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Introduction

Space charge injection and transport in dielectric materials are the main causes of failure in many electrical systems. Such issues can arise at different scales in radio-frequency microelectromechanical systems with electrostatic actuation [START_REF] Witvrouw | Materials issues in the processing, the operation and the reliability of MEMS[END_REF], CMOS with a thin gate dielectric film [START_REF] Kerber | Charge trapping and dielectric reliability of SiO 2 -Al 2 O 3 Gate stacks with TiN electrodes[END_REF] or insulation for HVDC systems [START_REF] Zhang | Evidence of strong correlation between space-charge buildup and breakdown in cable insulation[END_REF][START_REF] Milliere | Silver nanoparticles as a key feature of a plasma polymer composite layer in mitigation of charge injection into polyethylene under dc stress[END_REF]. Failure in the insulating material generally leads to a loss of control in the system, requiring a premature replacement. Consequently, the understanding of charge build-up and transport in dielectric materials is crucial for improving their performance and reliability. Classical space charge probing methods [START_REF] Ahmed | Review of space charge measurements in dielectrics[END_REF] as, for example, the pulse electroacoustic [START_REF] Maeno | High-resolution PEA charge distribution measurement system[END_REF] or light intensity modulation methods [START_REF] Petre | Three-dimensional space charge cartographies by FLIMM in electron irradiated polymers[END_REF] have demonstrated in-depth resolution of, at best, a few microns. These techniques are well adapted to probe thick dielectric films (more than 20 μm), but fail in the attempt to investigate charges in thin dielectric films (less than a few microns thickness) [START_REF] Teyssedre | Challenges in probing space charge at submicrometer scale[END_REF]. For twenty years now, derivative methods from atomic force microscopy (AFM) have been increasingly used to probe charges in thin dielectric films [START_REF] Ishii | Static states and dynamic behaviour of charges : observation and control by scanning probe microscopy[END_REF][START_REF] Rezende | Detection of charge distributions in insulator surfaces[END_REF][START_REF] Stevens | Nano-and Meso-measurement methods in the study of dielectrics[END_REF]. Indeed, the nanoscale lateral resolution offered by AFM is promising to overcome the limits of in-depth resolution of classical space charge probing methods.

Among the existing electrical modes derivative to AFM, Kelvin probe force microscopy (KPFM) and electrostatic force microscopy (EFM) have been extensively used to determine the charge injection and transport in thin dielectric films [START_REF] Ishii | Static states and dynamic behaviour of charges : observation and control by scanning probe microscopy[END_REF][START_REF] Rezende | Detection of charge distributions in insulator surfaces[END_REF][START_REF] Stevens | Nano-and Meso-measurement methods in the study of dielectrics[END_REF]. Charges are injected in the dielectric film under bias voltage by using an AFM tip [START_REF] Tzeng | Charge trapping properties at silicon nitride/silicon oxide interface studied by variabletemperature electrostatic force microscopy[END_REF][START_REF] Sridhara | Environment and baking influence on charge retention on silicon nitride charge trap layers[END_REF][START_REF] Villeneuve-Faure | Kelvin force microscopy characterization of charging effect in thin a-SiO x N y :H layers deposited in pulsed plasma enhanced chemical vapor deposition process by tuning the Siliconenvironment[END_REF] or through lateral electrodes [START_REF] Okamoto | Electric filed concentration in the vicinity of the interface between anode and degraded BaTiO 3 -based ceramic capacitor[END_REF][START_REF] Jacquith | Time-resolved electrostatic force microscopy of charge trapping in polycrystalline pentacene[END_REF][START_REF] Ng | Dependence of charge injection on temperature, electric field, energetic disorder in an organic semiconductor[END_REF][START_REF] Martin | Space charge measurements with the scanning Kelvin Probe[END_REF][START_REF] Mortreuil | Charges injection phenomena at metal/ dielectric interface investigated by Kelvin probe force microscopy[END_REF]. Concerning charge injection by lateral electrodes, for the time being only a few studies are available in the literature. They mainly address the charge injection phenomenon in a qualitative way without determining charge density profiles. Very recently, a method based on a numerical procedure for treatment of the recorded signal in relation to the solution of Poisson's equation was proposed to extract space charge profiles between two lateral electrodes [START_REF] Faliya | Investigations of space charge distributions by atomic force microscope[END_REF][START_REF] Faliya | Space charge measurements with Kelvin Probe force microscopy[END_REF]. However, it does not offer a clear demonstration of the validity of the approach for thin dielectric films.

The objective in this paper is to propose a combined experimental and modeling method adapted to determine the space charge density profile at nanoscale in a thin dielectric layer through KPFM measurement by using lateral electrodes embedded in the layer. To that end two modeling methods were investigated. The first one is based on the second derivative of the surface potential profile using Poisson's equation, as described in Mortreuil et al [START_REF] Mortreuil | Charges injection phenomena at metal/ dielectric interface investigated by Kelvin probe force microscopy[END_REF]. The second one relies on surface potential computing using the finite element model (FEM). This paper is divided into three parts. The first part is dedicated to the experimental procedure. In the second part the two modeling approaches are described and the methodology to extract space charge density profiles from the experimental results is presented. In the last part, each technique is compared in terms of performance and sensitivity to sample geometry and material characteristics.

Experiments

The dielectric films used in this study were 300 nm thick SiN x layers. They were deposited by high frequency plasma enhanced chemical vapor deposition [START_REF] Zaghloul | A systematic reliability investigation of the dielectric charging process in electrostatically actuated MEMS based on Kelvin probe force microscopy[END_REF] on low resistivity silicon wafers. Embedded aluminum electrodes were processed by a lift-off process using a 2.5 μm thick NLOF photoresist. This resin was deposited and patterned by photolithography. Then, the SiN x was chemically etched to a depth of 70 nm and filled in by aluminum. Thanks to this twostep process a close metal/dielectric contact is assured. Finally, a 5 nm SiN x passivation layer was deposited over the embedded electrodes to avoid discharges during polarization. This process provides a step height between the electrode and the dielectric layer less than 5 nm, which prevents topography artifacts during KPFM measurement. Figure 1 represents a schematic cross-view of the final structure. Structures with inter-electrode distances ranging from 5 μm to 40 μm were designed and elaborated.

The electric field was induced by applying bias on the electrodes for one hour (figure 1): ground on one electrode and -V on the other one. The silicon substrate backside was set to the ground during the experiment. The surface potential was measured immediately after the polarization step. The surface potential was measured with a Bruker Multimode 8 set-up using Pt-coated silicon tip. Measurements were performed using KPFM in amplitude (AM-KPFM) and frequency (FM-KPFM) modes. For AM-KPFM a 10 nm lift height was used whereas FM-KPFM was performed in a single-pass mode (topography and surface potential were measured during the same scan). All measurements were done under a dry N 2 atmosphere after sample conditioning for 4 min at 120 °C to remove the water layer adsorbed on the surface. The measurement step was fixed to 40 nm.

AM and FM measurements were not performed at the same time or for the same polarization step due to the necessary calibration step, which prevents the switching between measurement technique in the course of measurement. However, results reproducibility was checked to ensure that the AM and the FM potential profiles were comparable.

Methodology to extract the charge density profile

KPFM measurements

Figure 2 compares the surface potential profiles obtained by AM-KPFM and FM-KPFM after polarization. During these measurements both electrodes were at floating potential. For both measurement methods, two peaks appeared close to the metal/dielectric interfaces; a negative peak close to the cathode and a positive peak close to the anode side. The maximum potential V m and the full-width at half maximum (FWHM) were extracted for each peak. The obtained values are reported in table 1. When using FM-KPFM the determined potential peak intensity was higher and the FWHM was lower in comparison with the results obtained by AM-KPFM. Moreover, the measured signal to noise ratio was improved. This is due to the fact that the FM-KPFM sensitivity and spatial resolution are higher than those for AM-KPFM [START_REF] Zerweck | Accuracy and resolution limits of Kelvin probe force microscopy[END_REF]. Consequently, one can state that the FM-KPFM is better adapted to probe charges at local scale because the measured surface potential is closer to the real one, in accordance with the results reported and discussed by Cohen et al [START_REF] Cohen | Reconstruction of surface potential from Kelvin probe force microscopy images[END_REF]. In the following the surface potential was measured by FM-KPFM.

Modeling approaches

To extract the space charge density profile from the surface potential profile measured by FM-KPFM two modeling approaches were explored. They are both based on the resolution of Poisson's equation for electrostatics. The first approach to extract the charge density profile ρ(x), already presented by Mortreuil et al [START_REF] Mortreuil | Charges injection phenomena at metal/ dielectric interface investigated by Kelvin probe force microscopy[END_REF][START_REF] Mortreuil | Charges injection investigation at metal/ dielectric interfaces by Kelvin Probe force microscopy[END_REF], is a 1D model giving directly ρ(x) as a second derivative of the measured surface potential:
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where ε 0 is the vacuum permittivity, ε r is the relative permittivity of the dielectric material, V S (x) is the measured surface potential, and x is the lateral position. We call this approach the second derivative model (SDM). Applying equation (1) to the surface potential implicitly supposes that the measured potential is equivalent to that along the thickness direction in 1D with infinite planar geometry for the electrodes and the dielectric. Consequently, the SDM does not take into account air/dielectric and substrate/dielectric interface influence. The best derivation is obtained using a step of dx=80 nm, which is actually twice the measurement step. Refining the differentiation step is needed when treating the FM-KPFM signal as the latter is steeper. This kind of processing becomes possible as the recorded signal is less noisy for FM-KPFM compared to AM-KPFM. The approach described here differs from the one reported by Faliya et al [START_REF] Faliya | Space charge measurements with Kelvin Probe force microscopy[END_REF] by the fact that no preliminary signal treatment (smoothing, fitting or filtering) was applied to the KPFM experimental raw data. In our configuration the recorded data are with high signal to noise ratio and do not require any additional signal processing.

The second method is based on the use of the FEM of COMSOL Multiphysics® software. The resulting 2D model represents the sample structure as shown in figure 3(a), surrounded by an air box of dimensions large enough to avoid edge effects. The relative dielectric permittivity of SiN x is taken as 7.5, which is given for a frequency of 1 kHz at 23 °C. The silicon substrate backside is set to the ground. The electrodes remain at floating potential, as in the experiment. The flow chart of the FEM approach is shown in figure 3(b). The model is initialized with generation of charge density clouds having Gaussian distribution of the charge density at both electrodes (figure 3(a)). For positive and negative charges, the density is expressed as:
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where ρ 0 is the maximum value (positive for holes and negative for electrons), x 0 is the maximum position and W is the FWHM of the charge cloud. Poisson's equation is solved in two dimensions in the dielectric layer and in the surrounding air to determine the potential distribution V(x,z) in the structure :
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This approach permits us to take into account the real geometrical constraints and the influence of the dielectric layer interfaces at the substrate and the surrounding air. The initial values for x 0 and W correspond to the experimental values of the surface potential maximum position and the FWHM respectively. ρ 0 is initiated at 1000 C m -3 . The computed surface potential profile is then compared to the experimentally obtained profile of the surface potential (figure 3(b)). This comparison is done using three criteria: (i) one on the maximum potential, ΔV m , (ii) one on the FWHM, Δ FWHM , and (iii) one on the position Δx 0 , which correspond to the differences between the experimental and computed values of maximum intensity, FWHM and position of the peak of the potential profile, respectively. As criteria to stop the iterations, we accepted a difference between computed and experimental potential profiles of less than 8% on the maximum intensity and less than 4% on the FWHM and on the position. The selected criteria correspond to the resolution of the KPFM technique [START_REF] Villeneuve-Faure | Atomic force microscopy developments for probing space charge at sub micrometer scale in thin dielectric films[END_REF].

In case of discrepancy, ρ 0 , x 0 and W for the positive and negative charges distributions are adjusted. If the difference is less than 10%, the parameter under iteration is modified by 5%, otherwise it is modified by 10%. The iteration procedure is maintained until complete matching between the computed and the measured surface potential profile is achieved (figure 3(b)).

Less than ten iterations are typically sufficient to fit. The charge density profile is then extracted from the calculated surface potential profile. The main advantages of this approach are that it takes into account the limited thickness of the dielectric layer (d) and offers identification of the real extension of the charges cloud in the volume.
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Results and discussion

Comparison of the modeling approaches

The applicability of the two modeling approaches is demonstrated using the experimental FM-KPFM surface potential profile shown in figure 2. The experimental conditions are as follows: 10 μm inter-electrode distance, polarization time of 1 h with -40 V applied to the left electrode and ground applied to the right one. Figure 4(a) represents the surface potential profile as recorded by FM-KPFM on SiN x thin film and the one obtained after FEM. Figure 4(b) compares electric field profiles extracted from the recorded surface potential profiles (figure 2) using the two numerical methods, as explained in the previous section. The results emphasize that the surface potential computed by the FEM adjusted accurately the experimental profile, except for a region far from the electrodes (figure 4(a)). The electric field profile is nearly the same for the two methods (figure 4(b)). Figure 4(c) represents a comparison of the charge density profiles extracted with each method. As for the electric field, both approaches provide charge density profiles with the same shape. For both models, the charge clouds are narrow and remain located close to the electrodes (maximum is located at 600 nm in the dielectric). The charge clouds exhibit the same shape for both models. This implies that they have nearly the same influence on the spatial resolution. The observed oscillations on the charge profile determined by the SDM are due to the noise on the surface potential profile, which is emphasized by the two derivative steps method. Moreover, the main feature is the fact that the FEM method provides charge density magnitude increased by a factor of ten compared to the SDM method.

The main difference between the two models is that the SDM model considers an infinite structure whereas the FEM model reproduces the real 2D-distribution considering the sample geometry. Indeed, the SDM allows extraction of only the electric field profile in the x-direction whereas the FEM computes the electric field intensities in the x-and in the zdirections, i.e. E x and E z . The contribution in the z-direction comes from the finite dimension of the dielectric film. Indeed, FEM results highlight that E z is non-null close to the charge clouds and reaches a maximum of around 1×10 5 V m -1 close to the substrate.

The FEM model was applied to investigate the influence of the dielectric film thickness on the charge density determination. For different dielectric layer thicknesses d (figure 3(a)), the charge density was determined to obtain a potential profile for negative charges close to the one shown on figure 2 (potential maximum at 1.18 V and FWHM= 1.8 μm). Figure 5 represents the maximum charge density ρ 0 as a function of the dielectric layer thickness for SiN x films with different thicknesses. The results emphasize that the determined maximum charge density is strongly influenced by the dielectric thickness. It decreases with increasing the thickness. It shows that a higher charge amount is necessary to provide a given voltage potential when the film is thinner. In addition, for film thicknesses over 1 μm, a mild evolution in the charge density is observed. The FEM model provides nearly the same amount of charge as the SDM model for large thicknesses. This is probably due to the fact that the E z contribution decreases with the dielectric thickness increase because of the E z maximum close to the substrate.

These results highlight that the SDM model provides accurate results in terms of charge cloud shape but underestimates the charge density in the case of thin films (less than 1 μm). Consequently, the FEM 2D model should be preferred to the SDM 1D model when probing thin films. A drawback of the FEM model reported here is that a priori knowledge in the shape of the charge clouds is necessary, in the current stage of development, whereas the SDM does not necessitate such information. A combination of the two methods can be a way to solve the problem. Indeed, the SDM model can be used to find the initial values of x 0 and W to reduce the number of iterations on these parameters. It can also be used to provide a guess on the shape of the charge cloud. In addition, the SDM allows a charge peak on the electrodes to appear, which can be interpreted as resulting from the influence of charges generated on the electrodes. This could also be considered in a future hybrid FEM-SDM model.

Influence of the initial surface potential profile

In the processing of samples, the deposition of a 5 nm passivation layer for the structure was systematically adopted. Without a passivation layer over the electrodes, the measured initial surface potential is not flat, as shown in figure 6(a). This non-flat profile stems from the difference between the Al work function and the SiN x surface potential. After polarization, the surface potential is modified only close to the cathode (i.e. the surface potential is now a superposition of the initial profile and the potential induced by injected charges). To extract the charge density two ways are available to proceed: (1) to correct the obtained profile by subtraction of the initial profile in order to avoid artifacts due to the initial non-flat profile or (2) to use directly the rough surface potential profile after polarization. Appling the SDM method to a corrected profile provides non-exploitable results because of the high noise level. When the SDM method is applied to the potential profile recorded on a rough surface it provides a charge density profile as the one depicted in figure 6(b). The charge density profile exhibits negative charges close to both electrodes. However, the electrons are injected close to the cathode due to applied negative bias. For the anode side, positive charges should be injected whereas the SDM method shows electron injection. This electron injection is only an artifact due to the shape of the initial surface potential (i.e. the surface potential difference between SiN x and Al). Indeed, the surface potential profile is not really modified close to the anode after polarization. Consequently, the SDM method is not adapted for use when the initial surface potential is not flat.

This drawback is avoided when using the FEM approach. Indeed, as the adjusting loop works with many parameters (position, potential maximum and FWHM), the FEM is less sensitive to noise and can be applied successfully on the corrected profile.

Influence of the material composition through the dielectric permittivity: theoretical considerations

In the previous section we demonstrated that for SiN x dielectrics (relative permittivity ε r =7.5) the FEM and SDM models provide similar results for layer thicknesses larger than 1 μm. To investigate the influence of material composition through the dielectric permittivity, a theoretical surface potential profile with 1 V of maximum potential located at 2 μm from the electrode with a FWHM of 1.8 μm was considered. We considered thin layers with different dielectric permittivities (SiO 2 ε r =3.9, Al 2 O 3 ε r =9, La 2 O 3 ε r =30, TiO 2 ε r =80) [START_REF] Robertson | High dielectric constant oxides[END_REF]. Using this theoretical profile, both models were used to compute the corresponding charge profiles as a function of the dielectric film thickness. Figure 7(a) represents the maximum charge density ρ 0 as a function of the dielectric layer thickness for TiO 2 film (relative permittivity ε r =80). As previously, the results emphasize that the determined maximum density is strongly influenced by the dielectric thickness when applying the FEM model. Moreover, the FEM and SDM models provide the same results only for thicknesses around 250 nm. For other thicknesses, the difference is very strong. It might be doubled in the saturation region or even tripled when it goes for very thin films. This can be explained by the fact that when the dielectric permittivity is high, the electric field is less confined in the dielectric layer and the interfaces have stronger influence on the E z contribution for thin layers. Figure 7(b) summarizes the absolute values of the charge density difference between the two models normalized by the charge density extracted from the SDM. The quantity is plotted as a function of the film thickness for materials with different dielectric permittivities. For simplicity we introduce charge density deviation (CDD), which reads:

r r r = - ( ) ( ) ( ) CDD % abs 100. 4 
0,SDM 0,FEM 0,SDM CDD=0 corresponds to the dielectric thickness for which both models provide the same maximum amount of charge. For dielectrics with low relative permittivity (less than 7.5, corresponding to the experimentally investigated SiN x in this work) and thicknesses larger than 1 μm the two models provide a charge amount in the CDD limit of 50%. By contrast, if the dielectric thickness is less than 1 μm, the CDD increases very rapidly and can reach discrepancies between the two models of more than 500%. For middle-and high-k materials (relative dielectric permittivity higher than 7.5) the CDD is important for almost all film thicknesses, although it does not reach values as high as for thin dielectric layers with lower permittivity. With respect to the dielectric relative permittivity, increasing the permittivity of the dielectric layer fixes the zero CDD at lower thickness. This suggests that the span of application of the SDM is increased towards thin layers although the CDD remains at the level of around 50%, which should correspond to a semi-infinite medium for FEM. However, the above analysis confirms that the FEM model is more appropriate for extracting charge profiles from the surface potential measurement.

Conclusion

In this paper, a methodology to extract charge density profile from surface potential profile was developed and validated. It is based on surface potential measurements by FM-KPFM followed by FEM modeling considering the real sample geometry. According to the obtained results the FEM method appears more robust than the SDM approach proposed in previous studies. The FEM method is 2D and offers the possibility of determining the space charge profile at nanometer scale after electrode polarization. It was found that for SiN x dielectric layers the charges cloud is narrow (FWHM=1.8 μm) and remains located close to the electrodes (at around 600 nm). Application of the FEM method appears more robust to noise and artifacts, and it also considers the real geometry of the sample. In addition, it is more sensitive with respect to the dielectric layers with different relative permittivity than the SDM approach. A drawback of the method is that in its present version it requires a priori knowledge of the shape of the charge distribution. The FEM method presented here will be further used to study charge injection and transport at metal/dielectric interfaces. 
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 1 Figure 1. Sample structure-cross-view.
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 2 Figure 2. Comparison of surface potential profiles measured by the AM-KPFM and FM-KPFM techniques for an inter-electrode distance of 10 μm after 1 h of polarization (-40 V applied to the left electrode and ground applied to the right one during polarization).
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 3 Figure 3. (a) Schematic representation of the modeled structure and (b) FEM based model flow chart.
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 4 Figure 4. Comparison of (a) surface potential, (b) electric field distribution in the x-direction, E x and (c) charge density profiles extracted from the surface potential profile measured by FM-KPFM using the SDM and the FEM models.
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 5 Figure 5. Evolution of the maximum charge density as function of dielectric layer thickness obtained for SiN x films after using a surface potential profile with maximum of 1.18 V and FWHM of 1.8 μm.
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 6 Figure 6. (a) Evolution with time of the surface potential profile measured by FM-KPFM before and after 1 h polarization (-20 V applied to the left electrode and ground applied to the right one). In this case the Al-electrodes were not passivated. (b) Corresponding charge density profiles extracted using the SDM method.
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 7 Figure 7. (a) Evolution of charge density as function of dielectric layer thickness obtained with a surface potential profile with a maximum of 1 V and FWHM of 1.8 μm for a TiO 2 layer (relative permittivity ε r =80). (b) Evolution of the CDD as a function of the dielectric film thickness for different dielectrics.
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