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INTRODUCTION

Physical dimension of solid dielectrics, involved in industrial applications, range from few centimeters (electrotechnics) to few tens of nanometers (electrets or microsystems). Whatever their main scale, most insulating materials accumulate electrical charges under applied electric field. This phenomenon is useful for some applications as electrets or nonvolatile memories [START_REF] Gerhard-Mulhaupt | Electrets 3rd edn[END_REF] but in many other instances it leads to a failure [START_REF] Witvrouw | Materials issues in the processing, the operation and the reliability of MEMS[END_REF]. Consequently, performing space charge measurements is needed to predict and to analyze these charging effects.

Conventional space charge measurements are based on acoustic or thermal perturbation whose shape influences strongly the ultimate resolution [START_REF] Fleming | Space Charge Profile Measurement Techniques: Recent Advances and Future Directions[END_REF][START_REF] Holé | Resolution of Direct Space Charge Distribution Measurement Methods[END_REF]. Acoustic perturbation as implemented in Pulsed ElectroAcoustic (PEA) technique [START_REF] Dagher | A Preliminary Study of Space Charge Distribution Measurements at Nanometer Spatial Resolution[END_REF] provides up to 3-4µm of in-depth resolution but without lateral resolution. Concerning thermal perturbation, thermal pulse (TP) and Laser Induced Modulation Method (LIMM) manage to reach 1µm of in-depth resolution [START_REF] Arnaout | Study of signal treatment for a pulsed electro-acoustic measurement cell: a way of improving the transfer matrix condition number[END_REF], but without lateral resolution. The development of Focused LIMM (FLIMM) has brought lateral resolution of the order of 5µm [START_REF] Petre | Threedimensional space charge cartographies by FLIMM in electron irradiated polymers[END_REF]. With recent developments, the actual resolution is improved and now limited mainly by instrumental point of view (perturbation shape, attenuation/dispersion for acoustic waves, deconvolution procedure [START_REF] Arnaout | Study of signal treatment for a pulsed electro-acoustic measurement cell: a way of improving the transfer matrix condition number[END_REF]…) Table 1 summarizes the resolution reached and the expected one for thermal and acoustic methods. Though some improvements have been achieved, up to now such techniques are unsuitable for characterizing the charge accumulation in thin films (a few 100 nm thickness) for microelectronics and microsystems applications or for studies of phenomena occurring at metal / dielectric or semiconductor / dielectric interfaces. Therefore, two ways appear to improve resolution: to push the instrumental limits of existing methods (according to Table 1, 100nm-resolution can be reached which would enable investigation of 1µm-thick dielectric films) or to develop new methods with resolution adapted to the expected scale considering both in plane and in-depth charge localization [START_REF] Teyssedre | Challenges in probing space charge at sub-micrometer scale[END_REF]. 
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Techniques derived from atomic force microscopy (AFM) due to their sub-nanometer resolution and versatility to measure both the surface topography and electrical properties appear to be suited candidates for probing space charge.

Previous studies have shown the possibility to locally inject charges with a conductive AFM tip, and to study charge retention in dielectric thin films by AFM. In the literature, Electrostatic Force Microscopy (EFM) was extensively used to measure charge densities [START_REF] Schönenberger | Charge flow during metal-insulator contact[END_REF][START_REF] Schönenberger | Observation of single charge carriers by force microscopy[END_REF][START_REF] Melin | Electric force microscopy of individually charged nanoparticles on conductors: An analytical model for quantitative charge imaging[END_REF]. Some of studies highlight the limitation of the EFM and particularly its sensitivity to image charges which biases results to measurement conditions [START_REF] Lambert | Relationship between charge distribution and its image by electrostatic force microscopy[END_REF]. To avoid these effects, Kelvin Force Microscopy (KFM) is more and more used because it provides a direct measurement of surface potential modifications induced by the stored charges [START_REF] Rezende | Detection of charge distribution in insulator surfaces[END_REF]. However, charge density calculation remains difficult although some modeling attempts have been made [START_REF] Palleau | Numerical simulations for quantitative analysis of AFM electrostatic nanopatterning on PMMA by Kelvin Force Microscopy[END_REF], mainly due to the strong assumptions on the distribution of charges in the layer.

To overcome these issues and to obtain quantitative information on the charge density with a spatial resolution in the nanometer range, another technique is required. Our interest is focused on interaction forces between the AFM tip and the surface through force distance curves (FDC) [START_REF] Cappella | Force-distance curves by atomic force microscopy[END_REF][START_REF] Gomez-Monivas | Electrostatic forces between sharp tip and metallic and dielectric surface[END_REF]. FDC is sensitive to all interaction forces as molecular adhesion, Pauli interaction (~1nN), Van der Waals (~5-10nN), capillarity (~100nN) and electrostatic forces (from 1pN to fews tens of nN) [START_REF] Patil | Investigation in the electrostatic forces in scanning probe microscopy at low bias voltage[END_REF][START_REF] Kim | Dependence of approaching velocity on the Force-Distance curve in AFM[END_REF][START_REF] Jenke | Two-dimensional electrostatic force field measurement with simultaneous topography measurement on embedded interdigitated nanoelectrodes using FDC[END_REF]. Especially, the sensitivity to electrostatic forces can be exploited to measure space charge as electrostatic force between the tip and the surface and can be modeled [START_REF] Cappella | Force-distance curves by atomic force microscopy[END_REF][START_REF] Colchero | Resolution enhancement and improved data interpretation in electrostatic force microscopy[END_REF][START_REF] Gros | Two-dimensional, electrostatic finite element study of tip-substrate interactions in electric force microscopy of high density interconnect structure[END_REF], with a good correspondence with the experimental results except for short tip-sample distance [START_REF] Gros | Two-dimensional, electrostatic finite element study of tip-substrate interactions in electric force microscopy of high density interconnect structure[END_REF].

This paper highlights how techniques derived from AFM provide promising information about trapped charges localization in thin dielectric films. After a quick presentation of experimental conditions, charges injection using AFM tip is described. The following two parts address different techniques under investigation. The first part is dedicated to KFM technique. The short introduction of KFM method is followed by some results in order to address relevant parameters which can be extracted. The second part is dedicated to the new technique (named EFDC for Electrostatic Force Distance Curve) which is based on FDC measurement. After the method description, experimental results are presents to highlight information provided by EFDC. Finally, the relative merit of KFM and EFDC is investigated.

EXPERIMENTS

To compare EFDC and KFM methods, well-controlled thin dielectric layers are needed. Our interest is focused on silicon oxynitride layers (a-SiO x N y :H, x < 2, y < 1) whose thickness is of the order of 100 nanometers. The thin layers are elaborated by radiofrequency sustained plasma using the mixture of three gases (SiH 4 , N 2 O and He) [START_REF] Makasheva | Dielectric Layers for RF-MEMS Switches: Design and Study of Appropriate Structures Preventing Electrostatic Charging[END_REF]. The ratio of the precursors γ=[N 2 O]/[SiH 4 ] (partial pressures) allows adjusting silicon contents in the dielectric film and consequently modeling their electrical properties. In this case layers synthesized with γ=100 present properties close to thermal SiO 2 whereas in those with γ=5 the volume conductivity is increased by a order of magnitude due to the higher silicon contents [START_REF] Makasheva | Dielectric Layers for RF-MEMS Switches: Design and Study of Appropriate Structures Preventing Electrostatic Charging[END_REF][START_REF] Villeneuve-Faure | Kelvin force microscopy characterization of charging effect in thin a-SiOxNy:H layers deposited in pulsed plasma enhanced chemical vapor deposition process by tuning the Siliconenvironment[END_REF]. These well controlled materials are consequently ideal to identify the relative merit of KFM and EFDC methods.

All AFM measurements were done using a Bruker Multimode 8 equipment. As electrical measurements are very sensitive to humidity all KFM and EFDC results are acquired under N 2 atmosphere after thermal treatment of the samples at 100°C for 15min. Indeed, the thermal treatment avoids capillarity issues or charge injection in water layer adsorbed on the sample surface, which can screen phenomena occurring in the dielectric layer and be a source of non-reproducibility.

KFM measurements were performed in amplitude modulation mode. As sample surface is very flat (average roughness of 2.5nm), a 5nm-lift was used to keep high lateral resolution and potential sensitivity. A Pt-coated silicon tip provided by Bruker (SCM-PIT) was used for all measurements. Charging was achieved by bringing at contact the AFM tip and the dielectric surface and applying a potential in the range 0 to 30V during fixed times (from 10s up to 5min). To control accurately the contact force during charging, the tip spring constant was controlled periodically.

Concerning FDC measurements, two configurations were used. The first one consists of applying DC voltage on AFM tip, whereas the sample back-side is grounded. By acquisition of the resulting electrostatic force the sensitivity of EFDC to AFM probe characteristics and the force itself can be evaluated. In the same way, the influence of tip radius and spring constant were investigated to identify the best experimental conditions using silicon AFM tip with different coating materials (Pt, Co and diamond) provided by Bruker with references SCM-PIT/SCM-PIC, MESP and DDESP, respectively. For each tip used, the curvature radius (R c ) is determined using Scanning Electron Microscopy. The second configuration consists in measuring electrostatic forces induced on the AFM tip by the localized injected charges. These charges were previously injected in the same conditions as for KFM measurements. As FDC measurement is sensitive to piezoelectric system creeping [START_REF] Cappella | Force-distance curves by atomic force microscopy[END_REF], verification was done to insure EFDC is not affected by tip-sample distance range.

TRAPPED CHARGES PROBING BY KFM

KFM PRINCIPLE

Surface potential measurement by KFM is divided in two steps: a first scan to acquire surface topography followed by a second scan, at fixed lift distance, to measure electrostatic force in order to deduce surface potential [START_REF] Mélin | Scanning Probe Microscopy in Nanoscience and Nanotechnology[END_REF]. During the second step a voltage of the following form is applied to the AFM tip:
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This applied voltage induces an electrostatic force on the tip at the same pulsation as the excitation: ,

where is the surface potential difference between the tip and the surface, to be measured, and C the tip-surface capacitance.

The surface potential difference between the tip and the surface is now determined by tuning the DC voltage to cancel the electrostatic force F. As the force depends on the first derivative of capacitance, the potential measurement is sensitive to parasitic capacitances which limit the lateral spatial resolution [START_REF] Jacobs | Resolution and contract in Kelvin Probe force microscopy[END_REF]. So, the lift distance should be as short as possible to limit parasitic capacitance and improve lateral resolution [START_REF] Zaghloul | A systematic reliability investigation of the dielectric charging process in electrostatically actuated MEMS based on Kelvin probe force microscopy[END_REF]. Moreover, in case of high surface potential difference, a high electrostatic force is induced, which introduces topography error (apparent height) and might screen potential measurement [START_REF] Ziegler | Feed-forward compensation of surface potential in atomic force Microscopy[END_REF]. This introduces limitation for space charge probing in case of large charge density. To improve the lateral resolution other variants of the KFM method based on Frequency Modulation (FM) instead of Amplitude Modulation (AM) can be used, minimizing sensitivity to parasitic capacitance [START_REF] Ziegler | Force gradient sensitive detection in liftmode Kelvin probe force microscopy[END_REF].

For space charge measurements, our objective is not only to record pictures with good spatial resolution based on electrostatic properties contrast, but also to provide procedures to estimate quantitatively and reliably the charge density. The main limitation of KFM is to achieve lateral resolution without in-depth resolution. This represents serious limitation, which can be overcome to some extend for number of applications, as example for interfaces investigation. Indeed, strategies have been implemented for obtaining a potential profile along the inter-electrode distance by using imbedded electrodes [START_REF] Silveira | Microscopic View of Charge Injection in an Organic Semiconductor[END_REF] with resolution well beyond the µm scale. This has been applied to semiconducting materials, and works are ongoing to extend this kind of study to dielectric materials. 

CHARGE BUILD-UP INVESTIGATION

Charges were generated with the AFM tip in contact mode as described in the experimental part. During KFM measurement two maps were acquired. The first one consists in surface topography which is not influenced by charges distribution and the second one represents the resulting potential spot after charge injection. As the potential distribution presents a two dimensions axisymmetric shape, our interest is focused on spot cross-section. Figure 1 compares the potential spot crosssections obtained after charging the different SiO x N y layers (charging conditions are adjusted to have the same maximum potential). Even if the KFM surface potential emphasizes different behavior for each layer, the profiles exhibit the same Gaussian shape and three parameters can be extracted: (i) the Full-Width at Half Maximum (FWHM) which characterizes lateral spreading of charges, (ii) the maximum voltage with reference to surface potential without charges and (iii) the area under potential profile which represents in first approximation the charge density (this assumption is valid only for thin films). Comparison of potential maximum to the area under spot provides information on charge release processes. In particular, it is used to distinguish charges spreading on the layer surface from their drift in the dielectric bulk [START_REF] Morita | Microscale Contact Charging on Silicon Oxide in Characterization[END_REF]. Figure 1 emphasizes that each layer exhibits proper behavior. For γ=100 and γ=5 charges are stored close to the injection point (FWHM=0.9 and 4.6µm, respectively) whereas γ=10 layer exhibits strong lateral charges spreading (FWHM=37µm). Figure 2a shows the influence of injection time on KFM profile for γ=100 layer. One should recall here that γ=100 layer presents highly insulating properties, close to those of thermal SiO 2 layer, which actually limit the charge transport. No real shape modification is induced when increasing the charging time (Fig. 2a). Figure 2b represents the evolution of the spot profile parameters with charging time. A saturation of injected charge is observed with increasing charging time (results not shown), whereas the FWHM is quite constant. Quite the same behavior is observed for γ=5 whereas, in γ=10 layer, the charge spot broadens and grows without saturation effect with charging time [START_REF] Villeneuve-Faure | Kelvin force microscopy characterization of charging effect in thin a-SiOxNy:H layers deposited in pulsed plasma enhanced chemical vapor deposition process by tuning the Siliconenvironment[END_REF].

Thorough analysis of the obtained results provides information on the evolution of the charge cloud behavior and infers possible decay mechanisms and trapping processes [START_REF] Tzeng | Charge trapping properties at silicon nitride/silicon oxide interface studied by variable-temperature electrostatic force microscopy[END_REF]. However, more work needs to be done to further understand contrasts observed by KFM on these dielectric layers. In addition, quantitative determination of charges using KFM measurement is difficult due to complications inherent to KFM modeling [START_REF] Palleau | Numerical simulations for quantitative analysis of AFM electrostatic nanopatterning on PMMA by Kelvin Force Microscopy[END_REF]. In-depth localization of the injected charges is impossible. In spite of these limitations, surface potential measurements by KFM have become a standard for exploring injection, trapping and transport of charges in insulating thin films.

ELECTROSTATIC FORCE DISTANCE CURVE: A NEW WAY TO PROBE SPACE CHARGE

EFDC PRINCIPLE

Electrostatic Force Distance Curve method is based on FDC technique which consists in measuring the evolution of the interaction force between tip and sample as a function of their separation distance. As shown on Fig. 3, the procedure consists of three phases, an approach phase, a jump to contact due to the Van der Waals forces and a contact step. An applied bias on the AFM tip modifies the curve shape and more particularly the approach phase reflecting the fact that the electrostatic force is a long-range force. The electrostatic force can be extracted from these measurements by taking the difference in the force curves with and without potential application on the tip (inset in Fig. 3). It must be stressed that the electrostatic force does not vary as the square of the distance as one might expect of an electrostatic force. This is mainly due to the fact that the electrostatic configuration is not plane-plane but tip-plane (typical tip radius being between 5 nm and 120 nm). The EFDC is actually sensitive to tip characteristics, contrary to potential measurement by using KFM. Figure 4 shows the influence of the AFM probe spring constant and radius of curvature on the EFDC shape for 15V applied on tip. It is observed that the curve shape is greatly influenced by the curvature radius while the baseline (long range force) varies a little. Indeed, when the curvature radius decreases, the maximum force decreases, and the jump to contact becomes more abrupt. Moreover, the baseline is more influenced by cantilever spring constant. For the same curvature radius, the shape of the curve is the same as the baseline is more important for low spring constants.

The cantilever spring constant (k) depends on the geometrical parameters, such as its length and width. In particular, k decreases with cantilever surface increasing. Therefore, the base line represents the cantilever contribution to the electrostatic force at a distance far from the surface (typically the height of the tip, of the order of 10µm). It therefore appears that the shape of the curve is influenced by the curvature radius while the base line is more sensitive to the spring constant.

To characterize EFDC curve two parameters can be extracted: baseline which corresponds to the long-range force contribution and maximum force which is the force at jump to contact. Figure 5 shows the evolution of the maximum force (occurring at contact point) as a function of the square of the applied voltage. First of all, the maximum force increases approximately linearly with the square of the potential. The slope of the line provides a trend regarding the sensitivity of the technique as a function of tip characteristics. Obtained results highlight that sensitivity is improved in tips with large curvature radius. Moreover, cantilever spring constant influences the detection threshold (minimum force that can be detected). Indeed, the electrostatic force F e is related to cantilever deflection δ by the spring constant k according to the relation: .

For a fixed force, the deflection amplitude is divided by a factor of 10 if the spring constant is multiplied by a factor of 10. It will therefore be easier to detect small forces with low spring constant. In what follows, an AFM tip with a radius of curvature R c = 60 nm and stiffness coefficient of 0.44N/m was used. These results demonstrate that EFDC measurements can be the base of a highly sensitive technique for measuring electrostatic forces induced by the applied bias, however the method is strongly dependent on the probe characteristics. Recently, the electrostatic force was successfully modeled using finite volume technique [START_REF] Boularas | Multi-dimensional modelling of electrostatic forces over dielectric surface: influence of tip geometry and correlation with experiment[END_REF] which reinforces the suggestion that the EFDC method is a promising method to investigate injected charges.

PROBING OF CHARGE INJECTION BY EFDC

Charging was realized following the same protocol as for KFM studies to achieve comparison between the two techniques. Indeed, charge injection is carried out by bringing the tip into contact with the surface and applying a potential difference for a variable time. The electrostatic force is then measured at different sites on the surface as shown in Fig. 6. First, one can notice that the shape of the EFDC recorded over the charge spot has similar shape to that obtained with a bias on tip. As mentioned previously, the electrostatic force does not scale up with the distance as a square function. However, in this case, no offset of the force at long distance is detectable, indicating that the electrostatic force induced by the injected charge has attenuated action on the cantilever. This is probably due to the localization of the charges, at the origin of the forces, in a small spot. Moreover, EFDC shape and maximum force vary with the distance between the measurement point and the injection point. The maximum and the curvature of the EFDC decrease with the distance from the injection point. Consequently, EFDC contains more information than that provided by the maximum force. One can exploit this property to extract information about charge localization.

Considering the maximum force profile as a function of the position related to the injection point, a direct comparison with the potential profile measured by KFM on the same charge spot can be done as shown in the inset in Fig. 6. The profile FWHM is almost the same for the two techniques. This tends to show that the estimated width of the charge spot is not impeded by the resolution of the two methods and corresponds to the actual spot size. Therefore, it can be considered that the lateral spatial resolution of both methods is smaller than the spot size. Additional information is expected to arise after exploring the shape (curvature) of the EFDC. To extract quantitatively this information on the spatial distribution of charge density, a numerical model is required to describe accurately EFDC induced by hypothetical charge clouds. This 3D Finite Element Model, developed on COMSOL, is in progress having first validation obtained for the applied bias on AFM tip [START_REF] Boularas | Multi-dimensional modelling of electrostatic forces over dielectric surface: influence of tip geometry and correlation with experiment[END_REF]. Extension to the computation of forces induced by 3D-charge clouds stored in the dielectric layer is currently on the way. In the following, the influence of charge density and localization are investigated experimentally to highlight EFDC sensitivity. To reach this goal, various charge spots were formed in SiO x N y thin layers with different electrical properties (i.e. different values of the γ ratio). Charge localization was determined by KFM potential measurement (cf. previous part) to determine the maximum potential and FWHM. Different aspects are under investigation, notably the influence of maximum potential and charge lateral spreading.

To extract information from EFDC curve, electrostatic force as function of distance is fitted by a logistic law:

(2
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Where z is the tip-sample distance, is the force when the tip is far from the surface, is the maximum force (tipsurface contact), characterizes the abruptness of the jump to contact ( =0.01 in our case) and p is a parameter describing the EFDC curvature.

Figure 7 represents EFDC obtained for the same injection conditions as for the results shown in Fig. 2 (different charging times under 20V in γ=100 layer). It is observed that the shape of the curve remains essentially unchanged with the increase of the injection time. Only the maximum force increases. The KFM measurements made on these charge spots show that the maximum potential increases whereas FWHM remains nearly constant, between 0.6 and 0.8µm (Fig. 2). As shown in inset in Fig. 7, the maximum force increases with the area under potential profile which proves the direct link between this parameter and amount of injected charge. The decrease in slope at long charging time is attributed to a sensible spot broadening.

Figure 8 compares EFDC measurements made on three charge spots having different width and the same potential maximum. The maximum and FWHM were determined on KFM profiles shown in Fig. 1. It is observed that the curve shape is modified when the spot size increases. It appears that the curvature is smoother when the spot size is increased. Indeed, parameter p is equal to 1.2, 0.65 and 0.45 for FWHM of KFM spot of 0.6µm, 6µm and 16.5µm respectively. Furthermore, the maximum force increases with the FWHM of KFM profile, which is due to an increase of the amount of stored charges. This is confirmed in a previous study [START_REF] Villeneuve-Faure | Towards 3D charge localization by a method derived from atomic force microscopy : the electrostatic force distance curve[END_REF] highlighting that curvature, represented by p, is linked to charges lateral spreading and maximum force is related to charge amount (potential maximum and width of charge distribution).

To address EFDC in depth sensitivity, electrostatic force measurements were performed on buried electrodes of different width. Table 2 compares maximum force and p for three different electrodes (width and applied potential) buried at a depth of 10nm, 50nm or 100nm-in SiOxNy. These results confirm that curvature is influenced by the lateral expansion of the charged region. Moreover, p has the same value for charge spot or electrode of 6µm-width.

Concerning maximum force, results emphasize that F m is sensitive to applied bias and electrode vertical localization. Indeed, electrostatic force decreases with electrode depth increasing. So these results demonstrate that EFDC is sensitive to in depth charges localization. Even if EFDC shape sensitivity to charges localization is demonstrated experimentally, modelling of electrostatic force appears essential in order to extract the various contributions. According to superposition principle, extraction of space charges profile from EFDC measurement is theoretically possible but not trivial. The first step is to develop accurate modelling of electrostatic force taking into account tip shape and to realize a parametric study on the influence of trapped charge features (density, distribution shape, in-depth localization…) on the EFDC. The second step will consist in the development of inverse method permitting charges density extraction from EFDC curves over charges spot (as on figure 4). The unicity of the solution is not guaranteed at present; however results provided by this method can be coupled e.g. to KFM to level off indetermination. 

EFDC AND KFM RELATIVE MERIT FOR SPACE CHARGE MEASUREMENT

To compare KFM and EFDC methods, three aspects are compared: reproducibility, in depth sensitivity and charges extraction strategy.

Concerning measurement reproducibility, the protocol for charges injection was repeated five times at different location and EFDC and KFM were performed each time. Concerning KFM measurement a standard deviation of 8% for maximum potential and of 4% for FWHM was extracted. Concerning EFDC a standard deviation of 4% for maximum force and 7% for p was extracted [START_REF] Villeneuve-Faure | Towards 3D charge localization by a method derived from atomic force microscopy : the electrostatic force distance curve[END_REF]. So these two methods seem to have comparable reproducibility. This conclusion could be limited by the fact that EFDC is more sensitive to tip shape than KFM. But, as charges injection is strongly influenced by tip shape (the curvature radius controls the electric field at injection point) [START_REF] Makasheva | Dielectric charging by AFM in tip-to-sample space mode: overview and challenges in revealing the appropriate mechanisms[END_REF], the tip needs to be well characterized whatever measurement technique is used when localized charges injection is investigated.

Results presented above highlight that EFDC should provide more information than KFM in terms of space charge localizationthrough its sensitivity to in-depth charges localization. Concerning charges density extraction from KFM measurement, two kinds of models have been developed, taking into account or not the fact that KFM is not sensitive to image charges [START_REF] Palleau | Numerical simulations for quantitative analysis of AFM electrostatic nanopatterning on PMMA by Kelvin Force Microscopy[END_REF][START_REF] Charrier | Real versus measured surface potentials in scanning Kelvin probe microscopy[END_REF]. To extract charge densities from these models strong hypotheses are needed concerning charge distribution in the vertical direction, as e.g. homogeneous distribution or Gaussian distribution, which induce a 50% of variation on charges density value [START_REF] Charrier | Real versus measured surface potentials in scanning Kelvin probe microscopy[END_REF]. Concerning EFDC, charges density extraction from curve is not demonstrated, but results present here are promising. Even if the solution unicity is not guaranteed a comparison between results provided by KFM and EFDC could approach charges density in 3D.

Regarding practical implementation, the EFDC measurement is more time-consuming than the KFM one because the force distance curve must be acquired point-bypoint before data processing. This feature is not restrictive because dedicated software for data acquisition (which can be implemented in Peak-Force mode, for example) can solve this issue. The most restrictive aspect of EFDC method is the intrusiveness of measurement. Indeed, during electrostatic force measurement the grounded AFM tip is in contact with the sample surface which alters spot charges by inducing charges quantity decrease. Reducing contact force and time in contact permits to limit this effect. Moreover, the time between two consecutive measurements (typically 5min) should be increased to avoid discharging effect by the tip. This is restrictive for charges decay investigation [START_REF] Villeneuve-Faure | Kelvin force microscopy characterization of charging effect in thin a-SiOxNy:H layers deposited in pulsed plasma enhanced chemical vapor deposition process by tuning the Siliconenvironment[END_REF], but not crippling for the slow discharging dynamic observed classically in dielectric.

Even if the EFDC technique is somewhat heavier to implement than the KFM one, especially for drawing profiles from different positions on a charge spot, EFDC appears very promising for the study of the density of space charge due to its sensitivity to charges localization.

CONCLUSION

In this study KFM and EFDC methods were presented and compared as tools to probe space charges in thin dielectric layers at nanometer scale. The information gained is not as direct as that resulting from acoustic or thermal methods, based on perturbation of the equilibrium between electrostatic and elastic forces. However, the nanoscale resolution is not at reach at the present time with these classical methods. KFM provides quick and interesting results about charges localization at the surface of the sample; however the lack of sensitivity on in-depth localization is limiting. Contrary to KFM, EFDC is a point-by-point technique which probes directly the electrostatic forces induced by localized charges. The main advantages of this method compared to KFM are its sensitivity to charge distribution and the fact that EFDC can be easily modelled. These studies are currently underway aiming at quantifying the in-depth resolution of the EFDC. Indeed, the purpose is not only to image charges, but to obtain quantitative information on their density. For this, the development of a 3D model of the electrostatic force is required. Our recent works show a good match between the simulated and measured forces on biased tip, and the next and indispensable step will be to extract quantitatively the charges density.

Figure 1 .

 1 Figure 1. KFM profile over localized injected charges in different SiOxNy layers. Charging conditions have been chosen to provide the same maximum potential.
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 2 Figure 2. (a) KFM profile after charging under 20V during different times in SiOxNy γ=100 layer. (b) Evolution of maximum potential Vm, area under peak and FWHM as function of injection time.
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 34 Figure 3. Influence of tip bias on the EFDC shape. In inset, resulting electrostatic force for 25V applied on tip.
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 5 Figure 5. Evolution of the maximum force as a function of the square of applied bias V².
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 6 Figure 6. EFDC measurements at different localization over injected charge spot (charging for 1min under 20V) in γ=100 SiOxNy layer. In inset, KFM and maximum electrostatic force profiles.
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 78 Figure 7. EFDC recorded after charging γ=100 SiOxNy layer with AFM tip under 20V for times indicated in the legend. In inset, evolution of the maximum force as a function of the area under KFM spot which represents in first approximation the charge density. 0.0 0.5 1.0 1.5 -4 -3 -2 -1 0 =100 -FWHM = 0.5µm =5 -FWHM = 5µm =10 -FWHM = 15.8µm Tip-sample distance (µm) Electrostatic force (nN)

Table 1 .

 1 Achieved, accessible and ultimate resolutions of classical space charge measurement techniques.

	Resolution	Achieved	Accessible	Ultimate
	Thermal	LIMM: 1µm	0.5µm	LIMM: 100nm
	Methods	TP: 0.6µm		TP: 60nm
	Acoustic			
	Methods			

Table 1 .

 1 Evolution of p and maximum force Fm of EFDC measured over electrode buried at different depths as function of electrode width and bias applied.

	Depth		Width 6µm 10V	Width 20µm	Width 6µm 4V
	(nm)		applied	10V applied	applied
	100	p	0.62	0.42	0.61
			-24	-31	-6
	50	p	0.6	0.42	0.59
			-26	-35	-7.8
	10	p	0.69	0.46	0.65
			-63	-65	-12.4
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