Interface chemistry and electrical characteristics of 4H-SiC/SiO2 after nitridation in varying atmospheres
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SiC has immense potential as the semiconductor for future metal-oxide-semiconductor (MOS) devices. One of the greatest advantages and disadvantages of SiC is its native oxide, SiO2. The ability to use established SiO2 processes to create a reliable dielectric directly on the SiC semiconductor is very desirable. However, the SiC/SiO2 interface exhibits high defect densities leading to detrimental effects on device performance. A variety of treatment processes, often in N-containing atmospheres, has been shown to compensate defects and increase device performance. However, information on the local chemistry at the interface after such processes is scarce, which limits the understanding of the interface and consequently the targeted improvement of device characteristics. The present work uses X-ray photoelectron spectroscopy (XPS) to systematically study the elemental distributions and chemical environments across the 4H-SiC/SiO2 interface after high temperature nitridation treatments in a variety of atmospheres. In particular the use of a NO/NH3 combinatorial process is of great interest as it influences the defect chemistry on both the oxide and carbide side of the interface. We are able to identify N-C-Si environments as the dominant defect states at the interface. The XPS results are correlated with electrical and reflective index measurements, providing new, detailed insights into the relationship between interface chemistry and device behaviour.

1 Introduction
SiC is a prime candidate for future semiconductor devices. Its wide band gap coupled with its high breakdown field and thermal conductivity make it an excellent material for high power applications. 1–3 One of the main advantages of SiC over other potentially interesting semiconductors is its native oxide, SiO2. High quality SiO2 can be easily grown on SiC, enabling the design of metal-oxide-semiconductor (MOS) structures. However, the main limiting factor in the implementation of MOS field effect transistors (MOSFETs) is the interface between SiC and SiO2. This interface is riddled with defects, presenting orders of magnitude larger defect densities than the comparable Si/SiO2 interface, which has defect densities of below 1010 cm-2 eV-1. 4 These defects have an immense effect on device performance through the degradation of channel electron mobility and changing of the threshold voltage coupled with an overall decrease of device reliability. The low channel mobility in particular limits the applicability of planar MOSFET structures in voltage classes below about one kilovolt.

A range of reasons has been given to explain the high defect densities at the SiC/SiO2 interface, including interfacial carbon, transition species like silicon oxycarbides (SiOxCy) and silicon oxynitrides (SiOxNy), defects in the SiO2, and dangling bonds in the SiC. 4–12 Of particular interest are defect levels near the conduction band (CB) minimum. These defect levels have fixed energy positions in different polymorphs of SiC, e.g. 3C, 4H, and 6H, with regards to the valence band (VB) maximum. However, as the band gap Eg of the different polymorphs varies, the impact of these defect states is also altered. For power applications, the hexagonal 4H-SiC polymorph is most interesting, as it has the largest band gap of 3.26 eV. 13 However, this also means that the impact of the defect states near the CB is most severe, with the density of interface traps in the vicinity of CB exceeding 1013 cm-2 eV-1. 4

One way to tackle the defects at the SiC/SiO2 interface is treating the film stacks at elevated temperatures under nitrogen containing atmospheres, whether during the SiO2 growth itself or during a post-deposition annealing step. The introduction of nitrogen leads to a significant reduction of the density of interface defects ultimately leading to better device performance. Nitric oxide (NO) has received great attention as it provides nitrogen at the interface which helps to passivate defects. 14,15 Great efforts have been focused on understanding the effects of different annealing treatments, but a lively debate over the influence of atmospheres on the SiC/SiO2 interface is still ongoing. From early on in the study of the SiC/SiO2 interface, X-ray photoelectron spectroscopy (XPS) was used as a powerful characterisation method to try and probe the chemical states in the carbide and oxide films as well as at their interface. 5,14,16–18 The ability to deliver both qualitative and quantitative analysis of the elements present is of particular interest when studying interfaces. This paper presents a systematic study of the elemental distribution and local chemical states across the 4H-SiC/SiO2 interface after nitridation using a range of atmospheres, including N2, NO, NH3, and a NO/NH3 combination. Electrical measurements providing information on interface trap densities from the same samples can be understood based on the spectroscopy results. The combination of in-depth analysis of the spectroscopic data and electrical characterisation results used in this work presents a powerful, systematic understanding of correlations between local chemistry and overall device behaviour.

2 Experimental
4H-SiC/SiO2 samples were manufactured using an established industrial process. 4H-SiC wafers with 150 mm diameter, n-type nitrogen doping, and a 4º offset with respect to the crystalline c-axis, were used. A SiO2 film of more than 12 nm thickness was deposited from tetraethyl orthosilicate on the Si-face of the 4H-SiC wafers. The wafers were then processed at high temperatures above 1000ºC in varying atmospheres to densify the deposited oxide and increase the quality of the interface to 4H-SiC. The investigated annealing atmospheres were nitrogen gas (N2), nitric oxide (NO), ammonia (NH3), and a sequence of NO followed by NH3. All wafers were characterized electrically using a mercury probe and an impedance analyzer to obtain capacitance-voltage (CV) characteristics. Reflective index measurements were performed on wafers with thicker oxide films, and slightly larger thermal budget, to ease optical measurements. 
The prepared 4H-SiC/SiO2 wafers were cut into pieces of 5x5mm2 and characterised using XPS. A Thermo Scientific K-Alpha+ X-ray Photoelectron Spectrometer (XPS) system operating at 2x10-9 mbar base pressure was used for the experiments presented here. This system incorporates a monochromated, microfocused Al Kα X-ray source (hν = 1486.6 eV) and a 180º double focusing hemispherical analyser with a 2D detector. The X-ray source was operated a 6 mA emission current and 12 kV anode bias. Depth profiles with 11 etch steps with an etch duration of 40 s each were collected. The ion gun energy was 500 eV and an area of 2 mm2 was etched. After each etch step a full set of core level spectra was recorded in the centre of the etched region, using a pass energy of 20 eV and an X-ray spot size of 400 mm. A flood gun was used to minimize sample charging. All data were analysed using the Avantage software package.

3 Results and Discussion
After successful preparation of the 4H-SiC/SiO2 wafers, the oxide thickness (tox) and an estimate for both the oxide trap density (Nox) and the interface trap density (Dit) were determined through capacitance-voltage (CV) measurements. Representative CV curves for the four samples are depicted in Figure 1. The capacitance at large positive values is close to the value of the oxide capacitance Cox = εSiO2/tox, with εSiO2 the relative permittivity of SiO2, due to the accumulation of electrons beneath the SiO2 layer in the SiC. Every wafer was measured on nine different positions to ensure the uniformity of the oxide film across the entire wafer. The resulting oxide thicknesses after high temperature annealing are given in Table 1. The difference in oxide thickness across the four wafers is due to natural variations in the deposited oxide thickness. By applying negative biases, the SiC beneath the SiO2 becomes depleted of electrons and thus puts a second capacitance of SiC in series to the capacitance of SiO2, which leads to a decrease in the measured capacitance. Without any oxide or interface trapped charge the flat-band capacitance (Cfb), which can be calculated theoretically, should be reached close to zero bias at the theoretical flat-band voltage (Vfb). The lowest capacitance value at large negative biases is strongly influenced by the doping density because of the resulting space charge region in the SiC.

The voltage difference ΔVfb between the theoretical and the measured Vfb can be attributed to charges in the oxide. By applying Nox =CoxΔVfb/q, with q the elementary charge, these charges are interpreted as an effective areal density close to the SiC/SiO2 interface. However, these traps keep their charges independent of the oxide electric field and thus shift the entire CV characteristic. The shift of the CV curves towards positive voltages, indicates that negative charges or electrons are trapped in the oxide. 

Interface traps, in contrast, can exchange their charge with the SiC during the bias sweep. Particularly, when sweeping from positive to negative bias or vice-versa (c.f. upward vs. downward sweep direction in Figure 1) the CV curves are slightly shifted. The difference between these two curves can be used as a rough estimate for the density of interface trapped charge (Dit). 

The resulting Nox and Dit from the capacitance-voltage measurements are summarized in Table 1. The sample treated under N2 represents the largest electrical defect density with which a power MOSFET would have a low effective channel electron mobility which would in turn limit its applicability. All other passivation approaches reduce the oxide trap density as well as the interface trap density to acceptable values. 

In order to understand the origin of the improvement in the electrical characteristics after nitridation, depth profiling was used to step-by-step remove layers from the top SiO2 layer, past the interface, and into the SiC bulk, and enabling XPS measurements across the different layers. After each etch step a set of core level spectra was collected and total atomic ratios were derived from the total core level area determined from peak fit analysis. Figure 2 shows depth profiles of the four multilayer samples, which vary dramatically depending on the atmosphere used during nitridation. After N2 annealing, see Figure 2(a), the depth profile shows the expected transition from SiO2 to SiC without any presence of nitrogen. NO treatment (see Figure 2(b)) led to a clear accumulation of nitrogen at the oxide/carbide interface, as was reported previously. 14,15,19–21 In contrast, annealing in NH3 leads to the incorporation of large amounts of nitrogen in the oxide layer. The maximum of nitrogen is found at the top of the oxide followed by a continuous decrease of the nitrogen content throughout the SiO2 and interface region. Finally, the sample treated with a NO+NH3 sequence shows a nitrogen distribution based on a combination of the behaviour observed in the pure atmospheres, both showing incorporation of nitrogen throughout the oxide with the same overall decrease, coupled with a clear nitrogen accumulation at the interface. These observations match well with refractive index measurements. The NO sample has a refractive index n of 1:4572(3), close to the standard value for SiO2. In contrast, the samples treated with NH3-containing atmospheres have higher refractive indices of 1:4684(2) and 1:4644(2) for NH3 and NO+NH3, respectively, due to the nitridation of SiO2. In all samples, N was not detected beyond the interface in the SiC substrate, as the nominal N doping level of the substrate is below 10-6 rel. at%. 

From the depth profiles three sets of spectra were selected; one each in the SiO2 and SiC layers, and one at the interface. The oxide/carbide interface was defined as the point closest to the crossing between the oxygen and carbon intensity and the associated change in Si intensity. Figure 3 shows the N 1s core level spectra at the three positions across the material stack for all samples. N2 is an inert gas under the present reaction conditions and does not lead to any nitrogen incorporation in the sample. The lack of chemical reactions between N2 and both SiC and SiO2 means that defects particularly at the interface are not compensated and their detrimental effects are clearly reflected in the electrical characteristics, with N2 treated samples having both the highest oxide trap density Nox and interface trap density Dit. In contrast, after annealing in NO a clear N peak is visible at the interface. Compared to the SiC contribution to the Si 2p3/2 signal, 3.2 rel. at% of N is found at the interface. This peak, at a BE of 398.2 eV, is attributed to N-C-Si environments formed in NO atmospheres with dangling bonds in SiC, which are one of the defects postulated to exist at the SiO2/SiC interface. This interpretation is further supported by previous work on similar samples, where basal C dangling bonds were identified as the predominant defect state using electrically detected magnetic resonance.8 

Annealing in ammonia not only leads to a total interfacial nitrogen population much greater than in NO (19.6 rel. at% at the interface compared to the SiC contribution to the Si 2p3/2 line), but also shows the highest concentration of nitrogen species across the oxide layer. The main feature contains contributions from both N-C-Si environments at 398.2 eV, as well as a higher BE contribution at 399.0 eV, with the N-C-Si environment contributing 14.8 rel. at% to the total interfacial nitrogen intensity. The second environment can be attributed to N-O-Si or N-H species, but due to very small differences in BE between these environments, a definitive distinction between the two is not possible. SiOxNy species have previously been reported to occur after NH3 treatment of SiO2, whilst N-H environments could easily arise from reaction of N-H species formed after thermal dissociation of NH3 to NH2 and NH.22,23 An additional feature at very high BE of 403.2 eV in SiO2 can be assigned to oxidised N environments formed by interaction of active surface species with oxygen when samples are exposed to air after the heat treatment. Finally, a combination of NO and NH3 leads to nitrogen amounts intermediate between those found for the pure NH3 and NO atmospheres, giving a total N concentration of 7.6 rel. at% at the interface compared to the SiC contribution to the Si 2p3/2 line. The observed core level BEs are representative of an intermediary state between the pure NO and NH3 treatments. A clear correlation between the observed changes to the interface chemistry in the NO, NH3, and NO+NH3 treated samples, and the dramatic improvement observed in their electrical characteristics is found. 

Beyond the information extracted from the N 1s spectra alone, the Si 2p, C 1s, and O 1s spectra can complete the picture and deliver information on the local chemical environments of all elements present. Figure 4 shows three different levels of representation and analysis for the four core level spectra of the NO treated sample, which are representative of all other samples investigated in this study. Figures 4(a)-(d) show consecutive spectra collected throughout the depth profiling. The transition from SiO2 to SiC is clearly reflected in the continuous changes of all core levels across the different positions. Observed shifts in peaks are due to continuous changes in relative contributions originating from different chemical environments. For ease of comparison, Figures 4(e)-(h) show selected spectra from three positions across the depth profile, SiO2, SiC, and the interface, including the positions of different contributing features to the overall core level shape. This comparison clearly shows the expected variations in chemical environments present across the device stack and particularly at the interface. The individual contributions to the overall spectra are indicated based on peak fitting results shown for the interface spectra in Figures 4(i)-(l). 

Using peak fit analysis the BE positions and number of contributions to the overall spectral line shapes could be identified. Table 2 summarises the binding energy positions across all samples and positions. The Si 2p doublet was fitted with two contributions for the Si 2p3/2 and Si 2p1/2 states using a fixed spin-orbit-split (SOS) of 0.6 eV. It shows both the contributions from the SiO2 and SiC at 103.7 eV and 101.1 eV, respectively. These values are in good agreement with values reported in the literature. Average values and variations of all available reference energies for relevant reference materials in the NIST XPS database were extracted, including 99.4±0.3 eV (Si), 100.8±0.4 eV (SiC), 101.9±0.3 eV (Si3N4), and 103.5±0.2 eV (SiO2). 24 Whilst the BE position for SiC reported here fits very well with reference data, it is higher than in previous XPS studies on SiO2/SiC samples. A plausible explanation for this is the reduction of SiC occurring during the sputtering involved in depth-profiling, which was not commented on in previous work. Sputtering often leads to a reduction of the sample surface, however, by carefully choosing the sputtering conditions for the current study this could be dramatically reduced. In the present data a small, low BE feature at 100.5 eV, which is an energy intermediate between SiC and Si, is observed, indicating some partial reduction of SiC. Beyond the features of SiO2 and SiC, an additional peak lying at a BE between the two main lines (102.4 eV) is necessary to obtain a good fit of the spectra. This feature is attributed to SiOxCy and SiOxNy environments, as observed in previous works.5,22 In the present spectra, no clear contribution from Si3N4-like environments was observed at the interface. This supports the assignment of N-C-Si environments in N, rather than N-Si, although the N 1s BEs overlap significantly.

The C 1s line is dominated by the underlying SiC substrate signal at 283.4 eV, but two smaller contributions on the higher BE side of the SiC signal are also observed. The presence of SiOxCy results in a feature at 284.2 eV, and the peak at 285.1 eV is assigned to C-N and C-C environments. The O 1s core level shows two contributions; one from the remaining SiO2 contribution at 533.1 eV and one from SiOxCy at 532.3 eV. As discussed previously, the N 1s core level in the NO sample shows a single peak at 398.2 eV attributed to N-C environments.

The analysis of the NO spectra is representative for all samples, and Figure 5 shows a comparison of the interface spectra for all four samples. For ease of comparison all spectra are normalised to the Si 2p3/2 line of SiC. The Si 2p and O 1s core levels show some variation in the amount of oxygen related species present due to differences in the remaining SiO2 overlayer thickness at the measurement position. Compared to the N2 treated sample the other three samples show lower signals from interfacial species, e.g. SiOxCy, compared to the total intensity of features attributed to SiO2 and SiC. This agrees well with the Dit from CV measurements being lower in these three samples. The C 1s core level is dominated by the strong SiC substrate signal, and, as discussed for the peak fits of the NO treated sample, additional small features at higher BE are observed. Small variations in the intensities of these features across the four samples exists. As discussed in the context of the depth profiles, it is the N 1s core level that shows the most obvious dependence on the annealing atmosphere. NO, NH3, and NO+NH3 treated samples show significant amounts of N at the interface, including contributions from N-C-Si environments, going hand-in-hand with a significant reduction of Dit.


4 Conclusion
The detailed analysis of XPS data delivers insights into the relationship between the local chemistry at the interface, as well as in the oxide and carbide, and the influence of the atmosphere on the nitridation of 4H-SiC/SiO2. Whilst the core levels of all elements present in this system show systematic changes across the interface, the largest differences are found in the case of nitrogen. The variations in nitrogen concentration and chemical state allow the rationalisation of electrical characteristics determined from CV measurements. It is very clear that the implementation of N near the interface effectively reduces Dit, and its incorporation in SiO2 has a significant effect on Nox. The NO+NH3 combinatorial process is of particular interesting, showing nitridation of the oxide as well as an accumulation of N states at the interface. The careful analysis of XPS results coupled with the reduction of sputtering artifacts enables the identification of a not before observed N-C-Si interface environment, most likely from compensation of SiC carbon dangling bonds, which are mainly responsible for the reduction of defects.

The dependence of local chemical environments on the type of nitrogen-containing atmosphere gives important clues towards connecting processing parameters with electrical behaviour. This systematic study, covering a range of nitrogen atmospheres, informs the future selection of specific processes to ultimately achieve the best possible device performance.
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TABLES AND FIGURES

Table 1 Summary of values extracted from CV characteristics of all investigated samples, including SiO2 thickness tox, negative oxide trap density Nox, and interface trap density Dit. The associated errors give the spread of the values over nine positions distributed across the wafers.

	Athmosphere
	tox / nm
	Nox / 1011cm-2
	Dit / 1011cm-2eV-1

	N2
	10.0(1)
	20.0(6)
	3.9(8)

	NO
	11.8(1)
	4.4(4)
	1.5(9)

	NH3
	12.7(1)
	6.5(5)
	1.9(4)

	NO+NH3
	12.8(1)
	8.3(3)
	1.9(9)




Table 2 Binding energy positions of the chemical environments observed in the XPS core level spectra. The stated values represent average binding energy positions and variations across all four samples and depth profile positions. In the case that a specific chemical environment was not detected in the spectra, this is denoted by n.d.

	
	Binding energy / eV

	
	SiO2
	interface
	SiC

	Si 2p3/2
	
	
	

	Si-Cred
	n.d.
	100.4±0.1
	100.3±0.2

	Si-C
	101.0±0.1
	101.1±0.1
	101.0±0.1

	C-Si-O/Si-O-N
	103.0±0.1
	102.5±0.3
	n.d.

	Si-O
	103.8±0.1
	103.7±0.1
	n.d.

	O 1s
	
	
	

	C-Si-O/Si-O-N
	n.d.
	532.50±.2
	n.d.

	Si-O
	533.0±0.2
	533.2±0.2
	n.d.

	C 1s
	
	
	

	C-Si
	n.d.
	283.4±0.1
	283.1±0.1

	C-Si-O
	n.d.
	284.2±0.1
	284.0±0.1

	C-N/C-C
	n.d.
	285.0±0.1
	284.7±0.1

	N 1s
	
	
	

	N-C-Si
	398.7±0.1
	398.2±0.1
	n.d.

	N-O-Si/N-H
	399.5±0.1
	399.2±0.2
	n.d.

	N-O
	403.6±0.1
	403.2±0.2
	n.d.
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Fig. 1 Capacitance-voltage (CV) characteristics for samples annealed in (a) N2, (b) NO, (c) NH3, and (d) NO+NH3. Up- and downward voltage sweeps from experiments are compared to theoretical CV curves with the same oxide thickness and doping level. At the calculated capacitance where the bands in 4H-SiC become flat (Cfb) a rough measure of the oxide defect density (Nox) as well as the density of interface traps (Dit) is extracted, which is indicated in (a).
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Fig. 2 Depth profiles of SiC/SiO2 stacks after annealing in a variety of atmospheres, including (a) N2, (b) NO, (c) NH3, and (d) NO+NH3. Relative atomic% (rel. at%) for each element were determined from peak fits to the total core level areas after each sputter cycle. The coloured columns indicate which datasets were used for detailed comparison.
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Fig. 3 Selected N 1s core level spectra of SiC/SiO2 stacks after different treatments, including (a) N2, (b) NO, (c) NH3, and (d) NO+NH3.
Figures (a), (b) and (d) are shown at 5x magnification compared to (c).
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Fig. 4 Core level spectra, including Si 2p, C 1s, O 1s, and N 1s, across the SiC/SiO2 interface after heat treatment in NO atmosphere: (a)-(d) consecutive spectra, (e)-(h) selected spectra, and (i)-(l) peak fitted spectra at the interface. The reference lines in (e) and (i) correspond to the Si 2p3/2 positions.
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Fig. 5 Comparison of the core level spectra at the interface after the different annealing treatments. To aid comparison all spectra are normalised to the SiC contribution in the Si 2p spectra.
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