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Introduction

One-dimensional polymers' structures have attracted a growing interest recently due to their interesting properties such as a high shape factor. In particular, this property allows improving characteristics of sensors such as their sensitivity. For this specific application, doped polyaniline is a good candidate due to its sensitivity at room temperature and its selectivity to ammonia gas [1][2][3]. Conventional polyaniline contains two types of chain units (Figure 1) arranged randomly through the polymer chain. x, the chain length.

While chemical and electrochemical syntheses of one-dimensional structures were widely studied [START_REF] Gvozdenović | Electrochemical Polymerization of Aniline[END_REF][START_REF] Chen | [END_REF][6][7][8][9][10][11][12][13], they require some additional chemicals such as oxidants and acids as well as postsynthesis steps of filtration and drying. The obtained polymer is usually a powder, so further treatment is necessary for shaping the material before its integration into a device. Another approach consists in using different types of templates such as anodic alumina membranes, carbon nanotubes, TiO2 nanorods,… [14][15][16][17][18][19][20] This is a promising path that does not need any additional products but pre-formed surfaces are required as well as a post-synthesis step for the template dissolution.

The elaboration of one-dimensional structures by plasma polymerization, despite its advantages (one step, direct synthesis and deposition of the polymer onto the support), is not well developed: most of synthesized films described in literature are smooth [21][22][23][24][25]. However, some groups have reported the formation of nanostructured plasma polymerized (pp) films. In the work of Kumar et al. [26,27], pulsed plasma polymerization of aniline (ANI) was conducted with pulsed injection of the monomer that led to nanofibrous films for NO2 sensing. Michelmore et al. [28] have demonstrated that the chemical nature of amine-containing monomers (allylamine or heptylamine) has a significant impact on the nanomorphology of the films in the early stages of plasma deposition. With heptylamine, island-like growth is initially observed whereas coatings grown from allylamine are smooth from the very earliest stages. The latter result has been confirmed by Choukourov [29] that showed that even very thin pp-allylamine films (< 10 nm) are continuous.

The works of Hegemann et al. [30] have shown the formation of nanopores in amine-containing hydrocarbon films at moderate energetic conditions with a high accessibility of the aminofunctional groups. By using fluorinated precursors [31,32], Favia et al. have obtained different micro/nanostructures (ribbons and petals) while working in modulated r.f. plasma. In the same line, the works of Brioude et al. [33,34] on the plasma polymerization of maleic anhydride allowed obtaining spherical or branched structures in pulsed excitation mode. These two last groups have ascribed the formation of the structures to the competition between rate of deposition and rate of diffusion of active species.

The structures elaborated in these studies are not aligned perpendicular to the surface. It can be explained by the absence of specific growth sites during plasma polymerization contrary to conventional polymerization in solution (oligomers) [13] or carbon nanotubes growth (metallic particles) [35][36][37][38]. Some other studies describe plasma etching of the surfaces ("top-down" method) [39][40][41]. The major drawback of this method is the alteration of the polymer chemical structure that limits the range of applications of such a structure.

Our team has recently developed a novel plasma polymerization process yielding highly structured surfaces without using any template [42]. It consists in varying the input power during deposition, starting with a high value in order to form polymer nuclei followed by a low value to preserve the monomer structure. We made the hypothesis that this structuring is due to the local heating of the surface at high discharge power allowing lateral migration of deposited species and formation of droplets onto the surface. The objective of this work is to control the substrate surface heating in order to control the morphology of the polymer, namely the dimensions of the nanostructures. This requires studying the high-power step through the value of the input power, its duration and the number of steps. All these parameters are herein examined on both the chemical and morphological structure of the plasma polymerized aniline films.

Moreover, in order to illustrate the importance of surface structuring for some applications, our textured pp-ANI films are tested for their sensitivity to ammonia gas. When ammonia gas interacts with doped pp-ANI layer, the doping state of the plasma polymer changes [3]. Consequently, electrical and optical properties of pp-ANI are modified. In this work, the optical properties of the films are measured through a variation in absorbance.

Experimental

Substrate preparation

Polyaniline films were deposited onto clean silicon wafers (100). In order to remove the surface contamination, wafers were cleaned with acetone and ethanol in ultrasonic bath (10 min) and rinsed with deionized water. Finally, the wafers were immersed into boiling piranha solution (H2SO4:H2O2=3:1), then rinsed with deionized water and dried with compressed air. The wafers were exposed to UV light for 10 min prior to use.

Polyaniline synthesis

A plasma reactor with distributed microwave sources (Boréal Plasmas 7050) was used and has been described in a previous publication [42]. Twelve microwave sources (electronic cyclotronic resonance (ECR) applicators) are distributed along the circumference. This configuration allows working at low precursor pressure (down to 0.01 Pa) leading to a high plasma homogeneity and scalability.

The system was pumped to a base pressure of 510 -3 Pa using a turbomolecular pump (Adixen ATH300Ci) backed up by a dry pump (Adixen ACP28G). The pressure in the chamber was measured using a Pirani-cold cathode combined gauge (Pfeiffer PKR251). Liquid aniline (Sigma-Aldrich, ReagentPlus ® , 99%) was in a glass tube which was connected to the vacuum through the upper flange of the plasma chamber. This tube was maintained at 40°C by hot water. The working pressure of aniline vapor was fixed at 0.2 Pa and was measured by a capacitive gauge (Pfeiffer CCR364). The calculated flow rate (as measured by weighing the tube with aniline before and after deposition) was 1.6 g/h. The sample was placed on the water cooled substrate-holder situated in the post-discharge zone, at the bottom center of the chamber. In the post-discharge zone, the functional groups of the monomer were better retained than in the glow discharge. The plasma was generated using a microwave generator (Sairem GMP20KED 2.45 GHz) and the reflected power was minimized separately for every applicator. The deposition time was varied between 1 and 10 min. The input power was varied from 60 W (minimum restricted by microwave generator) to 480 W.

Surface temperature measurements

The substrate temperature was determined thanks to Thermax indicators purchased from Manutan (Pontoise, France) with a temperature detection range going from 37°C to 65°C. Thermax indicators are self-adhesive labels composed of a series of temperature-sensitive elements. These elements irreversibly turn from white to black when the corresponding temperature is attained. The indicator keeps its black color even if the subsequent temperature decreases. The Thermax indicators are sensitive to the temperature of the surface on which they are applied, rather than that of the atmosphere. In our study, the tape was affixed on a silicon wafer which was then placed on the substrate holder. The temperature was in-situ read through the window of the plasma reactor during deposition.

Atomic force microscopy measurements

AFM was performed using Bruker Innova atomic force microscope in tapping mode on the films deposited onto silicon substrates. The cantilever (antimony-doped silicon, Bruker) had a typical stiffness coefficient of 40 N/m and a resonant frequency near 300 kHz. Scan region was fixed at 5x5 μm, scan frequency at 0.75 Hz with 512 samples and 512 lines. Raw data was treated with Gwyddion software (mean plane subtraction, root mean square roughness (Rq) calculation and statistics on grains).

FT-IR measurements

The FT-IR spectroscopy was performed on a Bruker IFS66 spectrometer (Globar source, 32 scans, DTGS detector, resolution 2 cm -1 ) in transmission mode on pp-ANI films deposited directly onto potassium bromide (KBr, Sigma-Aldrich, FT-IR grade 99.99%) pellets. In order to prepare KBr pellets, 100 mg of KBr were introduced into stainless steel form (diameter 10 mm, Eurolabo)

and then pressed under 12 tons for 3 min. A pure KBr pellet was used as reference.

Transmittance spectra were treated with Opus software for baseline correction (polynomial) and CO2/H2O compensation and also normalized with respect to the thickness.

The amount of C-H and C=C bonds in pp-ANI films elaborated at different discharge powers has been determined by area measurement of the bands centered at (i) 2930 cm -1 (saturated C-H stretch)

and 3030 cm -1 (unsaturated C-H stretch) for C-H bonds; (ii) 1500 cm -1 (aromatic C=C stretch) and 1600 cm -1 (aromatic and aliphatic C=C stretch) for C=C bonds [42].

XPS measurements

For the XPS measurements, the films were deposited onto Si/SiO2 wafers (Siltronix, France) and then analyzed using Kratos Axis Nova instrument. 

Thickness measurements

The thickness of the pp-ANI films deposited onto silicon wafers was measured thanks to a mechanical profilometer (Dektak 8, Veeco). The principle of this technique was to measure the height of a step corresponding to the thickness of the polymer layer. In order to create this step, a mask was placed on a part of the substrate before deposition and was removed once the deposition was finished. Then, the tip of the profilometer was scanned over the sample surface along a straight line.

The film thickness value for a sample represents the average of six different measurements.

Electron Spin Resonance (ESR) measurement

ESR investigations were carried on BRUKER EMX spectrometer equipped with X-band microwave bridge (9.5 GHz). For an ESR experiment, a suprasil quartz tube containing the pp-ANI film deposited onto a polyvinylchloride (PVC) substrate was placed in the microwave resonant cavity and was submitted to a static magnetic field swept in the range 3000 -4000 Gauss.

The recorded ESR spectrum was adjusted by usual powder-like commercial software Bruker Simfonia for paramagnetic species with spin S=1/2. The spectral parameters of ESR spectrum (line position, width, intensity) were estimated to assign the nature of paramagnetic radicals and their interactions with their environment. The absolute concentration of radicals was estimated by double integration of the ESR signal and comparison with the signal from copper sulfate standard sample.

Optical sensing system

The optical sensor is made of doped pp-ANI film deposited onto glass substrate as described above, and placed into the measuring chamber. The doping method consisted in introducing pp-ANI layer into a chamber saturated with iodine (I2, Aldrich) vapors during 48 h. pp-ANI doping allows creating radical cations (or polarons, N + ) which are the ammonia absorption sites. The optical ammonia gas sensing system has already been described in a previous publication [3]. It consists of a Cary 100 spectrophotometer in which the sealed measuring chamber has been inserted, a gas dilution system with flowmeters and a computer for data collection and analysis. At the beginning of the experiment, the zero point of the spectrometer was carried out without the pp-ANI sensor. Nitrogen gas (99.99%, Air Liquide) was used as dilution gas. The flows of ammonia and nitrogen gases were precisely controlled by two flowmeters, which were plugged in a mass flow controller (MFC). The concentration of NH3 gas in the measuring chamber was varied by mixing different flows of NH3 gas and 500 sccm of N2 gas. The concentration of NH3 (ppm) was defined as the ratio of the flow rate of NH3 gas to the total flow rate of NH3 and N2 gases. In this work, the ammonia concentration was fixed at 4618 ppm. After inserting the pp-ANI sensor inside the measuring chamber, a certain amount of dried ammonia gas, diluted in nitrogen gas, was introduced into the measuring chamber. The interaction between NH3 gas and the pp-ANI film leads to optical absorbance variation of pp-ANI. When the optical absorbance variation tends to a constant value depending on time, the NH3 gas introduction was turned off and stream of pure N2 gas was passed through the sensor to purge completely the NH3 molecules in the measuring chamber and to regenerate the polyaniline sensor.

Sensitivity (S) was calculated as (A-A0)/A0 ratio, where A0 is the initial optical absorbance of the sensor under N2 and A the absorbance of the sensor when exposed to ammonia gas. The wavelength of the light source used in this work was fixed at 430 nm. All experiments were performed at room temperature.

Results and Discussion

The first part of this section is dedicated to the two-step process where a high power is applied for a short time before low-power deposition that creates a nanostructured surface with preservation of the monomer entity. The second part deals with the three-step process where the applied power is reduced stepwise for a better control over the structuring process.

Two-step process

Herein, we study the influence of the power and the duration of the first step on the overall morphology. The films are deposited following the two-step process where the power of the first step is varied from 240 W to 420 W and its duration from 1 min to 3 min. The power and duration of the last step are left unchanged for every experience, at 60 W and 26 min respectively.

Chemical structure

The chemical structure of the pp-ANI film deposited thanks to the two-step process (at 240 W As regards with the theoretical ratio in Figure 2a, each band area (aromatic and aliphatic C=C, unsaturated and saturated C-H) is the sum of FT-IR band areas of the film synthesized in one step at 240 W for 1 min (plasma conditions of the first step in the two-step process) and at 60 W for 26 min (plasma conditions of the second step in the two-step process). Figure 2a shows that the experimental values are lower than predicted ones. This result reveals an interaction between the two layers that leads to the degradation of the upper one. This phenomenon is characterized by a loss of functional groups (the aromatic rings) by -bond scission and aromatic ring opening. Figure 2b supports this observation. It shows the proportion of each of the C1s components (see §2.6) when pp-ANI film is synthesized either by the two-step process or by the single-step one. XPS analysis allows for investigation of a maximum depth around 10 nm. Thus, in the two-step process, no contribution of the bottom layer should be visible if it does not interact with the upper one whose thickness is nearly 260 nm. However, we do observe a difference between relative percentages of chemical bonds determined by XPS for pp-ANI deposited at 60 W or by the two-step process. In fact, the chemical composition of the pp-ANI bilayer is comprised between that of the films elaborated at 240 W or at 60 W. Such a behaviour could be due to the diffusion of the radicals, formed in a larger number at high power (240 W), from the bottom layer to the top one. In order to identify and quantify these radicals, ESR measurements have been applied on pp-ANI films elaborated by the one-step process. When exposed to air, the plasma-polymers develop a large concentration of paramagnetic radicals (Figure 3a solid line). (Figure 3a -dashed lines). The obtained values are consistent with those related to oxygen radicals in agreement with a former report [43]. Indeed, just after deposition, the pp-ANI film interacts with the oxygen in the air leading to peroxide radicals which are formed on the reaction sites of pp-ANI surface. In addition to the ESR signal of oxygen radicals, a narrow ESR line is well resolved on the spectra.

The corresponding spectral parameters consist in a small line width (2.2 Gauss) and an average <g> equals to 2.006. A possible origin of this signal could be related to the existence of free charges in irradiated polyaniline creating mobile polarons with respect to their motional narrowed Magnetic field (Gauss)

resonance line [44]. Therefore, the ESR spectrum under air is composed of the O2 • signal with high intensity superimposed on that of polarons radicals with weak intensity. The shape of the ESR signal is different when pp-ANI is kept under Ar (Figure 3b). In this case, just after the plasma polymerization, the pp-ANI film is inserted into a quartz tube which is rapidly closed under an argon atmosphere. The ESR spectrum consists in a contribution from O2 • radicals that have reacted with polyaniline and a second one, related to the polarons' signal whose intensity is higher compared to air. Indeed, under Ar, only a small fraction of polarons reacts with oxygen to form peroxide radicals.

The concentration of these radicals is determined from the integrated intensity of the ESR signal. Deposition duration (min) These images show that nanostructures are obtained for short duration of the first step (1 or 2 min), the nanodots tending to disappear when the duration is increased.

In order to quantify the changes in morphology versus discharge power and duration, the mean square roughness (Rq) and the mean height (H) of the formed features are used. The results are presented in Figure 6. We assume that the surface structuring is associated with the partial dewetting of the deposited pp-ANI film [36]. The growing mechanism of the thin layer in gas phase is a continuous process of adsorption of atoms or molecules, their diffusion on the substrate, nucleation to form clusters, coalescence of the clusters and desorption [45]. All these phenomena are mostly dependent on surface energies of the substrate and of the deposited material as well as on the substrate temperature. Regarding surface energies, the dewetting is here favoured since the water contact angles (WCA) of silicon substrate and pp-ANI are quite different. WCA is lower than 5° for silicon and around 80° for pp-ANI, depending on the elaboration conditions. Indeed, we have shown [46] that during plasma polymerization, loss of amino functional groups occurs and especially, at high powers. The dewetting process is also strongly dependent on the substrate temperature. In our previous study [42], we have shown that the dewetting can occur within a range of surface temperature that has been estimated between 40 and 50°C. In this range of temperature, the diffusion of reactive species on the substrate surface is more important compared to their adsorption. Reactive species mainly correspond to free radicals formed in the plasma phase. They are a part of the final polymer and impinge on the substrate surface where the polymer grows [START_REF] Yasuda | Plasma Polymerization[END_REF].

Therefore, plasma polymerization is a continuous wedging process. Moreover, if a thin layer is formed on the substrate, the wedging process is responsible for the accumulation of stress into the plasma layer during deposition. So, the layer that has accumulated internal stress can relax within the pre-determined range of temperature (40-50°C) and then degenerates into droplets. To summarize, the temperature plays a role in nanostructuring for both the diffusion of reactive species on the substrate surface and the relaxation of stress if a thin layer is formed. The surface heating rate is time-and power-dependent. High deposition time or discharge power lead to a too high surface temperature and a liquid-like film is obtained. No nanostructures can then be formed on the film.

Hence, fine tuning of the surface temperature should allow for the fine tuning of the morphological structure. Such a temperature tuning can be performed by changing the number of high-power steps as well as their duration. In paragraph 3.2, we present the results obtained for the three-step process.

Sensitivity to ammonia

Figure 7 shows the ammonia sensitivity of doped pp-ANI layers elaborated at different durations (1, 2 or 3 min) and input powers of the first step. The horizontal line represents the sensitivity of a smooth layer elaborated in one step at 60 W during 26 min, this sample is the reference. The graph shows the improvement of the gas sensitivity at the shortest first step duration regardless of the power compared to the smooth surface. Moreover, the sensitivity decreases with the rise of the power and the duration. Two factors can explain these results: the specific surface area of the nanostructured film and the chemical structure of the layer. The specific surface area, determined thanks to AFM images, is defined as the true surface area of pp-ANI layers observed on AFM images of 1 m 2 . The specific surface area (Table 1) of all the layers elaborated by the multi-step process is higher than that of layers synthesized in one step at 60 W which is 1 m 2 /m 2 . The best sensitivity is obtained for layers elaborated at 240 W during 1 min for the first step. We can conclude that a small increase in specific surface area significantly improves the layer sensitivity to gas. However, the specific surface area increases with power whereas ammonia sensitivity decreases. Moreover, at a given power, the sensitivity decreases with the rise of deposition time to become, in some cases, lower than that of the smooth layer. Therefore, we have also to take into account the chemical structure of the polymer through its radical density. It has been shown

previously that from a first step power of 120 W or a deposition duration of 20 min, the radical concentration increases and thereby the cross-linking. In this study, the deposition durations of the first step are 1, 2 or 3 min. For these durations, the radical concentration remains constant but their total amount increases with the deposition duration since the layer thickness increases. A dense layer is then formed where the dopant as well as ammonia molecules can hardly diffuse, hence a decrease in sensitivity with the rise of input power or deposition duration. 

Three-step process

The three-step process can offer an even finer control over the surface morphology through a more precise tuning of the surface temperature by step-wise variation of the discharge power. In this process, the power of the first step is maintained at 420 W and that of the second one at 240 W. The duration of these two steps is varied from 1 min to 3 min. In the same way as in the twostep process, the power and duration of the third and last step are kept constant for all the experiments at 60 W and 26 min respectively.

Influence of the first step duration

The first stage of deposition must be conducted at high power (420 W) to allow the formation of the surface structure. We vary its duration from 1 min to 3 min, whereas the time and the power of the second stage remain constant at 1 min and 240 W, respectively. The AFM images of the obtained layers are presented in Figure 8. These images clearly show the formation of nanodots for short first step time. A further increase of this time leads to the evolution of the surface into relatively smooth film. The nanodots height goes from about 15 nm for 1 min of process to around 5 nm for 3 min, when at the same time, their size distribution narrows (Figure 9). Concerning the diameter of these nanostructures, it is between 300-350 nm at 1 min and 150-200 nm at 3 min. All these results prove the smoothing of the polymer surface when the first step duration increases. 

Influence of the second step duration

In this section, the duration of the second stage is varied from 1 to 3 min while that of the first one is maintained constant at 1 min or 2 min. The morphology of the obtained films determined by AFM is presented in Figure 10. The duration of the second step has the same influence on the surface texturing than that of the first one whatever the duration of the first step. The grains on the surface decrease in height and in diameter but also in density when the second step duration increases. Therefore, the lower the duration of the first and second steps, the higher the surface structuring is.

As mentioned above, the structuring relates to the substrate temperature variation with deposition duration and input power. In order to describe the effect of the surface temperature (Ts), it has been correlated with the values of the full width at half maximum (FWHM) of the height distribution and the root mean square roughness (Rq) of the pp-ANI surfaces (Figure 11). Figure 11 reveals a strong dependence of FWHM and Rq on substrate temperature for the first two sets. Indeed, these two parameters decrease with the rise of the surface temperature. These results confirm the effect of surface temperature through the dewetting process and the formation of a liquid-like state of the film at high deposition durations.
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However, when the first step duration is equal to 2 min, Ts remains almost constant when the second step duration increases whereas FWHM and Rq decrease. We can suppose that the high energy input during the first step (420 W; 2 min) masks the energy provided by the second step (240 W; 1, 2 or 3 min). This leads to an "apparent temperature" that remains almost constant whatever the time of the second step. However, at the local scale, the energy from the second stage depends upon its duration and can contribute to the surface morphology through a more or less structured surface.

Sensitivity to ammonia

Figure 12 shows the ammonia sensitivity of pp-ANI layers elaborated at different durations (1 or 2 min) of the second step. The horizontal line represents the sensitivity of the reference. The graph shows the improvement of the gas sensitivity at the highest second step duration compared to the smooth surface. It can be explained by the rise of the pp-ANI specific surface from 1.004 m 2 /m 2 for 1 min to 1.011 m 2 /m 2 for 2 min. This result shows also the importance of the middle layer where the high amount of radicals formed in the first layer diffuse mainly in the second one without changing a lot the chemical structure of the third one elaborated at 60 W. In order to illustrate this conclusion, the sensitivity of the pp-ANI layer goes from 24 % without the middle layer (Figure 7) to 29 % with the middle layer elaborated at 240 W during 2 min (Figure 12). 

Conclusion

A surface clustering preserving the monomer structure takes place during plasma deposition of polyaniline with power variation. It seems to be influenced the most by the substrate temperature.

With its increase, the clusters degenerate into a smooth film with low roughness and narrow height distribution. It is mandatory to proceed first with high power in order to activate the diffusion of the deposited species. However this stage should be short to limit the destruction of the formed clusters. By modulation of the surface temperature by means of time-power variation, it is possible to control the height-diameter distribution of the formed clusters as well as their density. This method is supposed to be suitable for any type of monomer since the formation of nanostructures does not depend on chemical structure of the polymer. These textured films have shown an improved sensitivity to ammonia compared to the smooth layer if elaborated at short first step power and duration in the two-step process. Moreover, the middle layer formed with the three-step process allows controlling the chemistry of all the pp-ANI film.
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 1 Figure 1. Chemical composition of polyaniline. y denotes the oxidation degree of the polymer and

  The photoemission was excited by a monochromatic Al K beam. The narrow scans of the C1s and N1s were acquired with steps of 0.1 eV and a pass energy of 20 eV. The spectra were taken with the electron emission angle at 90° relative to the sample surface, yielding a maximum sampling depth around 10 nm due to the mean free path of the electrons. Calibration was conducted on the C 1s peak of the C-C, C-H and C=C bonds at 285 eV. The position and scale in energy were regularly checked by using reference samples of gold, copper and silver so that the error on the position of the peaks is ±0.1 eV. The curve fitting was performed using CasaXPS software (Casa Software Ltd.). The peak shape was chosen with Gaussian (70%) / Lorentzian (30%) curve fitting. The elemental quantification accuracy was 5%. The high resolution C1s XPS spectra of all pp-ANI films have been decomposed in four components at (i) 285 eV attributed to C-C, C-H, C=C; (ii) 285.9 eV assigned to C-N, C-O; (iii) 286.8 eV corresponding to C≡N and (iv) 288.1 eV due to O=C-N, C=O and N-C-O.
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 6 Figure 6. Mean square roughness (Rq) and height (H) of nanostructures obtained for different
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 7 Figure 7. Ammonia sensitivity of pp-ANI layers elaborated at different durations (1, 2 or 3 min)
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 8 Figure 8. AFM images of pp-ANI films obtained at different durations of the first step: a) 1 min;
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 9 Figure 9. Height distribution of the films at different durations of the first step: () 1 min,
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 10 Figure 10. AFM images of pp-ANI films elaborated at a first step duration of 1 min (top images)
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 11 Figure 11. a) Changes in FWHM with TS; b) Changes in Rq with TS. Numbers at the bottom stand for duration of the first and the second step respectively (min).

Figure 12 .

 12 Figure 12. Ammonia sensitivity of pp-ANI layers elaborated at different durations (1 or 2 min) of

Table 1 -

 1 Specific surface of pp-ANI elaborated by the two-step process at different durations and powers of the first step.

	First step power (W)		240			420	
	First step time (min)	1	2	3	1	2	3
	Specific surface (m 2 /m 2 )	1.009	1.076	1.006	1.114	1.085	1.078
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