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Abstract

The silicon nitride (SiNx) thin films are synthesized at 170°C by inductively coupled plasma enhanced chemical vapor deposition. The as-deposited SiNx films are found to suffer high-density fixed charges and interface charge traps. This research is an effort to improve the properties of the as-deposited SiNx films by annealing treatment. The chemical, physical and electrical properties of the annealed SiNx films are characterized and compared with those of the as-deposited ones. The concentrations of both N-H and Si-H bonds decrease and, meanwhile, a small concentration of Si-O bonds are formed after annealing. No considerable changes are observed in the current density-voltage (J-V) behavior while the drastic changes happen in the capacitance-voltage (C-V) behavior. The flatband shift of the annealed films decreases significantly, revealing a drastic decrease in the fixed charge density. The interface state density of the annealed films also reduces significantly. For 800 W and 1000 W SiNx films, both the fixed charge and interface state densities decreases to the acceptable levels. Based on composition and chemical bond analyses, the possible explanation for these improvements is that hydrogen atoms migrate to the interface and chemically react with the interface traps during annealing, making them electrically inactive. Overall, the annealed 800 W’s silicon nitride film possesses the best combination of the chemical, physical and electrical properties adequate for practical device applications.

Introduction

Silicon nitride (SiNx) dielectric films have remarkable chemical, physical, mechanical and electrical properties and are the materials of choice for barrier, insulation, passivation and encapsulation layers for semiconductor devices and integrated circuits wherever high-quality native oxides are not available [1-18]. The SiNx films are made by plasma enhanced chemical vapor deposition (PECVD) and low-pressure chemical vapor deposition (LPCVD). The conventional PECVD method of a parallel-plate reactor is able to lower deposition temperatures to 250~350°C, as compared to at least 500°C needed by the LPCVD approach. However, the heat budget present in the conventional PECVD method is still too high for many emerging applications. Furthermore, because the substrate is placed on one of the two electrodes in the conventional PECVD reactor, the highly energetic bombardment of charged particles causes undesirable surface damages and high film stresses. As a result, there have recently been great interests in developing and utilizing low-temperature SiNx films for a variety of applications whereby low processing temperatures, surface damages, and film stresses are required.

Low-temperature SiNx films have found wide applications, and two main areas of these applications are nontraditional substrates [3-8, 11-13] and compound semiconductors [14-18]. One of the main interests in using nontraditional substrates is developing thin-film transistors (TFTs) and organic light-emitting diodes (OLEDs) on flexible plastics for light-weight, foldable displays [3-8]. The maximum working temperatures of most of the plastics are between 100 and 150°C, and even below 80°C in some cases. The poor electronic properties of the native oxides of III-V and II-VI compound semiconductors are well known. For example, As2O3 is unstable thermodynamically in the presence of GaAs and reacts to form As. Elemental As in turn produces near-mid-gap states that can pin down the Fermi level and enhances non-radiative recombination. Silicon dioxide films are prone to react with underneath semiconductor compounds and cause severe interface problems. In addition, III-V and II-VI semiconductor compounds are highly sensitive to ion bombardment and the non-congruent evaporation of volatile elements. The use of conventional PECVD SiNx films is usually undesirable due to the presence of high deposition temperatures and intense ion bombardment. The limitations associated with the existing techniques and those emerging demands give rise to the need of developing novel dielectric deposition techniques.

A number of deposition techniques have been developed to obtain high-quality SiNx films at low temperatures, along with decreased surface damages and controlled film stresses. High-density plasma is the most effective approach used to drive down deposition temperature. The evolving techniques based on using high-density plasma include electron cyclotron resonance plasma chemical vapor deposition (ECR-CVD) and inductively-coupled plasma-enhanced chemical vapor deposition (IC-PECVD). In the ECR-CVD and IC-PECVD reactors, the deposition zones are purposely separated from the plasma generation zones. This provides the possibility to minimize the surface damages due to energetic ion bombardment. There have been extensive researches on ECR-CVD [19-25]. It is reported that silicon nitride, silicon oxide and oxynitride films with good electrical properties can be deposited by the ECR-CVD technique at low temperatures of down to room temperature. Nonetheless, there are very limited reports on IC-PECVD and its films’ properties [2, 26].

This research work is to characterize the chemical, physical and electrical properties of annealed low-temperature SiNx films that are produced by IC-PECVD. It is part of the ongoing effort of developing high-quality dielectric thin films to passivate high electron mobility transistor (HEMT) integrated circuits at decreased temperatures and low ion bombardment. Lowering deposition temperatures makes it possible to avoid or minimize the alloying of the Schottky gate, the inter-diffusion and dopant redistribution of the multilayer structure, and the incongruous evaporation of volatile elements in HEMTs. From the perspective of minimizing the plasma-induced surface damages, a low microwave power deposition is preferred, but it may lead to poor-quality films because of less thorough chemical reaction. Thus, three RF powers are used in this research to study the effect of the deposition microwave power on the films’ properties. As revealed in the initial research results [27], all the as-deposited low-temperature SiNx films synthesized under three RF power condition are characterized with high-density fixed charges and interface charge traps, making the films unsuitable for practical device applications. In addition, lowering the deposition temperature favors the incorporation of hydrogen atoms. The migration of movable hydrogen atoms in the films results in long-term instability. As a result, post-deposition annealing treatment is needed to decrease the defects produced in low-temperature deposition, improve the electrical properties and mitigate the reliability concern. The focus of this paper is on the influence of the final device stability annealing treatment on the properties of the low-temperature silicon nitride films.

Experimental Methods

The silicon nitride films in this research were made on silicon wafers at 170°C by using inductively coupled plasma enhanced chemical vapor deposition (IC-PECVD). A schematic diagram of the system is shown in Figure 1. A 13.56 RF power source is inductively coupled into the tubular reactor by an antenna wound around. Solenoidal magnets are uniformly distributed along the bottom of the reaction chamber, which help to sustain a high dissociation rate. Prior to deposition, Si wafers were stripped of native oxides by using dilute HF solution. N2 was used instead of NH3 in the deposition of silicon nitride films, thus providing the likelihood of reducing hydrogen concentration in silicon nitride films. Hydrogen atoms were considered one of the reasons causing a change of long-term dielectric properties. The reaction chamber utilized two separated sets of gas inlets. N2 was injected into the chamber from the top gas inlets; SiH4 was introduced by the side gas inlets that were radially distributed above the substrate chuck. Biasing the substrate chuck was independent of the generation of plasma, and a null bias was used to decrease the surface damages resulted from ion bombardment.
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Figure 1: Schematic diagram of the ICPECVD reactor.

The SiNx films were annealed at 240°C for 48 hours in protective gases, a standard procedure used to improve the long-term stability of high electron mobility transistors (HEMTs) and their IC circuits, especially for high-power and space applications. The chemical bonds of the low-temperature silicon nitride films were analyzed by Fourier transform infrared (FTIR) spectroscopy. The wet etching property of the films was tested in a commercialized buffered oxide etch (BOE) solution at room temperature. The density of pin holes was evaluated by KOH etching at 70°C for 3 hours. The surface roughness of the silicon nitride films were measured by using atomic force microscopy (AFM). The refractive index of the silicon nitride films was measured by using laser ellipsometry.

The electrical properties of the low-temperature silicon nitride films were measured by using a metal-insulator-semiconductor (MIS) structure [28-30]. A mercury probe was used to make contact directly on the silicon nitride films to form a MIS structure for capacitance-voltage (C-V) measurements. Because meaningful quasi-static C-V curves were not obtained successfully, the high-frequency method was used to characterize the low-temperature silicon nitride films [28]. The dielectric constant of the films was determined by measuring metal-nitride-metal capacitance for calculating the ideal C-V curve of the MIS structure. High-frequency (1 MHz) C-V measurements used a sweep rate of 0.1 V/s, starting from accumulation to strong inversion and then reversely sweeping back. For current density-voltage (J-V) measurements, Ti/Cu films were e-beam evaporated and patterned to a series of square pads ranging from 5050 m2 to 1010 mm2 by wet etching. These electrode pads of J-V measurements were randomly distributed on 4” silicon wafers so that the measured values could best represent the properties of the low-temperature silicon nitride films. The polarity was chosen in order to operate MIS capacitors in accumulation so that a depletion zone in the semiconductor was avoided. Ti/Cu films were also deposited onto the backsides of the silicon wafers. Both C-V and J-V measurements were performed by using Agilent semiconductor parameter analyzer B1500A.

Results

The following are the experimental results about the influence of post-deposition annealing treatment on the properties of the low-temperature silicon nitride films. Some relevant results in the as-deposited condition are included for the sake of comparison.

1) Influence on Chemical Bonds

The chemical bonding structures of the low-temperature silicon nitride films are studied by Fourier transform infrared spectroscopy (FTIR), as shown in Figure 2. Except the predominant absorption peak for the stretching vibration mode of the Si-N bond near 840 cm-1, other three major peaks are identified for the N-H stretching vibration mode around 3340 cm-1, the Si-H stretching vibration mode near 2200 cm-1, and the N-H bending vibration mode at 1180 cm-1. As aforementioned in the section of experiments, the low-temperature silicon nitride films are made by using N2 and SiH4. Although the N-H bond structure does not exist in the source gases, the N-H bonds are formed during the chemical reaction in the deposition process. There is slight variation in the area of an absorption peak among the three power conditions. The peak area for the same bond and vibration mode decreases with increasing microwave power, and this trend is more apparent at the stretching vibration mode at 3340 cm-1 and the bending vibration mode at 1180 cm-1 of the N-H bond.

By comparing the spectra of the as-deposited and annealed silicon nitride films, the peak area at the same vibration mode for the chemical bond of N-H or Si-H slightly decreases after the annealing treatment. This is evident for the N-H stretching vibration mode at around 3340 cm-1 and the N-H bending vibration mode at 1180 cm-1, and these two peaks become almost indiscernible (in Figure 1b). After annealing, a trace of absorption occurs at 1070~1090 cm-1, and the location of this absorption peak coincides with that of the absorption peak of the Si-O stretching vibration mode. Because the trace of this kind of absorption is not observed in the measured spectra of the as-deposition films, a possible explanation is that oxidation has occurred during the annealing treatment.

For comparison, Figure 2 also includes the measured result of a silicon nitride film made at 250°C by using a conventional parallel-plate reactor, PlasmaTherm 790 PECVD system, with the gas sources of NH3 and SiH4. The absorption peaks of the N-H bonds are more pronounced for the PlasmaTherm film than for the low-temperature films. On the other hand, the absorption peaks of the Si-H bond are larger for the low-temperature films than for the PlasmaTherm film. This observation is in agreement with the fact that the low-temperature films are made of N2 and SiH4, and it is less likely for H atoms to exist in a form of N-H bond.
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Figure 2: FTIR spectra of (a) the as-deposited and (b) the annealed silicon nitride films.

Since the area of an absorption peak is proportional to the concentration of the corresponding atomic bonds, several conclusions can be drawn from the FTIR analyses. The low-temperature silicon nitride films incorporate a lower concentration of N-H bonds but a higher concentration of Si-H bonds than the conventional PECVD film. The low-temperature silicon nitride films have more Si-H bonds under a lower microwave power than under a higher microwave power. This happens maybe because, under a lower microwave power, the smaller disassociation rate of SiH4 favors more hydrogen retention in a form of Si-H. After annealing, the concentrations of both N-H and Si-H bonds decrease and, meanwhile, a small concentration of Si-O bonds are formed. It is known that Si-H bonds in silicon nitride play a dominant role in determining the trapped electron density in the silicon nitride.

2) Influence on Pin-Hole density, Wet Etching Property and Surface Roughness

Pinholes are tiny structure defects happening in thin dielectric films made by all kinds of chemical or physical vapor deposition techniques. In this research, the pinholes are exposed through large etched pits on silicon wafer surfaces that are obtained by KOH etching at 70°C for 3 hours and then removing the silicon nitride films by BOE. Figure 3 shows the typical diamond-shaped etched pits, which are taken from the edge area of a silicon wafer where there is higher pinhole density.

[image: DSCN1584]
Figure 3: Etched pits on the Si wafer surface after the SiNx film is stripped.

The density of pin holes depends on processing parameters and is also strongly related to the thickness of a dielectric film. For the low-temperature silicon nitrides, when film thickness is larger than 2000 Å, there are few pinholes to show up. Thus, a 750 Å film thickness is chosen to evaluate the differences in the density of pin holes between the three microwave power conditions. The results show that, for each of the power conditions, the distribution of pin holes is not uniform on the wafer. The density of pin holes is much higher in the narrow edge region of about 0.5 cm wide. It is small and relatively uniform in the remaining central area but still has certain fluctuation. Figure 4 is the comparison of the pinhole density in the films under three RF powers in the as-deposited and annealed conditions. The result indicates that the annealing treatment has very limited impact on the pinhole density. The small differences are most likely due to counting errors.
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Figure 4: Pinhole densities in the as-deposited and annealed conditions.

Wet etching property is closely related to the composition, chemical bonding stability and mass density of a dielectric film and it is also important for device microfabrication. The wet etching property of the low-temperature silicon nitride films in the as-deposited and annealed conditions is tested and compared in a commercialized BOE solution at room temperature. There are not observable differences in the wet etching rate in these films between the as-deposited and annealed conditions. The surface roughness of the films in the as-deposited and annealed conditions is also measured and compared by AFM; and the annealing treatment is found to have minimal impact.

3) Influence on Breakdown Strength, Leakage current and Resistivity

Figure 5(a) shows a group of typical J-V curves of the low-temperature silicon nitrides. The figure uses a logarithm/square-root coordinate system for the convenience to ascertain the electrical conduction mechanism. The curves are obtained from four 200m200m measurement electrode pads randomly distributing on an 800 W SiNx film. A distinctive characteristic of the J-V curves is that the film experiences abrupt breakdown, a feature of avalanche breakdown. The breakdown does not happen at a precise value but in a range of electrical field strengths, from 5.4 to 7.9 MV/cm for this specific sample. The average breakdown electrical field strength based on these four measurements is 6.02 MV/cm.
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Figure 5: J-V curves of a low-temperature silicon nitride film: (a) the complete curves on a logarithm and square-root coordinate; (b) the low electrical part of the curves on a linear coordinate system.

The J-V curves in Figure 5(a) can be divided into several distinct regions that can be associated with different mechanisms of electron conduction. The linear region in the high electrical field can be interpreted by the synergistic effect of Schottky and Frenkel-Poole electron emissions [28-30]. For both the Schottky and Frenkel-Poole emissions, the logarithm of the current density has a linear relationship with the square root of the electrical field, as shown in Figure 5(a).

In the low electrical field, the electron emission mechanisms driven by high electrical fields are inactive; the movement of conductive carriers follows the ohmic law [28-30]. The current density has a linear relationship with the electrical field strength. It can be readily proved by redrawing the data in the low electrical field on a linear coordinate system of the current density and the electrical field, as showed in Figure 5(b), where the data points are the measurement values and the lines are the results of regression analysis. The data points of each measurement distribute well along a straight line, and this confirms that ohmic conduction is the dominant conduction mechanism for the film in the low electrical field. The inverses of the slopes of the regression lines are the resistivity of the silicon nitride film, which possesses certain fluctuation for different electrode pads. The average resistivity of the silicon nitride film is calculated to be 1.121014 cm.

Between the ohmic conduction and Schottky/Frenkel-Poole emission regions exists a transient region. Beyond the Schottky/Frenkel-Poole emission region, the silicon nitride film experiences avalanche breakdown.

Leakage current is another important parameter for use of a dielectric film. In Figure 5a, except in the regions after the dielectric’s breakdown, the measured J-V curves from the different electrode pads of the same size are coincident to one another. Thus, in contrast to the large fluctuation in breakdown strength, the leakage current has very limited variation between the different electrode pads of an identical size. Because most of field-effect devices work at an electric filed strength of around 2 MV/cm, the leakage current density at 2 MV/cm is interesting for practical applications and is usually used for comparison. At 2 MV/cm, the leakage current density of the silicon nitride film is 2.2810-8 A/cm2.

The breakdown strength, or the breakdown electrical field strength in full name, is a critical parameter of a dielectric film for practical utilization. The breakdown strength is an intrinsic materials property determined by the dielectric film itself. However, due to the presence of fringe electrical field, pin holes and other imperfects, the measured values of breakdown strength vary with the size of electrode pads used for measurement as well as the thickness of the dielectric film (thickness is not considered here). The influence of the electrode pads’ size on the breakdown strength, which has been ignored in reporting dielectrics’ properties in the majority of published literature, has been carefully evaluated in this present research. This is also an attempt to figure out the root cause responsible for the breakdown of the low-temperature silicon nitride films. Figure 6 shows the measured J-V curves from different-size electrode pads on the same silicon nitride film that is made under the 800 W power condition. The measured breakdown strength increases with a decrease in the size of electrode pad for the same silicon nitride film. This result reveals that it is important to compare and judge the dielectrics’ properties by using the measured values from the measurement electrode pads of an identical size. This is used as the criterion when comparing the properties of the low-temperature silicon nitride films in this research.
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Figure 6: Breakdown strengths of different-size measurement electrode pads.


The breakdown strength, leakage current and resistivity of the silicon nitride films in the annealed condition are measured and compared with those in the as-deposited condition. The measured results indicate that the annealing treatment has negligible influences on all these three properties. Figure 7 shows the influence of annealing treatment on the breakdown strengths of the SiNx films made in the 500 W, 800 W and 1,000 W power conditions. The variations of breakdown voltage have no clear trend and are not significant.

[image: ]
Figure 7: Breakdown strengths of the as-deposited and annealed SiNx films.

4) Influence of interface charge trap levels and fixed charges

There are two types of defects related to the imperfect chemical bonding structure of a dielectric film: fixed charges and interface traps. Fixed charges refer to localized charge centers that cannot change their charge states under the influence of an external electrical field. Interface traps refer to the interface sites that can change their electrons’ occupancy through an exchange of mobile carriers under the influence of an external electrical field. Each of interface traps has one or more energy levels. Because the chargeable interface sites are not close to one another enough to create a continuous energy band, they form a series of discrete energy levels within the silicon’s bandgap. As a result, interface traps are quantified as an interface trap level density per electron volt, which varies with the location in the bandgap. Interface trap levels below the Fermi level are full, and those above are empty. The density of interface trap energy levels is measurable near midgap of the silicon bandgap. Both fixed charges and interface traps must be controlled and minimized. Otherwise, they can adversely affect device performance.

Figure 8 shows the measured C-V curves of the as-deposited silicon nitride films that are produced under the three microwave power conditions of 500, 800, and 1000 W. The figure also includes the values of flatband shift and hysteresis width for each of the curves. All these three curves have a significant flatband shift, indicating the presence of high-density fixed charges. The silicon nitride films made at 500 and 1000 W are hardly able to reach the saturated capacitance at accumulation, indicating the existence of high-density interface trap levels near the edge of the silicon bandgap. These chargeable interface traps effectively screen out the external electrical field and prevent the silicon’s surface layer from reaching accumulation. There are significant differences in the hysteresis width. The hysteresis observed is related to the charge capture/release processes of the interface traps with a large time constant, i.e., the sluggish interface traps. The charge state of the sluggish interface traps cannot follow but lag behind the change in gate bias, leading to hysteresis. The narrow hysteresis of the high-frequency C-V curve of the 500 W silicon nitride film indicates a low level of sluggish traps at the SiNx/Si interface. The non-symmetry in hysteresis of the 800W’s C-V curve is because the kinetics of charge capture/release is asymmetrical and the capacitance value depends on the direction of the bias voltage variation.
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Figure 8: C-V curves of the as-deposited low-temperature silicon nitride films produced at the microwave powers of (a) 500 W; (b) 800 W; and (c) 1000 W.

The densities of fixed charges and interface charge traps were calculated by using the curves in Figure 7. Table 1 summarizes the calculated results of the as-deposited silicon nitride films produced under the three microwave conditions.

Table 1: Calculated interface charge trap levels and fixed charges of the as-deposited SiNx films
	Power Condition (W)
	Interface States at midgap (cm-2eV-1)
	Fixed Charges* (cm-2)

	500
	3.471011
	1.211012

	800
	8.801011
	1.331012

	1000
	4.521011
	1.061012


* Fixed charges include the charged interface states.


[bookmark: OLE_LINK1]Figure 9 shows the measured C-V curves of the same silicon nitride films used for the measurements of Figure 8 but annealed. As compared with those in the as-deposited condition, the flatband shifts of all the three silicon nitride films in the annealed condition drastically decrease, indicating a significant decrease in the density of fixed charges. All the C-V curves become much more vertical, implicating a decrease in the density of interface charge trap levels across the silicon’s bandgap. The capacitance of the 1000 W silicon nitride now can readily reach the saturation value at accumulation, representing a low density of interface charge trap levels near the edge of the silicon bandgap. The silicon nitride film made at 500 W remains difficult to reach the saturated capacitance at accumulation. There are also significant changes in the hysteresis shape and width of these C-V curves. The asymmetrical hysteresis of the 800 W C-V curve becomes symmetrical. The hysteresis widths of the annealed 800 and 1000 W silicon nitrides are deceased to be nearly half of those values in the as-deposited condition. However, the hysteresis width of the annealed 500 W film increases significantly.
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Figure 9: C-V curves of the annealed low-temperature silicon nitride films produced at the microwave powers of (a) 500 W; (b) 800 W; and (c) 1000 W.


Table 2 is the calculated results of the annealed silicon nitride films. By comparing with those in Table 1, the densities of both the interface charge trap levels and the fixed charges have been decreased significantly. The densities of the interface charge trap levels and the fixed charges of the 800 W and 1000 W silicon nitride films have reached the levels acceptable for practical applications in semiconductor devices.


Table 2: Calculated interface charge trap levels and fixed charges of the annealed silicon nitrides
	Power Condition (W)
	Interface States at Midgap  (cm-2eV-1)
	Fixed Charges (cm-2)

	500
	1.631011
	1.741011

	800
	2.601010
	8.13109

	1000
	3.261010
	6.80109


* Fixed charges include the charged interface states.



Discussion

The annealing treatment has a profound influence on the density and property of interface charge traps in the low-temperature silicon nitride films. The density of interface charge traps decreases significantly. The kinetics of charge capture/release becomes more symmetrical. The density of sluggish interface charge traps increases or decreases, depending on the microwave power conditions used for deposition. Like the silicon nitrides by all the other thermal, chemical and physical deposited approaches, the low-silicon nitride films by IC-PECVD incorporate hydrogen atoms in the form of N-H and Si-H bonds. It is known that N-H and Si-H bonds in silicon nitride play a role in determining the density of interface charge traps in the silicon nitride films. An amphoteric behavior for N-H and Si-H centers in silicon nitride has been suggested. The charge trapping role of these amphoteric bonds could be giving rise to the large stretch-out and hysteresis of the C-V curves observed in the low-temperature silicon nitride films.

FTIR analyses reveal that the N-H and Si-H bonds are not stable in the annealing treatment. After annealing, the concentrations of both N-H and Si-H bonds decrease and, meanwhile, a small concentration of Si-O bonds are formed. Although the chemical mechanism by which interface charge traps are deactivated and annihilated during annealing is unknown, it is believed that the change in the density and property of interface charge traps is related to the change in the concentrations of both N-H and Si-H bonds and the formation of Si-O bonds.

The density of fixed charges in the low-temperature silicon nitride films also decreases significantly after annealing. Fixed charges are generally related to unsaturated dangling Si bonds. The unsaturated dangling bonds usually happen at the interface due to the sudden structure termination of silicon nitride and silicon crystals. They also appear inside the silicon nitride films as a result of structure imperfects occurring during deposition. Similar to the interface charge traps, the exact mechanism that causes a decrease in the density of fixed charges during annealing is unidentified. It is generally believed that hydrogen plays an important role in passivating the unsaturated dangling Si bonds. The migration of hydrogen atoms during annealing is supported by the FTIR results. Also based on the FTIR analyses, the decrease in the density of fixed charges after annealing may be related to the oxidation reaction during annealing. The oxidation reaction is presumed to have saturated and neutralized the dangling bonds.

Among the low-temperature silicon nitride films made under the three microwave power conditions, the 800 W’s film possesses the best combination of the chemical, physical and electrical properties. The optimal electrical properties of a dielectric layer for most high-performance modern integrated circuits are a leakage current of ~10-6 A/cm2 at 2 MV/cm, a breakdown strength from 6 to 10 MV/cm, an oxide fixed charge density in the low 1010 cm-2 range, and an interface charge trap level density near midgap in the low 1010 cm-2 eV-1 range. Hence, the annealed 800 W’s SiNx film in this research is adequate for practical integrated circuits in terms of resistance, leakage current, breakdown strength, and the densities of fixed charges and interface charge traps.


Conclusion

The annealing treatment has limited influences on breakdown strength, leakage current and resistivity but significantly decreases the densities of fixed charges and interface states in all the SiNx films made under the three power conditions. After the annealing treatment, the concentrations of both N-H and Si-H bonds decrease and, meanwhile, a small concentration of Si-O bonds are formed. It is believed that the significant decreases in the densities of interface charge traps and fixed charges are related to the change in the concentrations of both N-H and Si-H bonds and the formation of Si-O bonds. Overall, the 800 W’s silicon nitride film in the annealed condition possesses the best combination of the chemical, physical and electrical properties good enough for practical device applications.
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