variations are slightly larger along the alkyl side chains (from 16.9 Å to 18.1 Å) (see Figure ESI 8). Doping induces changes in the ED pattern, especially on the second layer line: i) mixed indices h 0 2 reflections disappear and ii) the 0 0 2 reflection is streaked. Streaking in ED patterns of semi-crystalline polymers is a fingerprint of disorder. [START_REF] Lovinger | Structure and Defects in Fully Syndiotactic Polypropylene[END_REF] Streaking of the 0 0 2 is observed along the a direction, indicating that the disorder is introduced upon doping is along the c direction. This disordering is such that successive (b,c) planes are randomly displaced along the c direction. In other words, statistical offsets Δc inter are introduced between -stacks of polythiophene backbones (see In Figure 6 c,d, the evolution of P1 at 2500 nm (in purple) and F 4 TCNQ -at 873 nm (in green) bands are depicted as a function of the polarization angle, for the smectic-like and semi-crystalline phases. The curves are fitted according to equation 3: [START_REF] Sata | UV-polarizing linear polyyne molecules aligned in PVA[END_REF][START_REF] Ed | Liquid Crystals-Applications and Uses[END_REF] (3)

where,

with A 0 , the unpolarised offset absorption contribution related to the non-aligned fraction of P3HT and ΔA= A max -A min , A max (0°, //) and A min (90°, ⏊) for P1 and A max (90°, ⏊) and A min (0°, //) for F 4 TCNQ -. [START_REF] Sata | UV-polarizing linear polyyne molecules aligned in PVA[END_REF][START_REF] Ed | Liquid Crystals-Applications and Uses[END_REF] As seen in Figure 6 c,d, the angular dependence is well fitted with equation 3 for both anion and polaron contributions. In particular, the maximum of angular distribution of F 4 TCNQ -band is located at 90° to the P3HT backbone direction (rubbing direction). Thus, the dopant molecules are distributed around ±90° of the P3HT backbone direction.

For the smectic-like phase, the two curves reflect the poorly aligned structure of the film rubbed at T R = 78°C. Indeed, the absorbance amplitude variations of both P1 and of F 4 TCNQ - are small contrary to the semi-crystalline phase. The absorption offsets A 0 observed for both polarons and anions (~0.2 and 0.05, respectively) are related to the residual non-oriented doped P3HT crystals. For the semi-crystalline phase, the curves do not show such an offset in absorption because of the much higher alignment.

In order to quantify and compare the degree of alignment of the polaron and the anion, the dichroic ratio of both species has been used to calculate the OP, the 3D order parameter according to equation 1 (see Table 1). For the smectic-like phase, both order parameters are similar and very small (OP = 0.12 and 0.09 for P1 and F 4 TCNQ -, respectively), as a consequence of the large offsets A 0 associated to the fraction of non-aligned P3HT in the films. In contrast, in the semi-crystalline phase, the order parameters reach much higher values (OP= 0.91 and 0.62 for P1 and F 4 TCNQ -, respectively). This confirms the higher alignment level of both polymer chains and dopant molecules for the films rubbed at T R > 150°C. It is instructive to compare the order parameter of the polaron and the F 4 TCNQ -in the semi-crystalline phase to define to what extent their angular distributions are correlated. A perfect orientation of all dopant molecules perpendicular to the polymer backbone (inside the crystal phase) should translate into identical order parameters for the polarons and the anions.

In the present case, the order parameter of the anions (0.62) is smaller than the polaron ones (0.91). The lower order parameter of the anions can have two origins: i) a fraction of F 4 TCNQ -anions is also located in the non-oriented amorphous phase, or ii) the dopants inside the layers of side chains are distributed around an average position orthogonal to the P3HT backbone.

The first origin can be ruled out because the absorption spectra recorded for POL 90°

(Figure 6b and ESI 2c) do not show any polaronic features, suggesting that the amorphous fraction is little doped. This is also consistent with the fact that the HOMO level of P3HT in the amorphous phase is 0.1-0.2 eV lower than that of crystalline P3HT, making it more difficult to transfer a charge between amorphous P3HT and F 4 TCNQ. [START_REF] Jiang | Spectroscopic Studies of Photoexcitations in Regioregular and Regiorandom Polythiophene Films[END_REF][START_REF] Tsoi | Effect of Crystallization on the Electronic Energy Levels and Thin Film Morphology of P3HT:PCBM Blends[END_REF] Therefore the nonoriented amorphous part is not responsible for the reduced order parameter.

The second origin is supported by TEM observations. The clear streaking of the 0 0 2 reflection along with the disappearance of the 1 0 2 and 2 0 2 reflections indicate a statistical rearrangement of -stacks (∆c inter in Figure 5l) and a disordering of the packing of the side chains upon intercalation of the dopant molecules (Figure 5). The observation of disordered side chains is consistent with dopant molecules distributed close to a plane perpendicular to the P3HT backbones. The intercalation of dopants in the side chain layers appears therefore as a method to probe the side chain orientation of polymer semiconductors with respect to their backbone. If the side chains of P3HT were significantly tilted with respect to the backbone in the (a,c) plane, then, the maximum of the absorbance of F 4 TCNQ -anions would also be way off 90°, which is not observed here. Accordingly, this result supports indirectly the model of the structure of form I P3HT proposed by Kayunkid et al. stipulating that alkyl side chains are located in a plane perpendicular to the polymer backbone. 27 

c) Estimation of doping concentration.

As shown previously, the evolution of the ratio r = Abs P1 (at 2500 nm) / Abs N (at 550 nm) as a function of T R suggests that a higher doping level is obtained in the semi-crystalline phase at high T R . To estimate this doping level in the semi-crystalline phase, differences in the angular distributions of the P3HT and of the F 4 TCNQ -anion absorption bands must be taken into account. Using the extinction coefficient of F 4 TCNQ -at 870 nm (50 000 M -1 cm -1

) [START_REF] Dixon | Crystal and Molecular Structure of the 2: 1 Charge-Transfer Salt of Decamethylferrocene and Perfluoro-7[END_REF] and the angular dependence of the pristine polymer film and the anions, it is possible to estimate a doping level defined as the number of F 4 TCNQ -anions per thiophene cycle for both structures. The obtained values (see Table 1) correspond to 5 ± 2 and 15 ± 2 % for the smectic-like and the semi-crystalline phase, respectively. This result is further in agreement with ESR measurements showing broader signals for the semi-crystalline phase with respect to the smectic-like phase. The upper value of the crystalline phase is consistent with a previous estimate of 17 % for aligned P3HT [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF] whereas the smectic-like phase shows a substantially lower doping level. It is also close to the 15% doping level estimated for F 4 TCNQ -doped oriented films of C 12 -PBTTT. 22 This result indicates that the initial crystallinity of the P3HT films impact the doping efficiency. This is consistent with the structural study that supports different dopant intercalation mechanisms for the two phases. In the smectic-like phase, doping perturbs the stacking of P3HT backbones whereas in the semicrystalline phase, intercalation of dopants requires essentially some reorganization of the stacks along the alkyl side chains directions. Moreover, alkyl side chains are more disordered in the smectic-like phase than in the semi-crystalline phase. [START_REF] Hartmann | 2D versus 3D Crystalline Order in Thin Films of Regioregular Poly(3hexylthiophene) Oriented by Mechanical Rubbing and Epitaxy[END_REF] This result suggests that highly ordered alkyl side chains (non-interdigitated) favor dopant intercalation whereas highly disordered side chain layers in the smectic-like phase do not. This is consistent with recent results obtained in oriented thin films of a family of PBTTTs with side chain length varying from linear C 8 to C 18 . The doping level was found to be lower for C 8 -PBTTT with disordered C 8 side chains than for C 12 -PBTTT showing more ordered side chains. 22 However; the side chains are interdigitated in C 12 -PBTTT which makes the diffusion of dopants more difficult than in the non-interdigitated side chains of P3HT. The ordered side chains of P3HT help orient the dopants in its unit cell and favour fast diffusion and intercalation.

The fact that the structure of the pristine films impacts the doping level in thin films is at variance with recent results by Hynynen et al. [START_REF] Hynynen | Enhanced Electrical Conductivity of Molecularly P-Doped Poly(3-Hexylthiophene) through Understanding the Correlation with Solid-State Order[END_REF] It was found that the doping level and the charge carrier density remain roughly constant regardless of the crystallinity of P3HT films processed in different solvents. The increase in conductivity with crystallinity was attributed to an increase in carrier mobility. In the present case, the order of the side chains seems to impact the doping level and thus the charge carrier density. A possible reason for this discrepancy could be related to the way the doping level is extracted from the absorbance of the F 4 TCNQ -anions. Indeed, rubbed P3HT films consist of a majority of face-on crystals whereas spin-coated and cast films are essentially composed of edge-on crystals. [START_REF] Hynynen | Enhanced Electrical Conductivity of Molecularly P-Doped Poly(3-Hexylthiophene) through Understanding the Correlation with Solid-State Order[END_REF][START_REF] Scholes | The Effects of Crystallinity on Charge Transport and the Structure of Sequentially Processed F4TCNQ-Doped Conjugated Polymer Films[END_REF] Since the transition dipole of the F 4 TCNQ -is along the molecular long axis, the absorbance of the F 4 TCNQ -molecules probed using polarized UV-vis-NIR spectroscopy depends on the average orientation of the dopant in the film plane. In the work of Hamidi-Sakr et al. on oriented face-on P3HT, the absorption of the F 4 TCNQ -anions was polarized in-plane in a direction orthogonal to the P3HT backbone, supporting the dopant intercalation in the layers of alkyl side chains and parallel to side chains. [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF] If the P3HT crystals are essentially edge-on, then, upon intercalation inside the layers of alkyl side chains, the long axis of the F 4 TCNQ - molecules will be mainly distributed around the normal to the film surface. Such an orientation renders the F 4 TCNQ -invisible using in-plane UV-vis-NIR absorption measurements. Accordingly, UV-vis-NIR spectroscopy on edge-on oriented P3HT can lead to an under-estimation of the proportion of F 4 TCNQ -. This simple reasoning uncovers the intrinsic difficulty to evaluate the doping concentration from in-plane spectroscopic measurements based on F 4 TCNQ -. A more accurate mean to probe the doping efficiency might be to compare the absorbances of polaronic features. Indeed, contrary to F 4 TCNQ -, the polymer chains lie almost exclusively in the film plane, hence, the polaronic bands are polarized in-plane. From that perspective, the comparison of the smectic-like and semicrystalline phases suggests quite similar levels of doping, which is more in line with the results by Hynynen et al. [START_REF] Hynynen | Enhanced Electrical Conductivity of Molecularly P-Doped Poly(3-Hexylthiophene) through Understanding the Correlation with Solid-State Order[END_REF] Accordingly, the difference in charge conductivity between smectic-like and semi-crystalline phases would be more related to the difference in charge mobility due to enhanced aligned in thin films prepared at T R =186°C. 

Conclusions

High-temperature rubbing helps to enhance substantially the TE properties in oriented P3HT:F 4 TCNQ thin films. The rubbing temperature is a precise handle to reach high crystallinity (> 55%) and orientation (order parameter > 0.8) in pristine P3HT films.

Sequential doping with F 4 TCNQ transforms the semi-conducting films into highly conducting polymer films with charge conductivities up to 160 S cm -1 and power factor of 56 µW m -1 K -2 that lie beyond the state of the art for P3HT:F 4 TCNQ. Furthermore, this particular and efficient tuning method of polymer chain alignment allows the fine structural analyses by TEM (in particular along the polymer chain) not accessible by conventional GIXD analyses on randomly oriented films. Polarized absorption spectroscopy gives access to the angular distribution of dopants in the polymer matrix. The combination of both techniques provides a clearer view on the doping mechanism which depends on the initial structure of the films, i.e. smectic-like vs semi-crystalline phase. In the semi-crystalline phase, well-ordered side chains help the intercalation of a larger number of dopant molecules that are oriented perpendicular to the polymer backbone. The intercalation of the F 4 TCNQ molecules in the side chain layers results in a disordering of both, the arrangement of successive (b,c) polymer stacks and the packing of the side chains. In comparison, the less ordered smectic-like phase is less doped and the intercalation of F 4 TCNQ into the side chain layers seems to induce a reorganisation of the polymer chains within the (b,c) polymer stacks.

This counter intuitive phenomenon of doping inducing order is demonstrated for the first time for regioregular P3HT. Although the semi-crystalline phase shows larger thermoelectric power factors than the smectic-like phase, it will be important to further investigate the impact of structural changes on the thermal conductivity to ascertain which of the two phases is most favorable for TE applications.

It is interesting to note that high performances reported in this study have been obtained

although an important part of the film is still amorphous. Engineering of polymer crystallinity, prior to doping, could be an efficient strategy to further enhance the thermoelectric properties. Alternatively, one may also try to further preserve the pristine structure of the films, e.g. by vapor phase doping to intercalate the dopants in a less destructive manner. This reinforces the interest for new fabrication methods of highly structure-controlled conducting polymer films for thermoelectric applications.

Experimental section

Orientation and doping of thin films: regioregular P3HT was purchased from Merck (Mw = 43.6 kDa, PDI = 1.8). F 4 TCNQ and anhydrous solvents such as acetonitrile and orthodichlorobenzene were obtained from Sigma-Aldrich and used without purification. The films were prepared by doctor-blading a solution of P3HT in ortho-dichlorobenzene (10 mg mL -1 ) at 160°C on glass slide substrates pre-covered with a sacrificial hydrosoluble NaPSS (10 mg mL -1 aq) layer. The orientation of the films by high temperature-rubbing followed the protocol described in previous publications. [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF][START_REF] Dixon | Crystal and Molecular Structure of the 2: 1 Charge-Transfer Salt of Decamethylferrocene and Perfluoro-7[END_REF][START_REF] Biniek | Large scale alignment and charge transport anisotropy of pBTTT films oriented by high temperature rubbing[END_REF] Oriented polymer films were prepared by using a homemade set up consisting of a translating hot plate on which the sample is fixed and a rotating cylinder covered with a microfiber cloth. The films were rubbed at different rubbing temperatures. To determine the film thickness after rubbing, the films were meltannealed to randomize the in-plane chain direction and the thickness was extracted from the UV-vis absorbance.

The doping was performed following the sequential doping method 8 with full sample immersion for 10 s in the dopant solution at a constant concentration of 1 mg mL -1 in anhydrous acetonitrile. Such short doping times are sufficient to reach saturation of the film doping level as shown earlier by Jacobs et al. [START_REF] Jacobs | Comparison of Solution-Mixed and Sequentially Processed P3HT:F 4 TCNQ Films: Effect of Doping-Induced Aggregation on Film Morphology[END_REF] No rinsing step was conducted as it may lead to dedoping of the films. Doping as well as rubbing were performed under nitrogen atmosphere.

Structural analysis by TEM. Oriented areas were identified for TEM analysis by optical microscopy (Leica DMR-X microscope). The polymer films were coated with a thin amorphous carbon film and removed from the glass substrate by floating on water and subsequent recovery on TEM copper grids. TEM was performed in bright field and diffraction modes using a CM12 Philips microscope equipped with a MVIII (Soft Imaging System) charge coupled device camera.

Calibration of the reticular distances in the ED patterns was made with an oriented polytetrafluoroethylene (PTFE) film. Beam exposure was set to a minimum using the low dose system to avoid dedoping under the electron beam that is observed when the same zone is exposed for a prolonged period of time. Dedoping is clearly manifested in the ED pattern by a change in reticular distances to those of the pristine undoped P3HT films.

Polarized UV-Vis-NIR absorption. The orientation of the polymer films was probed by UV-vis-NIR absorption (350-2500 nm) using a Varian Cary5000 spectrometer with polarized incident light and spectral resolution of 1 nm. All spectra in Figure 2 were normalized by taking into account the thickness of each film (when fully disoriented) and normalizing it with respect to a reference sample. The film thickness was in the range 15 -30 nm (measured from the optical density after melting the films at 315°C for 5 min). Thermopower measurements were conducted in nitrogen atmosphere on the same devices. The thermopower was measured using a differential temperature method whereby a temperature gradient is established across the sample along or perpendicular to the rubbing direction. The details of the experimental setup are given in reference 21. Calibration of the Seebeck coefficient measurement was performed using a constantan wire (see ESI 10). Most importantly, the temperatures of the hot and cold gold/doped-polymer junctions are precisely defined as they lie atop the underlying Peltier elements whose temperatures are well defined and determined by an IR sensor. [START_REF] Hamidi-Sakr | A Versatile Method to Fabricate Highly In-Plane Aligned Conducting Polymer Films with Anisotropic Charge Transport and Thermoelectric Properties: The Key Role of Alkyl Side Chain Layers on the Doping Mechanism[END_REF] As a consequence, we do not observe a dependence of the Seebeck coefficient with the contact geometry. 50 
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Figure 1 :

 1 Figure 1: a) Chemical structures and schematic energy diagram of F 4 TCNQ and P3HT. b) Preparation method of in-plane oriented and conducting polymer films. First of all, chain alignment and crystallization of the P3HT films are generated by high-temperature rubbing (R is the rubbing direction). Thin oriented films are floated on distilled water and recovered on glass substrates with gold electrodes and doped by dipping into the solution of F 4 TCNQ in acetonitrile (ACN).

Figure 2 :

 2 Figure 2: cw-EPR spectra obtained for P3HT doped with F 4 TCNQ. (a) Spectral broadening with increasing dopant concentration. (b, d) Orientation-dependence of the signal for smectic-like and semi-crystalline films. (c) Comparison of spectra for smectic-like and semi-crystalline films. The spectral broadening with increasing dopant concentration is attributed to increased dipolar interactions between the spins and can hence be directly related to an increased doping level.

Figure 3 a

 3 Figure 3 a,b and Figure ESI 2 show the UV-vis-NIR absorption spectra for P3HT films rubbed at different T R and subsequently doped with a 1 mg mL -1 solution of F 4 TCNQ /ACN.

Figure 3 :

 3 Figure 3: Evolution of the UV-Vis-NIR spectrum of highly oriented P3HT films doped with F 4 TCNQ (1 mg/ml) as a function of the rubbing temperature (T R ) from 78 to 186°C. The spectra are recorded for different polarizations of the incident light with respect to the rubbing direction (R). a) POL // R spectra showing the polaronic bands P1 and P2 of the

Figure ESI 6 .

 6 Figure ESI 6. As expected, the anisotropy of charge conductivity scales with the order parameter of

Figure

  Figure 4d depicts the dependence of σ // with W. W has been extracted from the absorption spectra

Figure 4 :

 4 Figure 4: Evolution of the a) charge conductivity, b) Seebeck Coefficient, and c) power factor measured along (// R) or perpendicular (⊥ R) to the rubbing direction for P3HT films rubbed at different temperatures and doped with F 4 TCNQ (1 mg/ml). The black dashed lines represent the values for a non-oriented sample. The error bars are mainly related to the statistic dispersion in alignment level of samples. In a and c, the vertical green lines are a guide for the eye to differentiate the ranges of smectic-like and semi-crystalline phases. d) Evolution of the charge conductivity σ //

  compares the ED patterns of undoped (a, g) and doped (b, h) films rubbed at 78°C (a, b), and 186°C (g, h) respectively. Right below the ED patterns, the corresponding section profiles along the equator (c, i) and along the meridian (d, j) for doped and undoped states are shown for the films rubbed at 78°C (c, d), and 186°C (i, j). Plot profiles of the ED patterns along the equator feature the evolution of the structure along the side chains (h 0 0) and the π-stacking (0 2 0). Meridional plot profiles help visualize the structural evolution along the polythiophene backbone (0 0 2).

Figure 5 l

 5 Figure 5 l). Contrary to the smectic-like phase, -stacking within (b,c) planes is maintained

Figure 5 : 42 Figure 6 a

 5426 Figure 5: Electron diffraction patterns of the smectic-like (T R = 78°C) and the semicrystalline (T R = 186°C) films in pristine (a, g) and doped (b, h) forms. Equatorial (c, i) and meridional (d and j) section profiles of the electron diffraction patterns. The curves in black (blue) correspond to the pristine (doped) films. For clarity, the section profiles are shifted along the ordinate axis. The asterisk seen in a, b and h) indicates reflections from PTFE used for calibration. The rubbing direction R is vertical (blue arrow) for all patterns. (e, fk, l) Schematic illustration of the structural changes in the packing for the smectic-like (T R = 78°C) and the semi-crystalline phase (T R = 186°C): undoped pristine structure (e, k) and after doping with F 4 TCNQ (f, l).

Figure 6 :

 6 Figure 6: a) and b) Polarized UV-Vis-NIR absorption spectra of oriented conducting polymer films for both smectic-like and semi-crystalline phase plotted for different angles

  Figure S3 reference 21). Oriented films of P3HT were floated on water and carefully

  [START_REF] Hynynen | Enhanced Electrical Conductivity of Molecularly P-Doped Poly(3-Hexylthiophene) through Understanding the Correlation with Solid-State Order[END_REF][START_REF] Clark | Determining exciton bandwidth and film microstructure in polythiophene films using linear absorption spectroscopy[END_REF][START_REF] Spano | Modeling disorder in polymer aggregates: The optical spectroscopy of regioregular poly(3-hexylthiophene) thin films[END_REF][START_REF] Spano | Absorption in regio-regular poly(3-hexyl)thiophene thin films: Fermi resonances, interband coupling and disorder[END_REF] 

Table 1 :

 1 Main characteristics of both doped smectic-like and semi-crystalline phases

	Main characteristics of both phases	Smectic-like phase	Semi-crystalline phase
	Order parameter polaron	0.12	0.91
	Order parameter anion	0.09	0.62
	d 020 π-stacking distance (Å)	3.6	3.6
	d 100 alkyl side chains distance (Å)	17.9	18.1
	Estimated F 4 TCNQ molecules per 100 thiophene	5	15
	units		
	Charge conductivity σ // max (S cm -1 )	35	160
	Power factor PF // max (µW m -1 K -2 )	18	56
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