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Abstract: 

The dependence of the electrical properties of silicon nitride on the deposition conditions 

used to prepare it and consequently on material stoichiometry has not been fully understood. In 

the present study, the influence of plasma-enhanced chemical vapor deposition (PECVD) 

conditions on the dielectric charging of SiNx films is investigated. The work targets mainly the 

dielectric charging phenomenon which constitutes a major failure mechanism in electrostatically 

driven MEMS devices, particularly in electrostatic capacitive MEMS switches. The 

charging/discharging processes in the investigated SiNx films have been studied using two 

different nanoscale characterization techniques based on Kelvin probe force microscopy (KPFM) 

and, for the first time, force-distance curve (FDC) measurements. The main advantage of the 

FDC based methodology is that it takes into account the meniscus force between the AFM tip 

and the SiNx surface which cannot be measured by KPFM. The electrical properties of the SiNx 

films obtained from both techniques show a very good correlation. X-ray photoelectron 

spectroscopy (XPS) and Fourier transform infra-red spectroscopy (FT-IR) material 

characterization techniques have been also used to determine the compositions and chemical 

bonds, respectively, of the SiNx films. An attempt to correlate between the chemical and 

electrical properties of SiNx films is made.  
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1. Introduction 

Among other reliability issues, the dielectric-charging phenomenon is well identified as a 

major reliability concern for numerous electrostatically driven MEMS devices, particularly for 

electrostatic MEMS switches (Rebeiz, 2003). Charge build up with time in the dielectric film 

leads to high adhesion or stiction between the suspended electrode and the dielectric surface and 

results in the failure of the switch (Wibbeler et al., 1998; Rottenberg et al., 2004; Spengen et al., 

2004; Goldsmith et al., 2007, Zaghloul et al., 2010a, 2011b).  On the way to solving this 

problem, several dielectric materials have been investigated, among which the most intensively 

investigated ones are SiO2 and Si3N4.  In contrast to the extensive knowledge gathered on their 

electrical properties, and stemming from semiconductor technology, a comprehensive 

understanding of the charging phenomenon is still missing.  This is why these materials still 

cannot provide a successful solution for the dielectric charging problem.  This is attributed to the 

fact that in MEMS the dielectric films are deposited on rough substrates, typically with low 

temperature processes, which leads to significant deviation from material stoichiometry. Besides, 

the presence of hydrogen, introduced during the film deposition, significantly affects the 

dielectric charging due to its non-negligible diffusion (Shea et al., 2004). 

Charging phenomenon in dielectric films used in MEMS arises from dipoles orientation 

and charge injection, displacement and trapping that occurs under the strong electric field during 

the down-state position (Papaioannou et al., 2005). The charge transport/redistribution was 

reported to follow the Poole-Frenkel effect, as found from the dependence of the shift of pull-out 

voltage on the actuation bias (Melle et al., 2005). In SiNx material it is reported that “holes 

injection” introduces metastable traps (Lau at al., 1998; Shannon et al., 1994). These metastable 

defects affect the charge transport in the dielectric (Nieuwesteeg et al., 1992) and give rise to 

asymmetrical current-voltage characteristics in metal-insulator-metal (MIM) capacitors, a 

commonly used device for studying the bulk properties of dielectric layers with electrode 

material symmetry (Venderschueren at al., 1979). It has been shown also that the relaxation time 

of charged SiNx layers increases with the applied electric field intensity (Zaghloul et al., 2009a, 

2011b).  

Significant research has been performed to identify the dependence of dielectric charging 

on material stoichiometry and its relation to the deposition parameters in the case of PECVD 

SiNx films (Lamhamdi et al., 2008; Zaghloul et al., 2009a, 2011b,d; Daigler et al., 2009; 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V0W-4V59VSS-1&_user=1697502&_coverDate=03%2F31%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629424081&_rerunOrigin=scholar.google&_acct=C000028798&_version=1&_urlVersion=0&_userid=1697502&md5=d2e3462759de5172efcbde8c68d42a33&searchtype=a#bib16�
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Tavassolian et al. 2009; Koutsoureli et al., 2011). The stored charge was found to increase 

almost linearly with increasing film thickness for low frequency (LF) SiNx material, while there 

was no clear effect of the dielectric film thickness on the stored charge in the case of high 

frequency (HF) material (Daigler et al., 2009; Zaghloul et al., 2009a). The injected charge 

density was reported to be smaller and the relaxation process was found to be faster in HF SiNx 

material compared to LF SiNx (Zaghloul et al., 2010c, 2011b,d). Moreover, the stored charge 

was found to increase with increasing SiNx deposition temperature (Daigler et al., 2009; 

Tavassolian et al., 2009), a behavior which was attributed to increasing the nitrogen content in 

the SiNx material with the temperature (Tavassolian et al., 2009). The high deposition 

temperature has been reported to reduce the hydrogen concentration and particularly decrease N–

H bonds compared to Si–H bonds films (Herth et al., 2010). Also, the charging of SiNx has been 

reported to increase when the silicon content increases in spite of the increasing leakage current 

(Koutsoureli et al., 2011). The impact of surface and bulk leakage currents on the chemical 

modification of the dielectric film surface and charge accumulation have been discussed by Shea 

et al. (2004). In spite of all of these efforts, the dependence of the dielectric charging in SiNx 

films on material stoichiometry and its relation to the deposition parameters which affect the 

concentration of bulk and interface traps as well as the concentration of dipoles and charge 

accumulation is not fully understood. 

A variety of characterization methodologies have been employed in order to assess the 

dielectric charging phenomenon (Zaghloul et al., 2010b). For example, current measurements in 

MIM capacitors have been introduced by Yuan et al. (2005), Lamhamdi et al. (2006, 2008), 

Papandreou et al. (2007), Daigler et al. (2009), and Zaghloul et al. (2009a), while capacitance 

and/or voltage measurements in MEMS capacitive switches are reported by Melle et al. (2005), 

Papaioannou et al. (2005), Herfst et al. (2006), and Ruan et al. (2008). The mentioned methods, 

although extremely useful, lead to results that depend strongly on the nature of the device under 

test. Thus, in MIM capacitors the discharge takes place under a short circuit condition, and the 

injected charges are collected by the injecting electrodes. On the contrary, in MEMS the injected 

charges are collected only by the bottom electrode while the top electrode, the bridge, is in the 

up-state. Additionally, MEMS failure mechanisms are often related to multiphysics phenomena. 

As a matter of fact fatigue and creep and other thermally induced failure modes mix up with the 

dielectric charging failure mode and yield a shift on the bias parameters of the device.  
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Therefore, the characterization techniques which make use of MEMS switches cannot study 

accurately the dielectric charging phenomenon since other failure mechanisms contribute to the 

measurements. Besides, they are quite expensive and time consuming techniques since they 

require the fabrication of the complete MEMS devices, including many levels of 

photolithography. 

More recently, Kelvin probe force microscopy (KPFM) has been employed and shown to 

be a promising method in the dielectric charging assessment for several reasons. First, it 

efficiently simulates charging and discharging conditions of MEMS capacitive switches, 

providing qualitative information on dielectric free surface charge distribution and decay 

(Lamhamdi et al., 2007; Belarni et al., 2008; Zaghloul et al., 2008, 2009b, 2010a, 2011b).  

KPFM has been used also to study the discharging process on a microscopic scale in charged 

dielectric films implemented in MEMS switches (Herfst et al., 2008, Zaghloul et al., 2011d).  

The second reason is that KPFM based methodology provides a low cost and quite fast solution 

compared to the currently available assessment methods since the required samples for this 

approach consist only of thin dielectric films deposited over planar substrates, and no 

photolithography steps are required during the sample preparation (Zaghloul et al., 2010c). In 

addition, the use of such techniques allow studying separately the dielectric charging physics, 

and hence building a comprehensive understanding of the charging phenomenon without 

interference with other failure mode physics.  Yet, the influence of meniscus force between the 

AFM tip and the sample surface cannot be measured using KPFM. Zaghloul et al. (2011c) has 

recently reported that in a MEMS switch, the meniscus formation resulting from the adsorbed 

water film between the switch bridge and the dielectric layer and its related electric field-induced 

meniscus constitutes major force components which contribute heavily to the final measured 

adhesive force. Based on that, a characterization technique which is capable of measuring the 

influence of meniscus force and at the same time could investigate the dielectric charging 

phenomenon becomes essential.  

In view of the presented problems, the aim of the present work is to provide a deeper 

insight into the influence of the deposition parameters of PECVD SiNx films on both material 

stoichiometry as well as charging/discharging processes. Different deposition recipes have been 

employed, including variable reactive gas ratio, RF power, and substrate temperature. The 

charging/discharging processes have been studied using two different characterization techniques 
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based on KPFM and, for the first time, FDC measurements. The main advantage of the FDC 

technique is that it takes into account the meniscus force between the AFM tip and the SiNx 

surface which cannot be measured by KPFM. X-ray photoelectron spectroscopy (XPS) and 

Fourier transform infra-red spectroscopy (FT-IR) material characterization techniques have been 

used to determine the compositions and chemical bonds, respectively, of the SiNx films. The 

presented study could help to determine which dielectric is more robust for electrostatic MEMS 

with better reliability. 

The article is organized as follows. First, the investigated samples as well as the different 

employed characterization techniques are presented in the experimental section. This is followed 

by a detailed section for the results and discussion. Finally, a conclusion of the study is 

presented. 

 

2. Experimental approach 

In this section, the PECVD deposition parameters as well as the layer structure of the 

investigated samples is presented first. This is followed by introducing the two employed 

electrical characterization techniques based on KPFM and FDC measurements. Finally, the FT-

IR and XPS measurement parameters are presented.  

 

2.1 Samples 

The investigated samples consist of PECVD SiNx films with 200 nm thickness deposited 

over 500 nm Au layers, which were evaporated over Si substrates as shown in Fig. 1a. The SiNx 

layers were deposited using a PECVD reactor (STS, Multiplex Pro-CVD). This reactor has a pair 

of 8" size upper and bottom electrodes made of stainless steel used within the deposition 

chamber, which is kept at high vacuum during the deposition process. The main feature of this 

deposition system is its duality of RF operation modes, namely low frequency (LF) at 380 kHz 

and high frequency (HF) at 13.56 MHz. Also, the operating power can be adjusted to range from 

0 to 1000 W in the LF mode and from 0 to 600 W in the HF mode. Other features of the system 

include the pressure ranging from 0 to 2000 mTorr, SiH4 flow rates ranging from 0 to 500 sccm, 

NH3 flow rates ranging from 0 to 360 sccm, and N2 flow rates varying from 0 to 5000 sccm.  

During the deposition process silane (SiH4) and ammonia (NH3) are used as the reactive 

species, while nitrogen (N2) is used as a dilution gas. SiNx films were deposited using different 
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deposition parameters by changing individually the gas ratio (SiH4/NH3), RF power, and 

substrate temperature. The explored process parameters are the following: (1) gas ratio 

(SiH4/NH3) varying from 0.15 to 0.8, (2) RF power varying from 20 W to 100 W, and (3) 

substrate temperature varying from 200 oC to 300 oC. Table 1 lists the deposition parameters 

which were used in this study. The last sample in Table 1 represents a reference sample and is 

common for the three varied deposition parameters. The detailed PECVD deposition conditions 

for this reference sample are listed in Table 2. All other SiNx samples have been deposited using 

the same N2 flow, chamber pressure, and radio frequency mode (HF) listed in Table 2. 

 

2.2 KPFM-based characterization 

In this methodology, charges are first injected in single points over the SiNx surface by 

applying voltage pulses of defined amplitude, Up, and duration, Tp, to the AFM tip during 

scanning the sample surface in tapping mode (Fig. 1a). After completing the charge injection, 

KPFM surface potential measurement is performed using the lift-mode (Zaghloul et al. 2010a, 

2011b). In such a mode the topography and the potential signals are subsequently recorded. 

SCM-PIT metal coated conductive tips from Veeco have been used for these measurements. The 

time interval between the end of the charge injection step and the beginning of the KPFM 

measurement is fixed to be 30 s for all experiments.  

In KPFM measurements, three spectral components for the electrostatic force between 

the AFM tip and the sample surface exist at DC, ω and 2ω, where ω is the mechanical resonance 

frequency of the AFM cantilever. Since the cantilever responds only to forces at or very close to 

its resonance frequency, the DC and F2ω force components do not cause any significant 

oscillation of the cantilever, and Fω becomes the dominant one and is given by Jacobs et al. 

(1997), DeVecchio and Bhushan (1998), Bhushan and Goldade (2000), and Bhushan (2011) 

)cos()( tUU
dz
dCF ACDC ωω −∆Φ−=                                                                               (1) 

where C is the capacitance between the tip and the sample surface, z is the tip-sample separation, 

∆Φ is the contact potential difference between the tip and the sample material, UDC is the applied 

DC voltage to the AFM tip from the KPFM feedback loop, and UAC is the amplitude of the 

sinusoidal signal applied from the oscillator to drive the AFM tip at or very close to its 

mechanical resonance frequency, ω, during the surface potential measurements. The main goal 
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of the KPFM feedback loop is to adjust the potential of the tip, UDC,  until the term ∆Φ-UDC 

becomes 0, at which point the cantilever oscillation amplitude should be zero (Fω= 0).  At this 

point, the measured tip potential, UDC, which corresponds to the contact potential difference 

between the tip and the sample, ∆Φ, is equal to the sample surface potential, and is used to 

generate a potential map for the sample surface. Due to trapped charges in the SiNx film which 

results from the charge injection step, the contact potential difference between the tip and the 

dielectric film, ∆Φ, is altered, and is determined by the local measured tip potential, UDC.  

For each injected point, the measured surface potential, UDC, has a maximum at the 

position which was directly under the AFM tip apex during the charge injection step, and it 

decreases gradually at the edges of injected position (Jacobs et al. 1998; Zaghloul et al., 2010a, 

2011b). The peak value of the induced surface potential is located in the KPFM map, and a 

horizontal cross section is taken at this position resulting in an absolute surface potential profile. 

In order to eliminate the impact of the tip material, the background surface potential of the SiNx 

film has been measured first before performing the charge injection step. Then, the background 

potential has been subtracted from the absolute potential profile resulting in the relative surface 

potential which is a direct indication of the injected charge density in the dielectric film. 

Therefore, the analysis of results is performed through the surface potential peak amplitude, Us, 

the full width at half maximum (FWHM), and the integral of the measured relative potential 

profile (Fig. 1b). For better accuracy, each KPFM measurement has been performed three times, 

and a statistical evaluation for Us, FWHM, and the potential profile integral has been made by 

averaging over these three measurements. The evolution of Us, FWHM, and the potential profile 

integral with time have been also monitored and analyzed. Though the data analysis could be 

done based on the potential profile integral only, the extracted Us and FWHM are also presented 

in order to show the charge distribution over the dielectric films.  

A sample of the measured KPFM surface potential maps for charges which have been 

injected using different pulse amplitude, Up, and using positive and negative voltage is presented 

in Fig. 2a,b. The figure also shows the potential maps obtained at different time points after the 

charge injection step. The decay of the measured surface potential with time due to charge 

collection is obvious from the figure. Fig. 2c presents the resulting potential profile for the SiNx 

samples deposited using different reactive gas ratio for charges which have been injected under 

the same pulse amplitude (40 V). It is clear from the figure that Us, FWHM, and consequently 
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the integral of the potential profile, which is a direct indication for the injected charge density 

inside the dielectric film, changes remarkably with the deposition gas ratio.     

 

2.3 FDC based characterization 

The adhesive force between the AFM tip and the SiNx film has been calculated from 

force-distance curve (FDC) measurements (Bhushan, 2010, 2011). An example of the force-

distance curve for the investigated samples is presented in Fig. 3a. The force-distance 

measurement starts at a large separation from the sample surface (point A) where there is no 

deflection of the cantilever. As the piezo moves towards the sample, a sudden mechanical 

instability occurs between point B and point C, and the tip jumps into contact with the adsorbed 

water film and wicks up around it to form a meniscus. The cantilever bends downwards because 

of the attractive meniscus force acting on the tip. As the piezo further approaches the SiNx 

surface, the deflection of the cantilever increases while the tip travels in the water film and 

eventually contacts the underlying SiNx surface at point C, and then the cantilever starts to bend 

upwards. Once the piezo reaches the end of its designated ramp size at point D, it is retracted to 

its starting position. The tip goes beyond zero deflection (point E) and enters the adhesion 

region. At point E, the elastic force of the cantilever becomes equivalent to the adhesive force, 

causing the cantilever to snap back to point F. The adhesive force, which is the force needed to 

pull the tip away from the sample, can be calculated from the force-distance curve by 

multiplying the vertical distance between E and F with the stiffness of the cantilever as explained 

in Fig. 3a (Bhushan, 2010, 2011).  

When voltage is applied between the AFM tip and the AFM base chuck, which is 

connected to the Au layer underneath the SiNx film, the cantilever deflection increases due to the 

increase in the attractive electrostatic force as shown in Fig. 3b. The difference between points E 

and F increases too with increasing the applied voltage as shown from the figure and this leads to 

an increase in the adhesive force between the AFM tip and the dielectric film. Basically, this is 

the principle behind which the FDC technique was employed to study the dielectric charging 

phenomenon. In this methodology the charging of the SiNx film is performed through scanning a 

selected area over its surface (10 µm X 10 µm) using an AFM tip in contact mode while a 

voltage difference is applied between the tip and the Au layer underneath the SiNx film. Then the 

force-volume method was used to obtain the adhesive force map over the charged dielectric area 
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(Bhushan, 2011; Zaghloul et al., 2011c). Before charging the SiNx surface, the adhesive force 

map was first measured which represents the adhesion due to meniscus formation. This force 

component is then subtracted from the resulting adhesive force after the charge injection step. 

Therefore, the adhesive force data presented in this paper represents mainly the attractive 

electrostatic force between the AFM tip and the sample surface which results from charging the 

dielectric film. 

A sample of the obtained adhesive force maps is shown in Fig. 3b showing that the 

adhesive force in the charged areas is much larger compared to non-charged areas over the 

dielectric surface. Charge injection over the dielectric surface results in a large induced surface 

potential over the dielectric film which causes a considerable voltage difference between the 

AFM tip and the sample. Consequently the electrostatic attractive force between the AFM tip 

and the dielectric surface will increase, causing the net adhesive force to be larger than non-

charged areas. For each adhesive map a statistical evaluation has been performed by averaging 

over all the measured positions in each map. After completing the charge injection step of the 

SiNx film, the discharging process has been studied through measuring adhesive force maps 

continuously for the charged area with time. This has been performed using a modified force-

volume technique in order to reduce the influence of the grounded AFM tip on the discharging 

process. The FDC experiments have been performed using highly doped Si tips, FORTA-10 

(resistivity 0.01-0.025 ohm/cm, tip radius < 10 nm, spring constant 1.2-6.4 N/m). 

The induced surface potential over the dielectric surface resulting from the charging step 

was measured using a novel methodology which is based also on the force-distance curve 

measurements. As shown from Fig. 3b when voltage difference exists between the AFM tip and 

the sample, the cantilever does not return directly to its original position and instead its return 

path has an intermediate stag. Also, the induced surface potential has an opposite polarity of the 

voltage used for the charging step. Based on that, after completing the dielectric charging the 

external applied voltage used during the charging step is reduced gradually in order to set off the 

induced surface potential over the dielectric surface. When the applied bias equals the induced 

surface potential, force distance curve returns to its original shape and the intermediate stages 

shown in Fig. 3b disappear. At that point, the external applied voltage is equal in amplitude and 

opposite in sign to the induced surface potential over the dielectric surface. The potential levels 

which could be measured using this technique is much larger compared to what could be 
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measured using the KPFM. With the used tips which have an average spring constant of 3 N/m 

the best obtained accuracy of this technique was around 1.2V, much larger compared to KPFM. 

Yet, it is believed that the accuracy could be enhanced by using tips with much smaller stiffness. 

The other main advantage of this technique is its capability to measure accurately the surface 

potential at higher relative humidity levels compared to KPFM which could not work properly at 

larger humidity levels due to the potential shielding effect (Sugimura et al., 2002).   

The relative humidity is found to have a very high influence on the charging/discharging 

processes in SiNx thin films (Zaghloul et al., 2009c, 2011a). Also, the removal of the water-

related layer from both surfaces on the sample and the AFM tip is reported to be very important 

to improve the reliability of the KPFM measurements (Ono et al., 2001). Moreover, it has been 

reported that larger humidity levels and thicker adsorbed water film over the sample surface 

results in larger adhesive force between the AFM tip and the sample surface (Zaghloul et al., 

2011c). This adhesive force increases remarkably when voltage is applied between the tip and 

the sample due to the formation of electric field induced meniscus (Zaghloul et al., 2011c). For 

these reasons, both the SiNx samples and the AFM tip went through two cycles of heating (150 

°C) and cooling steps under vacuum in order to avoid the influence of humidity and the adsorbed 

water film over the dielectric surface on both KPFM and FDC measurements. In addition, both 

KPFM and FDC experiments have been performed under dry air flow (relative humidity ≈ 

0.02%) using a controlled environment AFM chamber as presented in (Zaghloul et al., 2011a). A 

commercial AFM (NanoScope® IIIa MultiModeTM with ExtenderTM Electronics Module) has 

been used to perform the KPFM and FDC measurements in this study. The tips used in these 

experiments have been calibrated continuously before each measurement through measuring the 

KPFM surface potential and the adhesive force for a standard sample for the KPFM and FDC 

experiments, respectively.  

 

2.4 Physical material characterization 

Two material characterization techniques have been used; FT-IR and XPS. FT-IR 

spectroscopy has been performed to provide information about the chemical bonds of the 

dielectric film and their variations. The infrared spectra were acquired in reflection mode in the 

400 – 4000 cm-1 range with BIORAD FTS60A spectrometer with the samples under nitrogen 

flow to avoid the effect of humidity and ambient. The XPS experiments have been used to 
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provide information about the different chemical bonds and valence state in the SiNx surface and 

then in depth through sputtering. A VG ESCALAB 220-iXL spectrometer has been used to 

perform the XPS measurements. The deposited SiNx layers were excited by MgKα (1253.6 eV), 

and the kinetic energies of the electrons emitted were collected at a constant energy resolution of 

1 eV. The energy step used to record the spectra was 0.2 eV. Since the SiNx films are rather 

nonconductive, electron compensation was used during the measurement. The atomic 

concentration of the investigated SiNx films measured by XPS is presented in Table 1. The N/Si 

ratio obtained for all deposited layers shows a strong silicon excess compared to the 

stoichiometric composition (1.33). Since the hydrogen content in the film will affect the silicon 

excess, a particular attention has been drawn on the Si–H and N–H bonds obtained from FT-IR. 

 

3. Results and discussion 

The influence of the AFM tip on the charge collection process as well as a comparison 

between the data obtained from KPFM and FDC assessment methodologies is presented first. 

This is followed by discussing the influence of the reactive gas ratio, RF power, and substrate 

temperature on the dielectric charging. 

 

3.1 KPFM versus adhesive force measurements 

Figure 4 presents a sample of the surface potential decay with time for charges which 

have been injected using different pulse amplitudes, Up. For this kind of experiment, the 

dielectric surface was scanned with time just after the charge injection step in order to monitor 

the discharging process. As shown from the figure, the surface potential amplitude, Us, decreases 

(Fig. 4a) while the potential distribution, FWHM, increases (Fig. 4b) with time. The integral of 

the corresponding potential profile for these data, which is a direct indication of the charge 

density in the dielectric film, is presented in Fig. 4c. The figure highlights that the measured 

charge density decreases with time, indicating that the injected charge is being collected or 

removed with time.  

In order to quantify the influence of the AFM tip on the charge collection process a 

separate experiment similar to the one presented by Ziegler et al. (2008) has been performed. 

Charges have been injected over the SiNx using the same charge injection parameters used in the 

previous experiment. Instead of scanning the dielectric surface continually with time as normally 
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done for other decay experiments, the surface potential was measured only directly after the 

charge injection step and then at the end of the observation time window (3.5 hours). During this 

period the AFM tip was disengaged far from the sample surface in order to avoid affecting the 

charge collection process. The resulting Us, FWHM, and integral of potential profiles for this 

experiment directly after the charge injection step and at the end of the experiment is plotted in 

Fig. 4 a, b, and c, respectively, with solid symbols. The figure highlights clearly that the 

measured Us, FWHM, and the potential profile integral for the natural decay is slightly larger 

than their corresponding values for KPFM decay (where the sample surface was scanned 

continually with time). This indicates that the grounded tip, which is employed in conventional 

tapping mode for topography imaging during the first pass of the KPFM lift mode, contributes to 

the charge collection process due to charge transfer between dielectric and tip. The normalized 

values of the potential profile integral obtained from both experiments (natural decay and KPFM 

decay) are plotted in Fig. 4d. The figure highlights obviously that the injected charge density in 

the cases of natural decay is slightly larger compared to KPFM decay, and this is observed for 

charges which have been injected under different pulse amplitude. For example, for charges 

injected at Up = 40 V, the potential profile integral for the natural decay and KPFM decay is 

reduced to 0.82 and 0.80, respectively. This small difference could be neglected, and it confirms 

that studying the discharging process in electrostatic MEMS switches by monitoring the 

evolution of KPFM surface potential with time is a very efficient methodology. KPFM simulates 

to a great extent the charge collection scenario which takes places in MEMS switches where the 

injected charge is collected by the bottom electrode when the switch bridge is in the Up state. 

The discharge process in SiNx films has been also investigated by monitoring the 

evolution of the adhesive force between the AFM tip and the dielectric surface with time. The 

observation time window here was 1 hour in order to get enough data points which are required 

for the fitting as will be explained later. Fig. 5a presents an example of adhesive force decay 

with time measured using the FDC technique for charges injected using 40 V. As charges are 

collected with time, the surface potential over the dielectric surface decreases, and this results in 

reducing the potential difference between the AFM tip and the dielectric surface with time too. 

Therefore, the electrostatic attractive force between the AFM tip and the sample surface will 

decrease with time, and this causes the decrease in the adhesive force with time as shown from 

the figure. Here it should be highlighted that the parameters of adhesive force measurements 
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with time have been optimized in order to reduce the influence of the grounded AFM tip on the 

charge collection process. Moreover, the observation time window used for these experiments (1 

hour) is shorter than the time window used for the KPFM decay experiments (3.5 hours). Fig. 5b 

shows the normalized adhesive force decay for charges which have been injected using different 

voltage for the same SiNx sample used in Fig. 4. For the sake of comparison with KPFM decay, 

the corresponding values of the integral of KPFM potential profiles after a time period of 1 hour 

from the charging step are plotted in the figure. Though the comparison between decay data from 

both techniques (KPFM and FDC) is difficult considering that the measured physical quantity is 

different in both techniques, Fig. 5b shows a good correlation between the normalized data 

obtained from both techniques. For example, it is obvious from the figure that the charge 

collection process as measured by both techniques becomes longer as the voltage amplitude used 

during the charging step increases.    

 

3.2 Effect of reactive gas ratio 

For these samples, the deposition RF power and substrate temperature were kept constant 

while the gas ratio was varied as shown in Table. 1. In this section the results obtained from 

KPFM and FDC measurements are presented first. This is followed by presenting the influence 

of the gas ratio on the material stoichiometry based on FT-IR and XPS data. The correlation 

between the electrical and chemical characterization results is then discussed. 

 

3.2.1 KPFM results 

Figure 6 presents the influence of the reactive gas ratio SiH4/NH3 on the charging (left) 

and discharging (right) processes, as extracted from the KPFM measurements for charges which 

have been injected using different pulse amplitude. It could be observed from Fig. 6a that the 

measured surface potential amplitude, Us, decreases gradually when the gas ratio increases from 

0.15 to 0.45, and this is followed by a sudden decrease to a very close value from 0 for 0.6 and 

0.8 gas ratios. Also, the charge distribution represented by the FWHM decreases gradually as the 

gas ratio increases from 0.15 to 0.8 as highlighted in Fig. 6b. The integral of the resulting 

potential profile (Fig. 6c) shows clearly that the injected charge density decreases gradually as 

the gas ratio increases from 0.15 to 0.45 and then shows a very high reduction when the gas ratio 
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increases beyond 0.45. These remarks have been observed for injected charges under different 

pulse amplitude.    

A sample of the surface potential evolution with time for SiNx films deposited using 

different gas ratio is shown in Fig. 6d. The figure presents the normalized value of the surface 

potential with respect to the maximum Us measured directly after completing the charge injection 

step (at t=0), and it highlights clearly that the surface potential decay becomes faster as the gas 

ratio increases. The sudden decrease in the relaxation time when increasing the gas ratio from 

0.45 to 0.6 and 0.8 is also obvious from the figure. The surface potential decays exponentially 

with time following the stretched exponential law,

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constant, and β (0 ≤ β ≤ 1) is the stretch factor (Phillips, 1996; Zaghloul et al., 2010a,c, 2011b). 

This is observed for all investigated SiNx samples in this study and for charges which have been 

injected under different pulse amplitudes, Up. The decay time constant and stretch factor 

calculated from the surface potential decay data for SiNx samples deposited with different gas 

ratios is shown in Figs. 6e,f, respectively. The y-axis of the Fig. 6e is plotted in log scale, and it 

highlights clearly the huge variation in the relaxation time constant when changing the gas ratio. 

The decay time constant decreases gradually when increasing the gas ratio from 0.15 to 0.45 and 

then features a sudden decrease when the gas ratio reaches 0.6 and 0.8, which agrees with the 

data presented in Fig. 6d. No clear effect of the gas ratio on the stretch factor is found as shown 

in Fig. 6f. The trend of the decay time constant and stretch factor versus the gas ratio is found to 

be similar for charges which have been injected using different pulse amplitude, Up. Due to the 

fast charge collection process at higher gas ratios (0.6 and 0.8), the obtained data points for the 

surface potential evolution with time for several pulse amplitudes for these samples were not 

sufficient to fit with the stretched exponential equation. Finally, the decay time constant 

increases while the stretch factor deceases when larger pulse amplitudes are used during the 

charging step, which is attributed to the lowering of potential barrier for charge emission from 

band gap states due to the Poole–Frenkel effect (Simmons, 1967) as presented in details in 

previous work (Zaghloul et al., 2009a, 2011b, 2011d).  

 

3.2.2 FDC results 
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The impact of the gas ratio on the charging/discharging processes based on force distance 

curve (FDC) measurements is presented in Fig. 7. The correlation between the measured FDC 

potential and the FDC adhesive force as a function of the reactive gas ratio and/or the voltage 

applied during the charge injection is quite obvious. As the induced surface potential increases, 

the adhesive force between the AFM tip and the SiNx surface increases too as observed from the 

figure. The adhesive force between the AFM tip and the dielectric film has three main 

components. The first component is the liquid mediated meniscus force caused by meniscus 

formation between the AFM tip and the dielectric surface. The second force component 

resembles the attractive electrostatic force between the AFM tip and the SiNx surface due to the 

dielectric charging. The third force component is the field induced meniscus which results from 

the influence of the electric field on the meniscus formation (Calleja et al., 2002; Gómez-

Moňivas et al., 2003; Sacha et al., 2006). The contribution of the liquid mediated meniscus and 

the field induced meniscus to the measured adhesive force is minimal in this study due to the 

dehydration step done for the investigated samples as well as performing the adhesive force 

experiments under very low relative humidity levels as reported by Zaghloul et al. (2011c). 

Based on that, the increase in the measured adhesive force with the induced potential is attributed 

mainly to the increase in the attractive electrostatic force. Comparing Figs. 7a,b with Fig. 6c, it 

is obvious that the trend of the measured CPD potential and adhesive force versus the reactive 

gas ratio agrees quite well with the trend of the integral of the potential profile KPFM.   

An example of the evolution of the measured adhesive force with time for SiNx samples 

deposited using different a gas ratio is presented in Fig. 7c. It is found that the decay of the 

adhesive force with time fits very well with the square of the stretched exponential equation
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texp , this confirms undoubtedly that the measured adhesive force 

between the AFM tip and the SiNx surface resembles mainly the attractive electrostatic force. 

The calculated decay time constant from the adhesive force evolution with time is shown in Fig. 

7d. It is obvious from the figure that the trend of the decay time constant versus the reactive gas 

ratio agrees well with the trend obtained from KPFM surface potential decay (Fig. 6e). This has 
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been observed for charges injected using different voltage levels. The other interesting point here 

is that the decay time constant and the stretch factor extracted from fitting the adhesive force 

evolution with time are found to increase and decrease, respectively, as found from the KPFM 

surface potential decay. Here it should be highlighted that the shorter decay time constant 

calculated from the adhesive force decay compared to the time constant calculated from KPFM 

surface potential decay does not indicate a faster charge collection than KPFM potential decay. 

As presented in Fig. 5, the decay of the adhesive force and KPFM potential is almost 

comparable. The considerable difference in the decay time constant calculated from FDC and 

KPFM is attributed mainly to the different equations used for the fitting process in each case. 

Obviously, the square of the stretched exponential equation leads to much smaller decay time 

constant for the same decay data.           

In conclusion, both employed characterization techniques based on KPFM and FDC 

measurements leads to the same conclusion regarding the electrical properties of the SiNx films 

deposited using different reactive gas ratio. The injected charge density as well as the relaxation 

time decrease gradually when the gas ratio increases from 0.15 to 0.45, and then decrease sharply 

for the 0.6 and 0.8 gas ratios. Since the FDC measurements efficiently simulate the operation of 

MEMS switches, the nanoscale characterization on the level of a single asperity is proved to be 

an excellent approach to understand the charging/discharging phenomenon which takes place on 

the device level.        

 

3.2.3 Influence on material stoichiometry 

The FT-IR spectra for SiNx films deposited using different gas ratio are presented in Fig. 

8a. The layer compositions with different gas flow ratios, in particular the change of Si–H 

(around 2157 cm-1 at 70o, 2160 cm-1 at 20o) and N–H (around 3348 cm-1 at 70o, 3350 cm-1 at 20o) 

from FT-IR with N and Si atomic fractions determined by XPS analysis are shown in Figure 8b. 

In the as-deposited layers the N/Si content (about 0.845 for r = 0.15, and 0.63 for r = 0.80) 

decreases linearly with the gas ratio. The relative intensity of Si–H versus N–H vibrations 

increases quite sharply, which shows N–H molecules are reduced. It is consistent with the 

corresponding lower amount of nitrogen in the higher gas ratio. Thus, silicon content increases 

with the amount of SiH4 gas. 
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On the other hand, the observation of a strong increase of the Si–H relative signal 

amplitude in the larger gas ratio suggests that Si atoms with more dangling bonds are present in 

large amounts in the matrix.  As a consequence of reduced N/Si ratio, seen in Fig. 8a, the 

absorption peak of Si–N vibrations tend to lie in the lower frequency from r = 0.15 at LO mode 

1029 cm-1, to r = 0.8 at 1016 cm-1.  Meanwhile, the rocking mode =N-H (at 1214 cm-1,1201 cm-

1,1183 cm-1,1177 cm-1 for r = 0.15, 0.25, 0.6, 0.8, respectively) increases in the relative 

amplitude and shift to high frequency indicating that the involvement of more nitrogen in the 

silicon nitride thin films as the gas ratio decreases.  The trend described above is in agreement 

with the high frequency shift of SiN-H2 bending mode at 1553 cm-1 to 1528 cm-1 with reduced 

gas ratio. The interesting point is Si-H may have a slight shift to high frequency with more 

nitrogen backbond, but for the N-H bonds which will always be in the same configuration Si2N-

H, no such effect will be observed. The two large peaks of LO and TO mode of Si-N stretching 

vibration were observed, which are definitely related to SiNx phonon spectra. Although in the 

present amorphous silicon nitride the long range order no longer exists, the short-range may be 

similar to the crystalline part. At high gas ratio, the nitrogen atoms are scarce and the vibration 

mode of isolated Si-Nx network is local, which is similar to the zone boundary mode of 

crystalline silicon nitride. When more nitrogen atoms are incorporated into the film as the gas 

ratio decreases, the Si-Nx network become extended and similar to the zone center mode of 

Si3N4, and the high frequency shoulder appears. 

 

3.2.4 Discussion 

Charges in the dielectric reduce the interface (electrode/insulator) electric field, and this 

reduces the injection rate/efficiency. This is mainly because the injected charges are most 

probably located very close to the injecting electrodes (Papaioannou et al., 2010). The charge 

injection rate is compensated by charge redistribution rate.  Charge redistribution takes place 

through various mechanisms, i.e. Poole-Frenkel, hopping, leakage, etc. The injected charge 

saturation is determined by the rate of charge injection and redistribution. The magnitude of 

injected charge density is obtained by the continuity equation of these two mechanisms during 

charging, if no equilibrium is reached: 0≠=∇
dt
dJ ρ , where edischech JJJ argarg −= , and ρ is the 
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density of charge per unit volume. At saturation at any point 0==∇
dt
dJ ρ , the total current 

(from charge injection plus redistribution) at that point. This equilibrium is determined by the 

charging electric field and charging time. It is also affected by charge trapping centers 

characteristics and trapped charge distribution which are dependent on the material 

stoichiometry.    

The silicon content in the investigated SiNx films increases with the SiH4/NH3 gas ratio 

as seen from Fig. 8b. Increasing the silicon content or equivalently decreasing the nitrogen 

content in SiNx films has been reported to increase the leakage current as measured from current-

voltage characteristics in MIM capacitors (Koutsoureli  et al., 2011). This basically is attributed 

to the formation of nanoclusters (Carrada et al., 2008; Petersen et al., 2006; Vishnyakov et al., 

2009; Gritsenko et al., 2004) and traps which allow the charge transport through conductive 

percolation tunneling paths and hopping through defect states (Cen at al., 2009). Increasing the 

silicon content also results in increasing the concentration of defects (Koutsoureli  at al., 2011) 

and leads to a larger number of charge trapping centers (Ackaerta et al., 2008). This results in 

increasing the density of traps, as well as the probability of percolation and hopping. Charge 

redistribution paths, therefore, increase and the redistribution becomes easier as the silicon 

content in the dielectric film increases. Consequently the redistribution current will be larger and 

will lead to a smaller charge density at the dielectric surface. For this reason, the charge 

injection/redistribution equilibrium will be attained at a smaller surface charge density.  For 

smaller gas ratio (for example r = 0.15) the silicon content is reduced and the material goes near 

from stoichiometry with less leakage and defect concentration. Thus, the charge redistribution 

paths will decrease, resulting in a smaller redistribution current and consequently larger charge 

density at the dielectric surface. The equilibrium between charge injection/redistribution is 

therefore obtained at a larger surface charge density. 

The measured surface potential by KPFM and/or FDC measurements and consequently 

the adhesive force between the AFM tip and the dielectric film represents mainly the charge 

density at, or very close to the dielectric surface. In view of the above analysis, for small gas 

ratio (r = 0.15) with less silicon content, the charge redistribution is small, and this results in 

slow charge collection process by the bottom electrode. This explains the longer decay time 

constant in the case of smaller gas ratio compared to larger gas ratio simply because the 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V47-4T8H3JB-8&_user=9799020&_coverDate=09%2F30%2F2008&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_searchStrId=1735484237&_rerunOrigin=scholar.google&_acct=C000053389&_version=1&_urlVersion=0&_userid=9799020&md5=5119c3e317f8759f6a6f70ee5358f06a&searchtype=a#aff1�
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discharge rate depends on the discharge time constant. It also explains why the injected charge 

density, surface potential, and consequently the adhesive force between the AFM tip and the 

SiNx surface are larger for smaller gas ratios compared to larger ones. Here it should be 

highlighted that the results presented in this study based on KPFM and FDC measurements 

regarding the influence of the gas ratio are in good agreement with data presented in Koutsoureli  

et al. (2011). In the mentioned study the bias at which the measured TSDC current is zero in 

MIM capacitor implementing PECVD SiNx films is found to decrease with decreasing the 

nitrogen content in the SiNx film, a behavior which is attributed to an increase in the leakage 

current. The presented result is in good agreement with Ackaerta et al. (2008) where increasing 

the gas ratio (SiH4/NH3) results in increasing the leakage current density. The results agree as 

well with the work presented by Zaghloul et al. (2011b) where SiNx films with more silicon 

content exhibits a smaller injected charge density and a faster charge decay. 

 

3.3 Effect of RF power 

For these samples, the deposition RF power and substrate temperature were kept constant 

while the gas ratio was varied as shown in Table 1. 

 

3.3.1 KPFM results 

The influence of the deposition RF power on the charging and discharging processes as 

measured by KPFM surface potential is presented in Fig. 9 left and right, respectively. The 

measured surface potential, Us, does not exhibit a clear trend as the RF power increases for 

injected charges under different pulse amplitude, Up.  A similar remark is observed for the trend 

of the potential distribution, FWHM, versus RF power. Additionally, the trend of surface 

potential amplitude, Us, and distribution, FWHM, is not consistent for some data points. For 

example the Us decreases while the FWHM increases when the RF varies from 60 W to 80 W. 

An opposite trend for both Us and FWHM is observed, however, when increasing the RF power 

from 80 W to 100 W. Here it should be highlighted that the variation of both Us and FWHM with 

RF power for injected charges under different pulse amplitude is smaller compared to their 

variation as a function of the gas ratio (Fig. 6a,b). This is more evident for the potential 

distribution variation as a function of the gas ratio (Fig. 6b) and RF power (Fig. 9b). 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V47-4T8H3JB-8&_user=9799020&_coverDate=09%2F30%2F2008&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_searchStrId=1735484237&_rerunOrigin=scholar.google&_acct=C000053389&_version=1&_urlVersion=0&_userid=9799020&md5=5119c3e317f8759f6a6f70ee5358f06a&searchtype=a#aff1�
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The integral of the KPFM potential profile for different RF power is shown in Fig. 9c. 

The figure highlights that the injected charge density slightly increases when the RF power 

increases from 20 W to 40 W. Further increase in the RF power leads to a slight decrease in the 

injected charge density until the 80 W RF power is reached. The injected charge density is 

shown to increase once again when the RF power increases from 80 W to 100 W. Here it should 

be pointed out that the variation of the injected charge density with RF power is relatively small 

compared to its change versus the reactive gas ratio (Fig. 6c), and this is observed for charges 

injected under different pulse amplitude. Moreover, the almost horizontal fitting lines shown in 

Fig. 9c points out that the investigated range of deposition RF power in this study has a minimal 

influence on the injected charge density. Finally, negative charge injection has relatively larger 

injected charge density compared to positive charge injection for the whole investigated RF 

power values, except for the 60 W point where positive and negative charge injection exhibit a 

comparable values. This is observed for injected charges using different pulse amplitude.  

An example of the KPFM surface potential decay for SiNx films deposited using different 

RF power is presented in Fig. 9d. The figure highlights that the charge collection process 

becomes relatively faster when increasing the deposition RF power. This is evident from the 

decay time constant calculated for this set of samples for charges injected under different pulse 

amplitude as shown in Fig. 9e. Comparing Fig. 9e and Fig. 6e, it is concluded that the influence 

of the gas ratio on reducing the decay time constant is much larger compared to the impact of the 

RF power. The stretch factor, β, shows also a decreasing trend as the deposition RF power 

increases as shown in Fig. 9f. In previous studies (Papaioannou et al., 2005; Zaghloul et al., 

2009a, 2011b,d) the stretch factor, β, has been used as an index of charge collection complexity. 

The decrease of the stretch factor points out that the discharge process deviates from the simple 

exponential law (where β = 1), and hence the charge collection mechanism becomes more 

complex. Figs. 9e,f shows also that for each deposition RF power, the decay time constant 

increases while the stretch factor decreases when the pulse amplitude employed during the 

charge injection step increases as reported by Zaghloul et al. (2010c, 2011b,d).    

 

3.3.2 FDC results 

Figure 10 presents the influence of the deposition RF power on the charging/discharging 

processes in SiNx films as obtained from FDC measurements. No clear trend for the measured 
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FDC potential with RF power for charges which have been injected using different voltage as 

shown in Fig. 10a. This is in agreement with the trend of the KPFM potential profile integral 

presented in Fig. 9c. Also, the variation of the measured FDC potential with the deposition RF 

power is relatively small compared to its change as a function of the reactive gas ratio (Fig. 7a). 

The measured adhesive force as a function of the deposition RF power is shown in Fig. 10b, and 

it also exhibits a very good correlation with the measured CPD potential for injected charges 

under different voltage. Comparing Fig. 7b and Fig. 10b, it is obvious that the influence of the 

deposition RF power on the adhesive force between the AFM tip and the dielectric surface is 

relatively smaller compared to the effect of the gas ratio. 

An example of the adhesive force decay for SiNx films deposited under different RF 

power is presented in Fig. 10c. It could be seen from the figure that the rate of charge collection 

process slightly increases when the deposition RF power increases. This is evident from the 

decay time constant calculated from the adhesive force evolution for SiNx samples deposited 

using different RF power for charges injected under different voltage as shown in Fig. 10d. 

Comparing Fig. 10d and Fig. 7d, it could be concluded that the influence of the reactive gas ratio 

on the discharging process is much larger than the impact of the deposition RF power. Also, the 

correlation between the decay time constant versus the deposition RF power calculated from the 

FDC adhesive force evolution with time (Fig. 10d) and the time constant extracted from the 

KPFM surface potential decay (Fig. 9e) is obvious. The difference in values between the decay 

time constant extracted from both techniques is related mainly to the different equation used for 

data fitting as explained earlier.   

 

3.3.3 Influence on material stoichiometry 

Figure 11a presents the FT-IR spectra for SiNx films deposited using different RF power. 

The layers with r = 0.45 constant value which are obtained at different operation power in Fig. 

11b give rise to a slight move up of N/Si atomic ratio. It shows a weak increase of the N content 

and slight decrease of silicon with the power increase for the lower power 20 with a N/Si value 

about 0.694, and then it reaches 0.728 at the power 100 W. On the other hand, there is an 

opposite trend in the relative intensity of Si–H (around 2160 cm-1) versus N–H (around 3330 cm-

1) with plateau character. These behaviors correspond to the relatively reduced Si contents in the 

two power ends. Indeed, the stoichiometric compositions of the layers are very close, as 
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confirmed by the FT-IR measurements. The remarkable change occurs in the layers with the 

highest power 100, which LO mode shows a slight shift to high frequency (at 1036 cm-1 for 

power 40 to 1048 cm-1 for power 100) and also relatively increased intensity considering LO 

mode SiN at 1048 cm-1 versus the =N-H rocking vibration at about 1185 cm-1.     

 

3.3.4 Discussion 

The difference in the injected charge density and charge collection process obtained by 

KPFM and FDC results for SiNx samples deposited using different RF power, though small, 

cannot be fully explained in view of the data obtained by FT-IR and XPS, which leads to the 

conclusion that the stoichiometric compositions of these films are very close. However, it should 

be mentioned that the hydrogen content in the investigated films in this study was not quantified 

since the XPS measurement is not sensitive to hydrogen or helium. Also there is no report on the 

dependence of the dielectric charging in SiNx films deposited using different RF power on the 

hydrogen content. On the other side, the density and distribution of defects in SiNx films is 

expected to be larger as the deposition RF power increases. This could affect the charge injection 

as well as the charge collection process. Additionally, the higher the employed RF power is, the 

higher the deposition rate which normally results in larger disorder due to higher energy transfer 

to Si and N atoms during the deposition process (Zaghloul et al., 2011b). The larger density of 

defects indicates that the charge redistribution paths are larger leading to higher redistribution 

currents. Consequently, this results in faster charge decay as the deposition RF power increases 

as obtained from the evolution of KPFM surface potential and FDC adhesive force with time. 

The injected charge density was expected to increases as the RF power increases due to 

the higher density of defects which exits in SiNx films deposited at larger RF power. This is 

observed only when the RF power changes from 20 W to 40 W and then from 80 W to 100 W as 

shown from the KPFM results (Fig. 9c) and FDC measurements (Fig. 10a,b). Changing the RF 

power from 40 W to 80 W passing through 60 W shows a continuous decrease in the injected 

charge density. The decreasing trend of the injected charge density when increasing the RF 

power from 40 W to 80 W could be explained based on the equilibrium between charge injection 

and redistribution as explained in detail in section 3.2.4. Since the charge collection process 

becomes faster as the RF power increases indicating larger redistribution paths and consequently 

larger redistribution currents, the charge injection and redistribution equilibrium is attained at 
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smaller surface charge density. This results in decreasing the measured KPFM potential and/or 

FDC adhesive force when increasing the RF power in this range. The variation in the injected 

charge density when changing the RF power from 20 W to 40 or from 80 W to 100 W does not 

follow this rule most probably due to a larger defect density which could lead to higher stored 

charge.             

 

3.4 Effect of temperature 

For these samples, the deposition gas ratio and RF power were kept constant while the 

substrate temperature was varied as shown in Table 1. 

 

3.4.1 KPFM results 

The KPFM results related to the charging/discharging processes in SiNx films deposited 

using different substrate temperature is presented in Fig. 12. The surface potential amplitude, Us, 

distribution, FWHM, and the integral of potential profile slightly decrease with increasing the 

substrate temperature from 200 oC to 300 oC as shown in Figs. 12a, b and c, respectively. This 

indicates that the injected charge density slightly decreases as the substrate temperature gets 

higher in this investigated temperature range, and this is observed for charge injected under 

different pulse amplitude. Comparing these results with the KPFM data extracted from SiNx 

samples deposited using different gas ratio (Fig. 6a, b and c) leads to the conclusion that the 

influence of the substrate temperature on the charging process is much less compared to the 

effect of the reactive gas ratio. The difference in injected charge density between positive and 

negative charge injection is quite obvious for SiNx films deposited at 200 oC, while this 

difference decreases considerably as the deposition temperature increases to 250 oC or 300 oC.   

An example of the KPFM surface potential evolution with time for SiNx films deposited 

using different substrate temperatures is shown in Fig. 12d. It can be seen from the figure that 

the charge collection process becomes faster as the deposition temperature increases from 200 oC 

to 300 oC. This is evident from the decay time constant values calculated from the surface 

potential decay for charges injected using different pulse amplitude as shown in Fig. 12e. No 

clear trend is found for the stretch factor calculated for this  set of samples as a function of the 

substrate temperature as presented in Fig. 12f.  Figure 12e,f shows also that for each deposition 

temperature the decay time constant increases while the stretch factor decreases when the pulse 
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amplitude employed during the charge injection step increases as reported by Zaghloul et al. 

(2011b,d ). Comparing the decay time constant calculated from KPFM surface potential decay 

for SiNx samples deposited using different gas ratio (Fig. 6e), RF power (Fig. 9e), and substrate 

temperature (Fig. 12e), it could be concluded that the influence of the substrate temperature on 

the charge collection process is relatively larger than the effect of the RF power and much 

smaller compared to the influence of the gas ratio.  

 

3.4.2 FDC results 

The influence of the substrate temperature employed during the SiNx deposition on the 

charging/discharging process as extracted from the FDC measurements is presented in Fig. 13. 

The measured FDC potential (Fig. 13a) and adhesive force (Fig. 13b) slightly decreases when 

the substrate temperature increases from 200 oC to 300 oC for charges injected using different 

voltage. The correlation between the FDC measured potential and adhesive force is also obvious 

from the figures. Moreover, the trend of both FDC potential and adhesive force versus the 

substrate temperature agree well with the trend of KPFM potential profile integral (Fig. 12c) 

indicating a relatively smaller injected charge density as the deposition temperature increases in 

the investigated range. Comparing the values of the FDC potential and adhesive force measured 

for SiNx samples deposited using different gas ratio (Fig. 7a,b) and substrate temperature (Fig. 

13 a,b) leads to the conclusion that the influence of the substrate temperature on the charging 

process is relatively small compared to the effect of the gas ratio, which is also concluded from 

the KPFM measurements. 

A sample of the measured adhesive force decay for SiNx films deposited using different 

substrate temperature is presented in Fig. 13c. The relaxation process becomes faster as the 

deposition temperature increases from 200 oC to 300 oC as shown in the figure. The decay time 

constant calculated from the adhesive force evolution with time for charges injected using 

different pulse amplitude is presented in Fig. 13c. The figure also highlights a faster charge 

collection process as the substrate temperature increases, which agrees well with the results 

obtained from KPFM measurements. Comparing the decay time constant calculated from 

adhesive force evolution with time for SiNx samples deposited using different gas ratio (Fig. 7c), 

RF power (Fig. 10c), and substrate temperature (Fig. 13c) leads to the conclusion that the effect 

of the substrate temperature on the charge collection process is relatively larger than the effect of 
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the RF power and much smaller compared to the influence of the gas ratio. This is also similar to 

the conclusion drawn from the KPFM surface potential measurements. 

 

3.4.3 Influence on material stoichiometry 

The FT-IR spectra for SiNx films deposited using different substrate temperature is 

shown in Fig. 14a. The increased deposition temperature from 200 oC, then 250 oC to 300 oC at 

the same gas ratio r = 0.45 led to no pronounced fall-down of N/Si atomic ratio (0.694 to 0.681) 

as shown from Table 1 and Fig. 14b. From FT-IR spectra, LO mode of Si-N at 1027 cm-1 at 250 
oC increases to 1051 cm-1 at 300oC, and oppositely the = N-H rocking vibration becomes weak, 

(1188 cm-1 at 250oC, 1181 cm-1 at 300oC).  In this case, the highest deposition temperature 

demonstrated a similar effect as in the film with the maximum deposition power 100 W. The 

increased deposition temperature tends to reduce the reaction of NH3 gas, and also reduce the 

content of hydrogen in all plasma deposited materials, which leads to more preferred formation 

of nitrogen and silicon Nx-Si-H bonds (x ≥ 2). Since the nitrogen is more electronegative than 

silicon, the incorporation of nitrogen leads to an increase in the frequency of the absorption peak. 

Although the shift of N-H stretching vibrations is not conspicuous, it is believed that this is due 

to the emergence of the NH2 asymmetric mode. As supporting evidence, the NH2 bending mode 

at about 1539 cm-1 disappeared at the highest temperature 300 oC. 

 

3.4.4 Discussion 

From KPFM and FDC measurements it is concluded that increasing the substrate 

temperature results in slightly reducing the injected charge density and making the charge 

collection process relatively faster. This indicates that the charge redistribution is relatively 

larger with higher deposition temperature resulting in attaining equilibrium between the charge 

injection and redistribution at smaller surface potential amplitude as explained earlier. From the 

data presented in Tavassolian et al. (2009), the measured TSDC current at 300 K for the SiNx 

deposited at 200 oC is found to be slightly larger compared to at 300 oC. This agrees with the 

results obtained from the measurements which were performed at room temperature. As seen 

from FT-IR and XPS data, increasing the deposition temperature from 200 oC, then 250 oC to 

300 oC at the same gas ratio r = 0.45 lead to non-pronounced variation in the N/Si atomic ratio. 

This shows a good agreement with the data presented in Tavassolian et al. (2009) where the N/Si 
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is shown not to vary much and also does not have a consistent trend in the range of 200 oC to 300 
oC deposition temperature.  

The difference between the charging/discharging processes for SiNx films deposited 

using different temperatures could be attributed to several reasons. First, the increased deposition 

temperature is known to cause desorption of hydrogen in PECVD silicon nitride, which results in 

reducing the hydrogen content in the film. For example, the hydrogen content decreases from 

26.88% for SiNx films deposited at 200 oC to 11.66% for the films deposited at 340 oC (Herth et 

al., 2010). For this reason the possible contribution from hydrogen migration to the dielectric 

charging in SiNx films deposited using different substrate temperatures cannot be overruled. 

Second, the influence of the film stress on the material electrical properties, and hence on the 

dielectric charging, has to be considered. Increasing the deposition temperature results in 

changing the film stress from compressive stress for films deposited at 100 oC to tensile when the 

deposition was performed at 300 oC (Papandreou et al., 2007). It has been also reported that the 

residual stress of SiNx films increases from 110 MPa to 530 MPa as the SiNx film growth 

temperature increases from 200 oC to 340 oC (Herth et al., 2010). The deposition temperature and 

pressure was also reported to have a considerable effect on the material structure and mechanical 

properties (Thornton, 1977; Bhushan and Gupta, 1991).The third reason could be attributed to 

the difference in trap concentrations between the SiNx samples deposited at different 

temperatures (Tavassolian et al., 2009). Here, it should be emphasized that presently there is no 

report on the dependence of silicon nitride charge trap concentration and properties on the 

material stoichiometry and bandgap. Finally, increasing the deposition temperature results in 

reducing the SiNx film conductivity (Herth et al., 2010) because hydrogen is known for its 

chemical reactivity creating Si–H bonds rather than N–H bonds  (Lamhamdi et al., 2006). This is 

expected also to affect the dielectric charging. Many of these hypotheses require further 

investigation in order to fully understand the influence of the deposition temperature on the 

dielectric charging. 

The amount of Si–H and N-H bonds in all investigated SiNx samples in this study 

indicates that there is a high concentration of Si matrix that is not bound to N, which can in 

principle give rise to Si cluster nucleation. It is in agreement with the results discussed above 

which show all silicon-rich type with N/Si ratio much less than stoichiometric one (1.33). 

Changing the gas ratio has a much stronger effect on the material composition and structural 
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properties compared to the effect of RF power and substrate temperature. Comparing the SiNx 

layers deposited with variable RF power and substrate temperature at the same gas ratio r = 0.45, 

it is found that their compositions remain almost in the same domain around 0.7. Further 

investigation is currently in progress for the SiNx films deposited with the extreme deposition 

parameters (RF power 100 W, substrate temperature 300 oC) which have a microscopic structural 

change.  

 

4. Conclusion 

The influence of PECVD deposition conditions on the dielectric charging of SiNx films 

has been investigated. Numerous SiNx films have been deposited using different recipes 

including variable silane/ammonia gas ratio, RF power, and substrate temperature. The study 

targets mainly the dielectric charging phenomenon in electrostatically actuated MEMS devices, 

particularly electrostatic capacitive MEMS switches. The charging/discharging processes in the 

investigated SiNx films have been studied using two different characterization techniques based 

on Kelvin probe force microscopy (KPFM) and, for the first time, force-distance curve (FDC) 

measurements. The main advantage of the FDC-based assessment methodology is that it takes 

into account the meniscus force between the AFM tip and the SiNx surface which exits in MEMS 

switches between the switch bridge and the dielectric surface and cannot be measured by KPFM. 

Fourier transform infra-red spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) 

material characterization techniques have been used to determine the chemical bonds and 

compositions, respectively, of the SiNx films being investigated. An attempt to correlate between 

the chemical and electrical properties of SiNx films is performed.  

The charge relaxation process has been studied through monitoring the time evolution of 

KPFM surface potential and, for the first time, by measuring the evolution of adhesive force with 

time. The evolution of KPFM surface potential follow properly with the stretched exponential 

equation, while the decay of the adhesive force with time is found to fit well with the square of 

the stretched exponential equation. This indicates that the measured adhesive force between the 

AFM tip and the SiNx surface in this study resembles mainly the attractive electrostatic force. 

The characterization of the charging/discharging processes in dielectric films based on adhesive 

force measurements is presented in this study for the first time.  
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The injected charge density as well as the relaxation time constant decreases gradually 

when the SiH4/NH3 gas ratio increases from 0.15 to 0.45, and then decreases sharply for the 0.6 

and 0.8 gas ratios. This is attributed to increasing the silicon content in the investigated SiNx 

films with increasing the gas ratio as seen from FT-IR and XPS data, which results in larger 

leakage current, higher concentration of defects and larger number of charge trapping centers. 

Charge redistribution paths, therefore, increase, and consequently the redistribution current will 

be larger and will lead to a smaller charge density at the dielectric surface. For this reason, the 

charge injection/redistribution equilibrium, which determines the magnitude of injected charge 

density measured by KPFM or FDC, will be attained at a smaller surface charge density with 

larger gas ratio.  

The difference in the injected charge density and charge collection process obtained from 

KPFM and FDC measurements for SiNx samples deposited using different RF power, though 

small, cannot be fully explained in view of the data obtained by FT-IR and XPS, which leads to 

the conclusion that the stoichiometric compositions of these films are very close. However, it 

should be mentioned that the hydrogen content in the investigated films in this study was not 

quantified. The density and distribution of defects in SiNx films is expected to be larger as the 

deposition RF power increases. This results in larger charge redistribution paths, higher 

redistribution currents, and consequently faster charge decay as the deposition RF power 

increases. The results from the KPFM and FDC measurements lead to the conclusion that 

increasing the substrate temperature from 200 oC to 300 oC results in slightly reducing the 

injected charge density and making the charge collection process relatively faster, in spite of the 

non-pronounced variation in N/Si atomic ratio for these samples as obtained by FT-IR and XPS. 

This indicates that the charge redistribution is relatively larger with higher deposition 

temperature which results in attaining the charge injection/redistribution equilibrium at smaller 

charge density at the dielectric surface. This is attributed mainly to reducing the hydrogen 

content in the SiNx film, increasing the film stress, changing trap concentrations, and reducing 

film conductivity when deposition temperature increases.  

KPFM and FDC data shows clearly that the influence of the reactive gas ratio on the 

charging/discharging process in SiNx films is much larger compared to the effect of substrate 

temperature and RF power. This is in good agreement with the results obtained from FT-IR and 

XPS which highlights that the reactive gas ratio has a larger influence on the SiNx material 
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stoichiometry compared to the effect of RF power or substrate temperature. On the other side, 

both employed characterization techniques based on KPFM and FDC measurements leads to 

similar conclusions regarding the charging/discharging processes in the investigated SiNx films 

deposited using different gas ratio, RF power, and temperature. Since the FDC-based 

characterization efficiently simulates the operation of MEMS switches, the KPFM nanoscale 

characterization performed on the level of a single asperity is proved to be an excellent approach 

to understand the dielectric charging phenomena which takes place on the device level.        

The study provides a deeper insight to the dielectric charging phenomenon based on 

novel characterization methodologies. Considering the lack of available information on the 

dependence of silicon nitride charge trap concentration and electrical properties on the material 

stoichiometry and its relation to the dielectric deposition conditions, this work could help to 

determine which dielectric is more robust for electrostatic MEMS devices with better reliability. 
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Table 1 : Quantification of atomic concentration by XPS (% at) for films SiNx  (source RX Mg, 
Ep=20 eV, correction Scofield) 

SiH4/ NH3 
gas ratio, r (sccm) 

Power 
(W) 

Temperature 
(oC ) 

C 
at% 

O 
at% 

N 
at% 

Si 
at% N/Si 

0.15 20 200 - 1.8 45 53.2 0.845 
0.25 20 200 - 0.6 44.6 54.8 0.813 
0.6 20 200 - 2.5 38.5 59.0 0.653 
0.8 20 200 - 2.4 37.9 59.7 0.635 
0.45 40 200 - 1.4 40.2 58.4 0.688 
0.45 60 200 - 1.55 40.5 57.95 0.698 
0.45 80 200 - 1.0 41.1 57.8 0.711 
0.45 100 200 - 1.5 41.5 57 0.728 
0.45 20 250 - 1.6 40.1 58.3 0.687 
0.45 20 300 - 0.8 40.2 59.0 0.681 

0.45 (reference) 20 200 - - 41 59 0.694 
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Table 2: PECVD deposition conditions for the reference SiNx sample (SiH4 /NH3 ratio = 0.45). 
Parameter Value 

Gas flow rate 
(sccm) 

SiH4 18 
NH3 40 
N2 1200 

Radio frequency (RF) power (W) 20 
Chamber pressure (mTorr) 1000 
Radio frequency mode 13.56 MHz 
Substrate temperature (◦C) 200 
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Figure Captions 

Figure 1. The layer structure of the investigated samples and the dielectric charging assessment 

using the KPFM-based methodology: (a) charge injection in tapping mode over the dielectric 

surface, and (b) the resulting surface potential profile represented by Us and FWHM. 

 

Figure 2. An example KPFM surface potential maps obtained at different time points directly 

after the charge injection step using different pulse amplitude, Up, for (a) positive, (b) negative 

voltage, and (c) the extracted potential profiles for SiNx samples deposited using different gas 

ratio, r. 

 

Figure 3. Dielectric charging characterization using the FDC measurements. (a) An example of a 

force-distance curve for the investigated SiNx samples; (b) the retract data for force-distance 

curve obtained while different voltage is applied between the AFM tip and the sample; (c) a 

sample of the obtained adhesive force maps for a charged SiNx film. 

 

Figure 4. The time evolution of the measured KPFM surface potential represented by (a) surface 

potential amplitude, Us, (b) potential distribution, FWHM, (c) absolute potential profile integral, 

and (d) normalized potential profile integral. The difference between KPFM decay (open 

symbols) and natural decay (solid symbols) is also highlighted in the figure. 

 

Figure 5. An example of adhesive force decay with time measured using the FDC technique for 

the same SiNx sample presented in Fig. 4: (a) adhesive force decay for charges which have been 

injected at 40 V, and (b) normalized adhesive force decay (open symbols) for injected charges 

under different voltage, and the corresponding values of KPFM potential profile integral (solid 

symbols). 

 

Figure 6. The influence of the reactive gas ratio, r, on the charging (left) and discharging (right) 

processes as extracted from the KPFM measurements for charges which have been injected using 

different pulse amplitude: (a) surface potential amplitude, Us, (b) potential distribution, FWHM, 

(c) potential profile integral for positive and negative charge injection, (d) a sample of Us decay 
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with time for injected charges using the same pulse amplitude ,Up, (e) the decay time constant, 

and (f) stretch factor calculated from fitting. 

 

Figure 7. The impact of reactive gas ratio, r, on the charging (left) and discharging (right) 

processes as measured from the FDC measurements for charges which have been injected using 

different voltage: (a) measured surface potential, (b) adhesive force, (c) an example of adhesive 

force decay with time for charges injected using same voltage, and (d) the calculated decay time 

constant from adhesive force time evolution. 

 

Figure 8. FT-IR and XPS data for SiNx films deposited using different gas ratio, r: (a) FT-IR 

spectra at an angle of 70º, and (b) N/ Si atomic ratio obtained from XPS analysis and the relative 

intensity Si–H (around 2157 cm-1 at 70o, 2160 cm-1 at 20o) versus N–H (around 3348 cm-1 at 70o, 

3350cm-1 at 20o) from FT-IR. 

 

Figure 9. The effect of RF power on the charging (left) and discharging (right) processes as 

extracted from the KPFM measurements for charges which have been injected using different 

pulse amplitude: (a)surface potential amplitude, Us, (b) potential distribution, FWHM, (c) 

potential profile integral for positive and negative charge injection, (d) a sample of Us decay with 

time for injected charges using the same pulse amplitude ,Up, (e) the decay time constant, and (f) 

stretch factor calculated from fitting. 

 

Figure 10. The influence of deposition RF power on the charging (left) and discharging (right) 

processes as measured from the FDC measurements for charges which have been injected using 

different voltage: (a) measured surface potential, (b) adhesive force, (c) an example of adhesive 

force decay with time for charges injected using same voltage, and (d) the calculated decay time 

constant from adhesive force time evolution. 

 

Figure 11. FT-IR and XPS data for SiNx films deposited using different RF power: (a) FT-IR 

spectra for SiNx films deposited using different RF power at an angle of 70º, and (b) N/ Si atomic 

ratio obtained from XPS analysis and the relative intensity Si–H (around 2157 cm-1 at 70o, 2160 

cm-1 at 20o) versus N–H (around 3348 cm-1 at 70o, 3350cm-1 at 20o) from FT-IR. 
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Figure 12. The effect of substrate temperature on the charging (left) and discharging (right) 

processes as extracted from the KPFM measurements for charges which have been injected using 

different pulse amplitude: (a) surface potential amplitude, Us, (b) potential distribution, FWHM, 

(c) potential profile integral for positive and negative charge injection, (d) a sample of Us decay 

with time for injected charges using the same pulse amplitude ,Up, (e) the decay time constant, 

and (f) stretch factor calculated from fitting. 

 

Figure 13. The influence of substrate temperature on the charging (left) and discharging (right) 

processes as measured from the FDC measurements for charges which have been injected using 

different voltage: (a) measured surface potential, (b) adhesive force, (c) an example of adhesive 

force decay with time for charges injected using same voltage, and (d) the calculated decay time 

constant from adhesive force time evolution. 

 

Figure 14. FT-IR and XPS data for SiNx films deposited using different substrate temperature: 

(a) FT-IR spectra for SiNx films deposited using different substrate temperature at an angle of 

70º, and (b) N/ Si atomic ratio obtained from XPS analysis and the relative intensity Si–H 

(around 2157 cm-1 at 70o, 2160 cm-1 at 20o) versus N–H (around 3348 cm-1 at 70o, 3350 cm-1 at 

20o) from FT-IR. 
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