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Abstract 

Charge injection and retention in thin dielectric layers remain critical issues due to the great 

number of failure mechanisms they inflict. Achieving a better understanding and control of 

charge injection, trapping and transport phenomena in thin dielectric films is of high priority 

aiming at increasing lifetime and improving reliability of dielectric parts in electronic and 

electrical devices. Thermal silica is an excellent dielectric but for many of the current 

technological developments more flexible processes are required for synthesizing high quality 

dielectric materials such as amorphous silicon oxynitride layers using plasma methods. In this 

article, the studied dielectric layers are plasma deposited SiOxNy. Independently on the layer 

thickness, they are structurally identical: optically transparent, having the same refractive index, 

equal to the one of thermal silica. Influence of the dielectric film thickness on charging 

phenomena in such layers is investigated at nanoscale using Kelvin Probe Force Microscopy 

(KPFM) and Conductive Atomic Force Microscopy (C-AFM). The main effect of the dielectric 

film thickness variation concerns the charge flow in the layer during the charge injection step. 

According to the SiOxNy layer thickness two distinct trends of the measured surface potential 

and current are found, thus defining ultrathin (up to 15 nm thickness) and thin (15 nm – 150 nm 

thickness) layers. Nevertheless, analyses of KPFM surface potential measurements associated 

with results from Finite Element Modelling of the structures show that the dielectric layer 

thickness has weak influence on the amount of injected charge and on the decay dynamics, 

meaning that pretty homogeneous layers can be processed. The charge penetration depth in 

such dielectric layers is evaluated to 10 nm regardless the dielectric thickness.  

 

Keywords: thin film, dielectric, plasma deposition, charge injection, Kelvin Probe Force 

Microscopy, space charge  
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1. Introduction 

Common property of the dielectric materials is to accumulate charges under external stress, 

either electric field or particle beam irradiation. Charge accumulation phenomena occur in any 

dielectric regardless its dimensions (centimeter or nanometer scale) inducing inhomogeneous 

internal electric field. Even though this effect lies down the principle of operation of a large 

number of applications as non-volatile memory devices [1, 2] it causes dielectric troubleshoots 

in other devices like electrostatic adhesion in MicroElectroMechanical System (MEMS) [3] or 

induces damages in electronic devices through uncontrolled electrostatic discharges [4]. Thus, 

the dielectric charging phenomenon appears as one of the major challenges to meet for many 

electrical systems. The mechanisms of charge injection and accumulation in dielectric layers 

remain constantly a subject of scientific research aiming at a better managing of this 

phenomenon and controlling the level of electrostatic charging of the dielectric layers [1, 2, 5-

7]. However, major advances on the matter can be expected after development of appropriate 

diagnostic to probe charge injection and decay in thin dielectric layers. 

During the past decades, a lot of experimental techniques have been developed to 

measure space charge distribution as function of the depth in the dielectric and the question of 

their adaptation to thin dielectrics was raised [8, 9]. These techniques, based on acoustic or 

thermal interaction with electrical charges, provide charge density distribution in thick polymer 

films (thickness from few tens up to few cents of micrometers) with spatial resolution 

approaching 1µm but they fail to probe charge injection and decay mechanisms in thin dielectric 

films (thickness in the nanoscale range) used in electronic or microsystems components. 

Moreover, when the layer thickness scales down the micrometer range, specific issues like 

interfaces or transition between amorphous and crystalline domains in the dielectric, especially 

for insulating polymers, are superimposed [10].  

Aiming at a study of the charges distribution in thin dielectric films, techniques derived 

from Scanning Probe Microscopy (SPM) have naturally emerged to inject locally charges and 

to image the resulting surface potential modification. In this case, the Atomic Force Microscope 

(AFM) tip is used to perform local charge injection in dielectric materials, followed by 

measurements of the induced resonance frequency shift by Electrostatic Force Microscopy 

(EFM) [11-14] or by the resulting surface potential in Kelvin Probe Force Microscopy (KPFM) 

[5, 11, 15]. Literature overview emphasizes that charge injection and decay in thin dielectric 

films were extensively studied by EFM and KPFM focusing on charge density determination 

[16, 17], influence of the experimental conditions (humidity [5, 11, 18], lift height [19] or 

perturbation introduced by the electrostatic forces [20, 21]), or charge dynamics [11, 19]. In 
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spite of the numerous investigations on the problem, many aspects as charges distribution 

within the layer, mechanisms occurring at the metal/dielectric interface or charge injection 

mechanisms remain currently ill described. Besides, the AFM techniques can bring 

complementary information on the dielectric charging phenomenon. For example, low-current 

measurements in thin dielectric layers can be performed by conductive-AFM (C-AFM) or 

Tunneling AFM (TUNA) [22]. Two aspects can be thus investigated: (i) dielectric reliability in 

terms of breakdown [23] or leakage current [24] and (ii) mechanisms occurring during charge 

injection and transport. It was demonstrated for ultrathin SiO2 layer (less than 4 nm) that 

Fowler-Nordheim mechanism [23, 25] can be extracted from current versus voltage curves. 

However, determination of some physical parameters as energy barrier or in-depth charge 

distribution remains strongly correlated to the tip-sample surface contact estimation [25-29] 

and requires alternative approaches. 

This paper is dedicated to an experimental study of the influence of dielectric layer 

thickness on charge injection and transport in thin amorphous silicon oxynitride layers. This 

well-characterized material [30, 31], elaborated by plasma process, presents electrical 

properties very close to those of thermal silica which makes it perfect model material. Surface 

potential measurements achieved by KPFM and current measurements performed by C-AFM 

are combined to better understand charge injection mechanisms in thin dielectric films. The 

paper is organized as follows: the experimental details are presented in section 2. Section 3 is 

dedicated to results and discussion focusing successively on the SiOxNy layers characterization, 

the influence of dielectric thickness on charge injection mechanism and the amount of injected 

charges, the current versus voltage characteristics recorded by C-AFM, and the charge 

dynamics after injection. Finally, Section 4 summarizes the main conclusions. 

 

2. Experimental 

Plasma processed amorphous silicon oxynitride layers (SiOxNy) with very low N-content (of 

only 4 at. %) have been chosen for this study because of their outstanding electrical properties, 

close to those of thermal silica, and the possibility to well-control their thickness [30]. The 

dielectric layers were deposited by Pulsed Plasma Enhanced Chemical Vapor Deposition 

(PPECVD) in a radio-frequency (RF) capacitively coupled discharge sustained at low gas 

pressure. The parameters of the plasma process are summarized in Table 1. The gas mixture 

was of He, SiH4 and N2O, with helium as a vector gas (39.7% of the total gas flow). The N2O 

content was high, in order to achieve good quality silica layers. The RF discharge was 

modulated with square pulses to avoid dust formation in the plasma and to improve quality of 
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the deposited layers, thus their dielectric properties. The arrangement of the dielectric matrix, 

and accordingly the quality of deposited silica layers was further improved by the very slow 

deposition process and the high temperature of the substrate during deposition. More details on 

the plasma process are presented elsewhere [30,31].  

 

Table 1. Parameters of the plasma process for deposition of SiOxNy-layers and the dry oxidation process for growth 

of thermal SiO2-base. 

Plasma conditions for deposition of SiOxNy-layers 

RF frequency 13.56 MHz 

Applied power 5 W 

Pulse period 400 ms 

Pulse width 100 ms 

Total pressure 65 Pa 

Total gas flow 201.2 sccm 

He flow   80 sccm 

N2O flow 120 sccm 

SiH4 flow    1.2 sccm 

Precursor ratio,  = [N2O]/[SiH4] 100 

Deposition rate 3.9 nm/min 

Substrate temperature 300°C 

 

Dry oxidation conditions for growth of thermal 

SiO2-base 

Total pressure 1030 hPa 

Gas mixture N2-O2 

O2-content 1% 

Temperature 1100°C 

 

The structure of the studied devices is shown in figure 1. The basis consists of a 50 nm-

thick SiO2 layer thermally grown on Si (100) intrinsic substrates by dry oxidation. The 

parameters of the dry oxidation process are given in Table 1. 70 nm-thick Au/Ti-electrodes 

(60 nm of Au and 10 nm of Ti with the Ti-layer used as adhesion layer) were processed by 

sputtering on top of the basis SiO2 by sputtering. Two kinds of metal electrodes were designed: 

large square plate (4 × 4 mm2) floating electrode for charge injection study (figure 1(a)) and 

small wire (40 µm width and 1 mm long) localized electrode for current measurements (figure 

1(b)). Top view of the wire electrode is shown on the Scanning Electron Microscopy image 

(figure 1(c)). To embed the metal electrodes at different depths the structures were covered by 
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SiOxNy dielectric layers with different thicknesses as top layers. The thickness of the dielectric 

top SiOxNy-layers was controlled by the deposition time according to the characteristic for the 

system low deposition rate. After the SiOxNy deposition a small opening in the top dielectric 

layer was made to reach the Au-electrode for the current measurements (figures 1(b) and 1(c)). 

Spectroscopic ellipsometry was used to measure the dielectric layer thicknesses 

according to the procedure developed earlier [31]. A SOPRA GES-5 ellipsometer with a 

rotating polarizer and a fixed analyzer was used in the spectral range 250–850 nm. The 

simulation of the recorded spectra was performed with Winelli software provided by SOPRA 

LAB [32]. Forouhi-Bloomer dispersion law was applied for the spectra processing [33]. This 

approximation applies for dielectric and semiconducting thin layers and provides information 

on the layer thickness and optical properties (n – refractive index and k – extinction coefficient). 

AFM measurements were performed using a Bruker Multimode 8 apparatus under 

controlled environment (without humidity since under N2 atmosphere) to avoid charge 

dissipation due to the presence of water layer on the sample surface [31]. A silicon AFM tip 

with PtIr coating (curvature radius Rc = 25 nm and spring constant ks = 2.4 N/m) was used for 

the charge injection protocol and for the surface potential measurements by KPFM. The 

dielectric charging was achieved in contact mode (contact force set to 90 nN) by applying 

positive DC bias (V0 = +5 to +15 V) to the AFM tip for different time durations, the sample 

back side being grounded (figure 1(a)). After the charging step, the same tip was used to probe 

the surface potential in Amplitude Modulation KPFM mode using a 10 nm-lift.  

Current measurements were performed with a diamond coated highly doped Si tip 

(Rc = 125 nm and ks = 2 N/m) using C-AFM mode (figure 1(b)). A bias varying between +1 V 

and +20 V was applied to the Au-electrode. In order to adapt the noise detection level, the 

current measurements were performed owing to a low noise amplifier module, with 20 pA-

sensitivity for the dielectric layers thicker than 15 nm and 10 nA-sensitivity for lower 

thicknesses. Current was acquired during 60 s for each bias.  
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Figure 1. The studied device is composed of thermal SiO2 base, Au electrode and SiOxNy-layer over Si substrate. 

Device configuration for (a) charge injection and decay measurements and (b) C-AFM measurement; (c) Scanning 

Electron Microscopy top view image of the Au-electrode embedded at 31 nm for the current measurements.  

 

3. Results and discussion 

3.1 Dielectric layer characterization 

The thickness and optical parameters of the plasma deposited SiOxNy layers were systematically 

measured by spectroscopic ellipsometry. The SiOxNy-layers span in the thickness range from 

ultrathin, i.e. up to 15 nm (5.9 ± 0.4 nm and 11.1 ± 0.9 nm) to thin, 15 nm < d < 150 nm (15.6 

± 0.4 nm, 31.1 ± 0.2 nm, 50.0 ± 0.2 nm, 68.0 ± 0.3 nm, 129.7 ± 0.8 nm), layers. They are all 

transparent with extinction coefficient k < 0.002 in the investigated spectral range, having 

refractive index n = 1.45 ± 0.1 at wavelength  = 632.8 nm (figure 2) which qualifies them as 

layers with optical properties very close to thermal silica layers. Using the Forouhi-Bloomer 

dispersion law for spectra processing allows for extraction of the layer thickness and the optical 

properties in a consistent way. It avoids overestimation of the layer thickness when the 

refractive index of bulk silica is applied for simulation of the recorded ellipsometric spectra 

[34]. Regardless the SiOxNy-layer thickness the refractive index remains the same (figure 2(a)). 

We do not observe departure in the optical properties, towards higher refractive index, for the 

ultrathin SiOxNy-layers as reported for ultrathin SiO2 thermal layers [34]. Conservation of the 

refractive index for the SiOxNy-layers is most likely due to the plasma deposition process for 

which the layer growth results from deposition of plasma generated radicals, issued from the 

injected precursors. The applied for this study pulsed mode of operation of the PPECVD 

process improved the quality of the deposited layer. It leads to homogeneous distribution of the 

gas precursors in the reactor between the pulses, before each plasma ignition, which prevents 

from plasma deposition under O-related by-products exhaust [35]. Thus the PPECVD process 

allows for better control of the layer stoichiometry (O / Si = 2), avoiding modifications in the 

layer composition and structure. 
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Figure 2. (a) Refractive index and extinction coefficient of the studied SiOxNy thin dielectric layers as obtained 

from spectroscopic ellipsometry at  = 632.8 nm, (b) Variation of the refractive index and the extinction 

coefficient in the studied wavelength range for one ultrathin SiOxNy layer (d = 11.1 nm) and one thin layer 

(d = 129.7 nm). 

 

The spectral response of the SiOxNy-layers is closely related to the dielectric structure 

of the layer. It also gives information on the energy gap and the different charge traps [36]. 

After processing of the ellipsometry spectra, for all studied here SiOxNy-layers, we have found 

an electronic part of the dielectric constant of  = 2.13 (n = 1.46). The later provides a 

Schottky pinning parameter of Sp = 0.887 and defines the charge state in the SiOxNy dielectric 

interface as slightly pinned when in contact with a metal electrode [36, 37]. A small increase of 

the refractive index is observed in the Mid-UV and Near-UV range for the thickest SiOxNy layer 

(d = 129.7 nm, in figure 2(b)). In addition to the normal dispersion of the refractive index in 

that spectral region, the refractive index increase is most likely due to the limited, but present 

small N-content (4 at. %) in the SiOxNy-layer. 

 

3.2. Impact of the dielectric thickness on the charge injection: KPFM study 

For each SiOxNy layer, charge injection was done under tip bias V0 varying from +5 V to +15 V 

during various times (from 1 min to 10 min). Immediately after charge injection, the KPFM 
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surface potential profiles were recorded along a line crossing the injection point (figure 3) [31]. 

Figure 3(a) represents the surface potential induced by the injected charges. The potential 

distribution is of round shape. AFM mapping of the SiOxNy-surface in the region of charge 

injection shows no modification of the SiOxNy-surface topography (figure 3(b)). A classical 

Gaussian shape of the potential profile is observed (figure 3(c)). Three relevant parameters were 

extracted from this profile: (i) The maximum potential Vm, with respect to surface reference 

potential, which is measured at the injection point; (ii) The Full Width at Half Maximum 

(FWHM) which reflects the charges lateral spreading and (iii) The area IS under the potential 

profile which is considered to represent, to a first approximation, the quantity of stored charges. 

The later assumption is considered valid even for thin dielectric films because the injected 

charges remain close to the surface. The evolution of these three parameters, as function of the 

charge injection conditions, was investigated to follow the charge injection and transport 

dynamics. The reference potential in figure 3(c) corresponds to the potential of the surface prior 

to charge injection. Reproducibility measurements show very low variation in the probed values 

of the potential profile, thus the extracted parameters. Standard deviation of the potential 

maximum does not exceed 8% and the one of FWHM of the potential profile is limited to 4%. 

For clarity issues errors bars are not represented on the figures later on. 

 

Figure 3. AFM mapping of the SiOxNy-surface in the region of charge injection (2 min at V0 = +12 V) for the 

130 nm-thick layer: (a) potential distribution and (b) SiOxNy surface topography. (c) KPFM surface potential 

profile.  

 

Figure 4(a) represents the evolution of the surface potential profile as function of the film 

thickness for charge injection at +12 V during 2 min. One can distinguish two different trends 

with respect to the dielectric layer thickness. 

- Dielectric layers with thickness less than 15 nm (ultrathin layers): FWHM and area IS 

increase with the dielectric layer thickness even though the electric field decreases 

(constant bias voltage).  
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- Dielectric layers with thickness larger than 15 nm (thin layers): FWHM and area IS are 

insensitive to the dielectric layer thickness.  

The influence of the dielectric thickness on the evolution of the maximum potential Vm and area 

IS as function of the injection time for different SiOxNy-layer thicknesses is presented in figure 

4(b). As previously, different behaviors are observed as function of the dielectric layer thickness 

for ultrathin and thin layers. For the 11 nm-thick SiOxNy-layer, IS and Vm remain relatively 

constant regardless the injection time. The 31 nm-thick SiOxNy behaves differently for short and 

longer injection times. For short times (less than 5 min), Vm and IS increase with injection time. 

For longer injection times a saturation in the two parameters is observed. As for the 130 nm-

thick SiOxNy-layer, the Vm and IS increase with the injection time but the FWHM (not shown vs. 

charging time) of the potential profile is slightly influenced by the injection time. It increases by 

only 0.1 µm, from 0.4 µm for 1 min charging time to 0.5 µm for 10 min.  

 

Figure 4. (a) Evolution of the surface potential profile FWHM and area IS as function of the SiOxNy-layer thickness 

for constant injection time and bias (2 min at V0 = +12 V); (b) Evolution of the surface potential maximum Vm and 

the area IS under peak as function of the injection time for SiOxNy-layers with different thicknesses (applied bias of 

V0 = +12 V). 

 

The same evolution of the surface potential profile is observed when increasing the 

injection bias for a fixed injection time (results not shown). Indeed, the Vm and IS are insensitive 

to the injection bias increase for charge injection in the 11 nm-thick film, whereas these two 

parameters increase with increasing the bias for charge injection in the 130 nm-thick dielectric 

film. Concerning the 31 nm-thick film, again a two steps behavior is observed: the increase of 

Vm and IS with increasing the injection bias is followed by saturation (for applied bias larger than 

+8 V). However, the relationship between the area and the amount of injected charges is not 

straightforward in this case because of the dielectric layer thickness. This aspect will be 

discussed in detail in the following sections. 
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3.3. Electric field influence on the charge injection: modeling approach 

Results presented in the previous part show different fate of the injected charges depending on 

the dielectric layer thickness. To better understand the underlying mechanisms, we have 

performed an electrostatic modelling of the system aiming at identification of the relative 

contribution of the electric field components during charge injection and the influence of 

dielectric layer thickness on the surface potential profile. 

The electric field is computed using a simple model consisting in a truncated cone of 

10 µm-height with 14° aperture angle, ending with a semi-spherical apex of Rc = 25 nm or 

Rc = 125 nm. The considered geometry corresponds to a classical AFM tip shape used for 

modelling [38]. It accounts for the macroscopic shape of the tip, rather than the nanoscopic 

shape of the tip apex due to the long range nature of the electrostatic forces [39]. This tip is 

surrounded by an air box (dimensions large enough to avoid edge effects). It is in contact with 

the dielectric SiOxNy layer (figure 5(a)). The Au-electrode is considered at floating potential. 

Potential and electric field are computed in air, SiOxNy, SiO2 layers and in the intrinsic Si-

substrate. The electric field is supposed capacitively distributed considering the relatively short 

polarization times used here and the large dielectric time constant for the dielectric layers. The 

relative dielectric permittivity of the SiOxNy layer is taken r = 3.9, as measured by dielectric 

spectroscopy for the very same dielectric layers [30]. For the thermal SiO2 and the Si-substrate 

it is r = 3.9 and 12, respectively. The model is 2D-axisymmetric based on Finite-Element Model 

(FEM) developed on COMSOL Multiphysics. The mesh is refined and optimized close to the 

contact point to improve calculation accuracy. The potential is applied on the tip and the ground 

is taken at the silicon substrate backside (charge injection configuration). The dielectric is 

supposed free from charges at the initial state. The boundary conditions are selected to ensure 

no edge effect and no charges (zero potential) on the free boundaries of the simulation box. 

The Poisson's equation is solved in air and in the dielectric layers to determine the 

potential V.  

∇⃗⃗ ∙ (𝜀0𝜀𝑟�⃗� ) = 𝜌                                                                    (1) 

where ρ is the charge density and ε0 is the vacuum permittivity. 

The electric field �⃗�  is derived from the potential V: 

�⃗� = −∇⃗⃗ 𝑉                                                                    (2) 
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Figure 5. (a) Scheme of the AFM tip and the sample system, (b) Spatial distribution of computed electric field 

modulus for V0 = +10 V applied to the tip during charging protocol (Rc = 25 nm) for the 130 nm-thick dielectric 

layer, (c) Related Ez electric field in-depth distribution of the 130 nm-thick dielectric layer. In insert, the Ez in-

depth distribution of the 130 nm-thick and the 11 nm-thick dielectric layer for the same V0 and (d) the lateral Er 

electric field distribution at the dielectric/air interface of the 130 nm-thick dielectric layer. In insert, the lateral Er 

distribution of the 130 nm-thick and the 11 nm-thick dielectric layer for the same V0. 

 

The electric field distribution in the 130 nm-thick SiOxNy dielectric layer for a bias of 

V0 = +10 V applied to the tip in charge injection configuration is depicted in figure 5(b). The 

electric field is non-homogeneously distributed in the dielectric layer. An electric field 

strengthening is observed at the contact point under the tip. The electric field is substantially 

enhanced close to the injection area compared to the electric field strength in plane-plane 

configuration for the same dielectric thickness.  

The in-depth evolution of the Ez-component of the electric field along the revolution axis 

is represented in figure 5(c) for the 130 nm-thick and the 11 nm-thick (insert of figure 5(c)) 

dielectric layers. The Ez-field decreases exponentially in the 130 nm-thick dielectric layer.  The 

Ez-field decrease is reduced in the 11 nm-thick layer. The more homogeneous in-depth 
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distribution of the electric field in the 11 nm-thick layer is explained by the fact that for dielectric 

layers with thicknesses smaller than the AFM tip radius, the configuration gets closer to a plane-

plane one. In our configuration this effect is ensured by the Au layer, which screens the electric 

field, and diminishes the influence of the thermal SiO2 layer and the intrinsic Si bulk. The 

evolution of the lateral Er-component of the electric field along the dielectric surface is 

represented in figure 5(d) for the 130 nm-thick and the 11 nm-thick (insert of figure 5(d)) 

dielectric layers. One can notice that the maximum lateral electric field is less influenced by the 

thickness of the dielectric layer whereas a profile broadening is observed for the thinner layer. 

This high lateral electric field drives the charges spreading in radial direction. 

 

Figure 6. Evolution of surface potential maximum Vm and FWHM as function of the SiOxNy film thickness for an 

electric field at the injection point of 4.7 × 107 V/m (injection time of 2 min). 

 

The strong inhomogeneity of the electric field, especially for thin SiOxNy-layers 

(d > 15 nm) prevents from correct interpretation of the measured surface potential on films of 

different thicknesses, as the electric field at the contact point is different. For comparison reasons 

figure 6 represents the variation of the surface potential maximum Vm and FWHM as function 

of the film thickness for the same initial electric field at the injection point, as calculated from 

the above described model. The FWHM does not vary significantly with the dielectric layer 

thickness. This is most probably related to the fact that the lateral electric field maximum is 

weakly influenced by the dielectric layer thickness (figure 5(d)). In addition, it is of the order of 

0.5 µm, i.e. significantly larger than the distance from the axis providing maximum radial field. 

So, the space-charge induced field probably drives the charge spreading more significantly than 

the geometric field.   

The potential maximum Vm and consequently the area under the peak Is increases with 

the film thickness. However, to conclude about possible relation between the charge storage 
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capability and the film thickness, the relation between charge amount and surface potential 

should be determined. 

 

3.4. Estimation of the injected charge density 

In order to identify the impact of the dielectric layer thickness on the probed surface potential, 

the previous finite element model was modified. Space charge distribution 𝜌 was introduced in 

the Poisson’s equation. The Gaussian shape of the measured surface potential profile was 

adopted for the lateral distribution of the injected charges. Nevertheless, different hypotheses 

can be made for the in-depth distribution of the injected in the dielectric layer charges. Here we 

have investigated two different in-depth charge distributions: 

1) In the first case, the in-depth charge density distribution was supposed constant over a 

thickness dp. The same hypothesis was made by E. Palleau et al. [40]. The resulting charge 

density profile 𝜌𝐻 is called 2D, depicted on the insert in Figure 7(a), and can be given by the 

following expression: 

𝜌𝐻(𝑟, 𝑧) =
𝑄

𝑑𝑝

1

𝜎𝑟√2𝜋
𝑒𝑥𝑝 (−

𝑟²

2𝜎𝑟²
)      0 ≤ z ≤ dp                             (3) 

where Q is the injected charge quantity, dp is the charge penetration depth in the dielectric and 

σr is a parameter corresponding to the lateral extension of the charge distribution (related to the 

FWHM, Wr = 2.35 σr). The penetration depth dp could be smaller or equal to the dielectric layer 

thickness. Figure 7(a) illustrates the charge density distribution in a 130 nm-thick dielectric layer 

for Q = 1.25 × 10-16 C, dp = 11 nm and Wr = 250 nm. 

2) In the second case, the in-depth distribution of injected charges is with half-Gaussian 

shape. The resulting 3D charge density profile 𝜌𝐺 , depicted on the insert in figure 7(b), can be 

given by the following expression: 

𝜌𝐺(𝑟, 𝑧) = 2𝑄
1

𝜋𝜎𝑟𝜎𝑧
𝑒𝑥𝑝 (−

𝑟2

2𝜎𝑟
2 −

𝑧²

2𝜎𝑧²
)       0 ≤ z ≤ d                           (4) 

where σz is related to the in-depth distribution of injected charges (related to FWHM Wz of the 

full Gaussian with Wz=2.35σz). The insert in figure 7(b) illustrates the 3D-charge density 

distribution in the same 130 nm-thick dielectric layer for Q = 1.25 × 10-16 C, Wz = 10 nm 

(representing the in-depth charge spreading dp) and Wr = 250 nm. 

 



14 

 

 

Figure 7. Charge distribution in the FEM model for (a) 2D 𝜌𝐻 and (b) 3D 𝜌𝐺  charge density distributions, AFM 

probe is lifted at 10 nm as for KPFM measurements. (c) Evolution of electrostatic force as function of the applied 

bias on the tip for 130 nm-thick SiOxNy layer and 2D charge density 𝜌𝐻 (Q = 1.25 × 10-16 C, dp = 11 nm and 

Wr = 250 nm), (d) Evolution of computed maximum potential and FWHM  of the potential profile as function of 

the SiOxNy-layer thickness for the two charge density profiles 2D 𝜌𝐻 and 3D 𝜌𝐺  ( Wz = 10 nm and Wr = 250 nm). 

 

To obtain the surface potential profile, the electrostatic force Fe induced on the tip by the 

charge cloud was computed using the following equation: 

𝐹𝑒 = ∬
𝜀0𝜀𝑟

2
‖�⃗� ‖²𝑑𝑆

𝑡𝑖𝑝
                                                            (5) 

where E is the electric field, r = 1 is the air relative dielectric permittivity and dS is an 

elementary surface. At each point, the electrostatic force Fe is computed as function of the 

applied bias V0. Thus a parabolic curve, as the one shown in figure 7(c), is obtained and the 

related surface potential corresponds to the electrostatic force minimum [16].  

Concerning the 2D-charge distribution 𝜌𝐻: the surface potential profile was computed 

with the same charge parameters as above (Q = 1.25 × 10-16 C, dp = 11 nm and Wr = 250 nm) 

for different dielectric layer thicknesses. The resulting maximum surface potential and the 

FWHM are depicted as function of the dielectric thickness on figure 7(d). The obtained results 
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emphasize that, for the studied 2D-charge distribution, the resulting surface potential maximum 

increases with the dielectric film thickness, whereas the FWHM remains constant. 

Concerning the 3D-charge distribution 𝜌𝐺: again the surface potential profile was 

computed with the charge parameters as for the 2D-charge distribution (Q = 1.25 × 10-16 C, 

Wz = 10 nm and Wr = 250 nm) for different dielectric layer thicknesses. The resulting maximum 

surface potential and the FWHM are depicted as function of the dielectric thickness on 

figure 7(d). As previously, the results emphasize that the resulting surface potential maximum 

increases with dielectric film thickness, whereas the FWHM remains constant. The FWHM is 

identical for the two charge density profiles 2D 𝜌𝐻 and 3D 𝜌𝐺 . 

Therefore, independently on the considered space charge distribution, for fixed charge 

distributions, the maximum surface potential increases with the dielectric layer thickness. 

Moreover, the increase in potential vs. layer thickness obtained in simulation with the 2D or 3D-

charge distribution reproduces the trends in the experimental results presented in figure 6. 

According to these simulation results, the increase in potential with the dielectric thickness for 

fixed injection conditions (field and time) would be explained mainly by electrostatic features 

and not by a variation in the amount of injected charges. The electric field at the contact point 

actually determines the charge amount to be injected in the dielectric.  

 

3.5. Charges dynamic during injection: current measurements 

To go further in the description of charge dynamic during injection, the study on charge injection 

and surface potential measurements was completed with C-AFM measurements. The C-AFM 

measurements were performed by using the second device structure (figure 1(b)) and a diamond 

coated highly-doped Si tip with curvature radius of Rc = 125 nm. For comparison purposes, the 

current measurements performed on dielectric films with different thicknesses are presented as 

function of the electric field at the contact point (figure 8). The electric field at contact point is 

computed using a FEM model, similar to the one already described in Section 3.3. The main 

difference is that the bias is applied on the Au-electrode (figure 1(b)) and the tip is grounded, in 

order to remain consistent with the experimental situation. 

As previously noticed, different responses are observed for the ultrathin (d < 15 nm) and 

the thin (15 nm < d < 150 nm) SiOxNy films. The measured current for ultrathin layers remains 

at low current level (0.14 pA) and almost constant for a large range of variation of the electric 

field up to a threshold value after which a very quick current increase (5 orders of magnitude) is 

observed (figure 8). The thin layers are characterized by a rather slow increase of the current 

with the electric field, starting at halved current level (0.07 pA) for a fixed electric field and 
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increasing by an order of magnitude for the same range of variation of the electric field. The 

16 nm-thick SiOxNy film appears intermediate with a mixed response. No topography 

modifications were observed on the surface of the studied dielectric layers after the C-AFM 

measurements.  

 

Figure 8. Current versus electric field characteristics for SiOxNy layers with different thicknesses.  

 

With respect to the current measurements, one can say that Fowler-Nordheim conduction 

is most likely the mechanism controlling the current in ultrathin layers [23, 25, 27, 28]. However, 

for the interpretation of these results, in term of transport laws, the current density needs to be 

computed, which requires estimation of the current collection area. Indeed, assessment of the 

current collection area is the main bottleneck in the analysis of the C-AFM results. In C-AFM 

mode, the measurement response is closely linked to the physical properties of the contact 

between the nano-sized tip and the dielectric surface. This interaction was demonstrated for 

ultrathin inorganic (ceramic) dielectric films and thin organic semiconductor films, by using the 

Fowler-Nordheim [16, 23, 25, 37-38, 40] and the Space Charge Limited Current law [41], 

respectively. We also split the analysis here in two, for ultrathin and thin SiOxNy layers [42].  

 

- Ultrathin dielectric layers (d < 15 nm) 

Concerning the ultrathin dielectric layers, the collection area is typically determined by using 

one of the three main approaches: (i) The contact area is computed using the Hertz approach and 

corresponds to the mechanical contact area [43], (ii) The effective contact surface is determined 

by fitting the current-voltage experimental curve. This assessment depends on the following 

parameters: AFM-tip work function, contact force and dielectric thickness, and leads a broad 

range of obtained values, from 10 nm² to 100 nm² or even more if the curvature radius of the 
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AFM-tip is large, and (iii) The contact area is estimated after SEM observations of the AFM tip 

after measurements [44]. 

In order to better estimate the effective contact surface for the current measurements we 

have used a fourth approach. The current versus electric field curve obtained for the 6 nm-thick 

SiOxNy layer was fitted using the Fowler-Nordheim Tunneling (FNT) theory. In the frame of 

FNT the current is given by: 

𝐼 = 𝑆𝛼𝐸2𝑒𝑥𝑝(−
𝛽

𝐸
)                                                         (6) 

with 𝛼 =
𝑞3

8𝜋ℎ

𝑚𝑒

𝑚𝑜𝑥

1

𝐵
 and 𝛽 =

8𝜋

3

√2𝑚𝑜𝑥

𝑞ℎ
𝐵

3/2
. In equation (6) E is the applied field to the 

dielectric layer, S is the area of the electrodes (when considering a symmetric 

metal/insulator/metal (MIM) structure; with Rc = 125 nm >> d = 6 nm, the hypothesis for a 

symmetric MIM structure is fulfilled), mox is the effective electron mass in the band gap of the 

dielectric (mox = 0.37me for SiO2 [26]), me is the free electron mass, h is the Planck's constant, 

q is the electron charge and B is the energy barrier height.  

 

Figure 9. FNT plot for the 6 nm-thick SiOxNy sample.  

 

Figure 9 represents the FNT plot for the 6 nm-thick SiOxNy sample after fitting the 

experimental data at high electric field to equation (6). This procedure permits to extract 

parameters as injection barrier B and contact surface. Accordingly, an energy barrier B of 

3.28 eV was found. It is in agreement with values reported in the literature, from 2.25 to 3.34 eV 

for SiO2 layers [26]. For comparison purposes, the Schottky barrier height (SBH) was 

calculated in the frame of the metal-induced gap states theory accounting for the charge transfer 

at the metal-dielectric contact [36, 37]. By applying the Schottky pinning parameter Sp = 0.887, 

as obtained after considering the extracted from spectroscopic ellipsometry measurements 

electronic part of the dielectric permittivity (§ 3.1), the SBH for electrons was found 3.87 eV. 
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However, the achieved correlation coefficient of the FNT fit is poor, of only 0.92. It leads to a 

quite high error interval for the contact surface, ranging from 2.4 × 104 nm² to 3.7 × 107 nm², 

when taking into account the standard deviation of the intercept. Considering the effective 

surface as Seff =  Rc
2, the corresponding collection surface ranges from 0.5 × Seff to 760 × Seff.  

Neither of the above presented approaches is really convincing in our case. Indeed, the 

effective contact surface seems to be an adjustment parameter whose physical significance is not 

straightforward. Considering only mechanical contact is a limitation because it does not take into 

account the possibility to collect charges by “proximity”, that is to say through air by the 

curvature of the AFM-tip. Such situation was already demonstrated. Dielectric layers can be 

charged in “tip-to-sample” space mode, i.e. charges are injected without contact between the tip 

and the dielectric surface over a distance of around 50 nm [45, 46]. However, the charge 

collection efficiency strongly depends on the distance to contact point. The latter is in agreement 

with the presented experimental results.  

 

- Thin dielectric layers (15 nm < d < 150 nm) 

To analyze the results for thin SiOxNy-layers (15 nm < d < 150 nm), the current measured in a 

classical MIM configuration is completed by the C-AFM results. The MIM measurements were 

performed under controlled atmosphere. The potential Vdc was applied by steps and the current 

was measured for 1000 s on a 116.8 nm thick SiOxNy layer. The C-AFM measurements were 

performed on the 50 nm-thick SiOxNy-layer and the current density was obtained after dividing 

the measured current by an effective contact area (Seff). The upper electrode (probe), is 

represented by a disk with radius equal to the curvature radius of the tip (Rc = 125 nm). To test 

the reliability of the procedure and to account for the uncertainty in the effective collection area, 

the estimation of the current density is completed in the hypothesis of a collection surface 10 

and 100 times larger than the Seff. The obtained results are presented in figure 10. Comparison 

between C-AFM and classical MIM configuration is tough, as applied electric field in the two 

cases are very different; homogeneous versus inhomogeneous one, with strongly pronounced 

strengthening at the AFM tip. However, the measured current densities seem consistent with 

transport mechanisms described by an ohmic behavior at low field, a threshold field of 108V/m 

which is represented by a change in slope in the log-log diagram, and a high field region where 

the C-AFM points appear rational with the overall. However, measurements for electric fields 

in-between these two extremities must be performed to complete and confirm the described 

trend. Even though the overall picture seems consistent, taking into account of different Seff 

raises the problem of the effective contact surface between the AFM-tip and the sample. The 
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contact surface can then be used as an adjustable parameter for each experiment. Indeed, studies 

reported in the literature show that for C-AFM measurements, the contact surfaces should be 

taken several order greater than the presumed one, a disk with a radius equal to the AFM-tip 

curvature radius [27-29].  

 

Figure 10. Current density variation for low and high electric fields: I) classical MIM measurements on 116.8 nm 

thick layer, II) C-AFM measurements on 50 nm thick layer. 

 

Despite the simplicity of the above presented approach, the obtained results underline that a 

quantitative interpretation of the C-AFM measurements of inorganic thin dielectric layers 

requires assessment of the collecting surface and consideration of the current density 

heterogeneity. The same outcome was reached in the case of organic semiconductors [41]. 

Present results suggest further complexity brought by charge trapping near the AFM tip. The 

electric field near the tip is obviously modified by the stored charge, by amounts of the order of 

the applied field by considering the electrostatic modelling made with 2D or 3D charge clouds. 

Because of these charge trapping effects, injected charges can flow radially over reasonable 

distance before being collected in the bulk. It means that the apparent collecting surface would 

have a dynamic character in addition to the uncertainty about its extension. 

 

3.6. Charge dissipation after injection: time evolution for ultrathin and thin SiOxNy-layers 

We finally consider how the potential profiles evolve in time after charge storage to approach 

charge dissipation processes. Figure 11 represents the evolution of the potential profile, recorded 

at different times after injection. Again the ultrathin and thin SiOxNy-layers behave differently. 

For the ultrathin SiOxNy-layers the surface potential baseline at the end of the injection process 

is at higher level compared to the surface potential before the charging step. Then a rapid 

decrease of the reference baseline of the surface potential is observed in time, as shown for the 
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11 nm-thick SiOxNy-layer (figure 11(a)). The surface potential baseline reaches a level close to 

the initial one, i.e. that the surface potential before charge injection, after 500 s.  

The thin dielectric layers are characterized by no modifications of the reference surface 

potential at the end of the injection with respect to the values before injection. The reference 

surface potential remains at the same level after injection too, whereas a decrease of the surface 

potential maximum of the profile occurs, as given for the 31 nm-thick SiOxNy-layer (figure 

11(b)).  

 

Figure 11. Evolution of potential profiles with time after injection for (a) ultrathin (11 nm-thick SiOxNy) and (b) thin 

(31 nm-thick SiOxNy) dielectric layers (injection at V0 = +12 V during 4 min). 

 

A way to better understand these phenomena is to follow the evolution of the surface 

potential profile baseline as function of time after injection for different layer thicknesses, as 

shown in figure 12(a). The results confirm the strong modification of the surface potential profile 

baseline occurring during the charging step, followed by recovery of the initial level for ultrathin 

layers (the 11 nm-thick SiOxNy on figure 12(a)) due to charge relaxation on Au-electrode. The 

observed phenomenon for ultrathin layers is actually attributed to charges collection in the buried 

Au-electrode which is at floating potential during the injection step (as shown in insert of figure 

12(a)). Increasing the SiOxNy-layer thickness leads to disappearance of this effect, as confirmed 

for thin SiOxNy-layers (the 31 nm-thick SiOxNy on figure 12(a)). It means that for thin SiOxNy-

layers (15 nm < d < 150 nm) the injected charges do not reach the Au-floating electrode. They 

are trapped in the dielectric layer close to the contact area. The recorded surface potential profile 

baseline repeats the one before charge injection, and remains the same during the charge 

injection step.  

These results actually provide information about the charges penetration depth. Indeed, 

the penetration depth is one of the key parameters to know aiming at extraction of the charges 
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density from surface potential measurement [40]. According to the obtained results on the 

reference surface potential, one can conclude that the charge penetration depth is limited to the 

thickness of ultrathin dielectric layers (d < 15 nm), thus confirming the assumption made in 

Section 3.4 for charge penetration depth of 10 nm. The invariance of the reference surface 

potential for thin layers (15 nm < d < 150 nm) validates the hypothesis of in-depth charge 

spreading independent from the layer thickness.  

 

Figure 12. (a) Reference surface potential evolution in time after charge injection for ultrathin and thin SiOxNy 

films (11 nm-thick and 31 nm-thick SiOxNy films), (b) Evolution in time after charge injection of the FWHM and 

the surface potential profile normalized area, with respect to its initial value, for different film thicknesses. The same 

charge injection conditions are used in each case: 2 min at V0 = + 5 V.  

 

As far as the time evolution of the other characteristics of the surface potential profile 

after charge injection, one can observe the same trends for the FWHM and the normalized area 

with respect to its initial values (figure 12(b)). Regardless the SiOxNy-layer thickness the FWHM 

of the surface potential profile remains constant in time and the normalized area decreases with 

the same linear dynamic meaning that the dielectric film thickness does not affect the dissipation 

behavior of the injected electrical charges. Even for the ultrathin SiOxNy-layers (the 11 nm-thick 

SiOxNy on figure 12(b)) the trapped charges remain stable. The same charge dissipation behavior 

determines decay mechanisms being function of the material properties only and not of the layer 

geometrical aspect; ultrathin or thin SiOxNy-layers. The observed linearly decaying area and 

constant FWHM of the surface potential after charge injection confirm a charge dissipation 

mechanism preferentially occurring in the volume of the dielectric layer. 

 

4. Conclusion 

The influence of the thickness of thin plasma deposited silicon oxynitride SiOxNy layers on the 

charge injection mechanisms was investigated in KPFM mode at nanoscale for different applied 
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DC-voltages and injection times. The SiOxNy layers are structurally identical for all thicknesses. 

The SiOxNy layers are well structured, optically transparent, and having refractive index 

n = 1.45, equal to the one of silica. Analysis of the recorded surface potential profiles, after 

performed charge injection, shows distinguished behavior for ultrathin (d < 15 nm) and thin 

(15 nm < d < 150 nm) dielectric layers. The same is observed for both increased bias voltage 

and increased injection time. To explain the observed trends a 2D-axisymetric electrostatic 

model is developed on FEM basis. The FEM modelling emphasizes that during the charge 

injection step the electric field in the dielectric layer is divergent and strongly enhanced close to 

the injection point. This enhancement is less pronounced for the ultra-thin dielectric layers for 

which the dielectric thickness becomes comparable to the curvature radius of the AFM tip. The 

electric field decreases exponentially in the dielectric layer. The radial electric field component 

is strong, giving rise to charge spreading in radial direction. The electric field at the contact point 

determines the amount of injected charges in the dielectric layer. The injected charges are 

localized close to the injection point. Their penetration depth in the oxynitride dielectric layer in 

the order of 10 nm. Current versus voltage curves were obtained locally in C-AFM mode. An 

injection barrier of 3.28 eV has been extracted from FNT plots. Again the ultra-thin and the thin 

SiOxNy layers behave differently, with mixed behavior for the dielectric layer with thickness in 

the transition between the two groups. The fast increase in current at high field could be related 

to Fowler-Nordheim effect. However, incertitude about effective collection surface in C-AFM, 

configuration of divergent field and probable space charge induced modification of the local 

field make quantitative assessment tricky. The collection surface seems to have a dynamic 

character in addition to the uncertainty about its extension. Analysis of charge dissipation in the 

dielectric layers confirms the second hypothesis for bell-shape distribution of the amount of 

injected charges in both axial and radial directions and the considered in the model charge 

penetration depth. Further work will be directed to edge effects induced by the discontinuity of 

the metal electrode and to analyses of energetics of injected charges, and description of charge 

trapping and transport in these silica-like SiOxNy layers. 
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