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The electron density and physical stress at the thermally oxidized SiC/SiO2 interface, and their

change with nitrogen incorporation, were observed using x-ray reflectivity, Raman scattering, and

in-situ stress measurement. There is no evidence for residual carbon species at the SiO2/SiC.

Instead, a �1 nm thick low electron density layer is formed at this interface, consistent with interfa-

cial suboxides (SiOx, 0.3 < x< 2), along with high interfacial stress. Nitrogen passivation, a known

process to improve the interface state density and electronic properties, eliminates the low density

component and simultaneously releases the interface stress. On the basis of these findings, a chemi-

cal interaction model is proposed to explain the effect of the nitrogen in terms of both stress reduc-

tion and elemental control of the dielectric/SiC interface, resulting in a higher quality gate stack on

SiC. Published by AIP Publishing. https://doi.org/10.1063/1.5048220

The 4H poly-type of silicon carbide (SiC) is being inten-

sively studied as a suitable semiconductor for metal-oxide-

semiconductor (MOS)-type power devices due to its wide

bandgap, high breakdown electric field strength, and high

thermal conductivity.1,2 It is well-known that the thermally

grown SiO2 dielectric on SiC is chemically similar to that of

an SiO2 oxide grown on Si, an important technological advan-

tage.3 However, the relatively poor semiconductor/dielectric

interface limits the mobility and reliability of SiC metal-

oxide-semiconductor field-effect-transistors (MOSFETs).4,5 A

nitric oxide post-oxidation annealing (NO-POA) process helps

to passivate the defects significantly by incorporating N at the

interface.6–8 This improvement has enabled the commerciali-

zation of SiC MOSFETs. Nevertheless, the device perfor-

mance is still far from that anticipated by scaling similar

devices such as standard Si MOSFETs. Therefore, a compre-

hensive understanding of the microscopic properties of as-

grown and N-passivated SiO2/SiC interfaces, namely, under-

standing of the physical origin of SiO2/SiC interface states

and its passivation by N, is central to the further development

of SiC power devices.

An atomistic description of amorphous-single crystal

interfaces is a continuing challenge in modern materials sci-

ence, in part at least due to the challenge of probing buried

interfaces. Early work suggested that the source of interface

defects was the result of residual carbon left at the oxide/

semiconductor interface.9,10 Up to now, there is no definitive

evidence of such a carbon accumulation although detection

can be difficult at the low concentrations of interest. A recent

high-resolution electron energy loss spectroscopy (EELS)

study showed a transition layer between SiC and SiO2 and

its reduction by N incorporation11 although the composition

and structure of the transition layer was not determined. In

addition, calculations suggest that the stress induced in SiC

oxidation may result in interface defects like Si-Si covalent

bonds (also referred to as a silicon suboxide (SiOx) or E cen-

ter),12 but there is still no experimental confirmation. Thus,

two key questions remain: (i) what is the structure, composi-

tion, and physical origin of the interface region between

SiO2 and SiC? (ii) How do N and the NO-POA modify the

interface structure? In this paper, we report the systematic

studies of these issues using x-ray reflectivity (XRR) sup-

ported by other interfacial probes, aimed toward a deeper

understanding of these critical heterostructures.

XRR is a powerful probe of microscopic structure of

buried interfaces.13 XRR directly probes electron density

profiles across buried interfaces and is well-suited to probe

the SiO2/SiC interface where the density difference is

�40%. Our XRR results, together with a combination of

stress measurements, provide deep insights into the long-

standing issue of the correlation between atomic-scale chem-

istry, physical stress, and, by inference, the interface electri-

cal properties.

Substrates, n-type 4� off-axis 4H-SiC(0001) with a dop-

ing concentration of �1018 cm3, were obtained from II-VI

Incorporated. The substrates were cleaned by the RCA pro-

cess, followed by thermal oxidation at 1150 �C under 1 atm

flowing O2. Films of 5–50 nm SiO2 thickness, determined by

ellipsometry, were grown via control of the oxidation time

varying from 40 min–20 h. For some samples, a post-oxida-

tion-anneal was carried out at 1175 �C in 1 atm NO or Ar
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gas. High-resolution XRR was employed to determine the

electron density profile from the SiO2 surface to the SiC sub-

strate. The experiments were conducted at the Advanced

Photon Source in Argonne National Laboratory. The mono-

chromatic X-ray photon energy was 20 keV (k ¼ 0.62 Å). The

specular XRR signal was measured as a function of vertical

momentum transfer Q. Low-angle X-ray reflectivity data were

analyzed with the MotoFit software package using a density

profile consisting of slabs that were characterized by electron

densities and thicknesses of the layers, and interfacial rough-

ness between the layers.14 The depth resolution was �3 Å.15

In a separate study, in-situ stress apparatus, capable of measur-

ing stress at the actual oxidation temperatures, was employed

to determine the chemistry-induced intrinsic stress in the SiO2

film of SiO2/SiC interface during SiC oxidation and NO-POA.

The details of the measurement are described elsewhere.16 In

addition, Raman spectroscopy equipped with a k ¼ 325 nm

HeCd laser was used to investigate the microscopic stress on

as-grown and NO-annealed SiC samples. A mapping of mea-

surements over 128 different points over a 8� 8 lm2 section

was averaged to get a statistically relevant result.

As suggested by x-ray photoelectron spectroscopy

(XPS) and other results, we anticipate that the interface con-

tains a non-stoichiometric dielectric layer.17,18 However,

with probes like XPS and EELS, it is difficult to identify the

non-stoichiometric material among various candidates, such

as sub-oxides of SiO2 and/or SiCxOy composites, because

both show similar Si binding energies with intermediate oxi-

dation, while a small amount of carbon signal is indistin-

guishable from surface adsorbates. Here, we calculate the

electron density of various possible species in the SiO2/SiC

interface relative to that of SiC and SiO2, as summarized in

Table I. The calculation method is described in the supple-

mentary material (Fig. SI). The compound SiOx with 0.3

< x< 2 has a lower electron density than SiO2, while carbon

containing species such as SiOxCy or graphite have a higher

density. XRR can determine the electron density of an indi-

vidual layer with a high precision, e.g., typically within

<1% error (see Fig. SII and Table SI in the supplementary

material for details), thereby allowing us to distinguish small

differences in the layer density at the interface. This means

that XRR can distinguish a SiOx type of interfacial material

from a carbon related species. In addition, XRR also enables

a distinction between various features of the derived interfa-

cial structure (including the density and thickness of interfa-

cial layers) and the roughness as described in Fig. SII and

Table SI.

A schematic of the XRR experiment is shown in Fig. 1

along with results for as-grown SiO2/SiC stacks and the best

fit model. We note the very high quality of the fit to the reflec-

tivity data using a three layer model [Fig. 1(c)] with a

structure that reproduces the expected density of an amor-

phous SiO2 film at some distance from the interface.

(Parameters and uncertainties of best model are summarized

in Table SI, and poorer fits that occur with one and two layer

models are shown in Fig. SII.) Interestingly, an anomalous

interface feature at the SiO2/SiC interface is observed with a

�0.5 nm thickness (half-width at half minimum) and an elec-

tron density that is �6% lower than SiO2. Based on Table I,

this layer is interpreted as a SiOx suboxide (0.3 < x< 2). This

means that the non-stoichiometric interface between SiO2 and

SiC is associated with SiOx rather than SiOxCy or other higher

density carbon-containing phases. This is consistent with our

previous medium energy ion spectroscopy (MEIS) results

showing no excess carbon at this interface within the MEIS

detection limit (�5� 1014/cm2).19 Another possible explana-

tion of a lower density interface feature is porous SiO2.

However positron annihilation experiments, which are very

sensitive to interface porosity, show no evidence for such a

feature.20 The high density layer at the SiO2 surface in Fig.

1(c) is attributed to surface contamination in the air exposure.

We have reported the areal concentration of nitrogen

incorporated at the SiO2/SiC interface resulting from varying

NO-POA treatments.21 A variety of measurements show that

N accumulates at the SiC (0001)/SiO2 interface in sub-

monolayer amounts with a saturation value of �5� 1014/

cm2, roughly equivalent to half a monolayer of the atom den-

sity in 4H SiC.19 XPS analysis by Xu et al.22 indicates that

the nitrogen is bonded in the form of N-Si3. Critically, the

effective inversion layer mobility of the SiC MOSFET is

correspondingly enhanced by N incorporation [Fig. 2(a)].23

We have systematically determined the interface structures

of these samples by XRR [Fig. 2(b)]. Surprisingly, the low

electron density layers at the as-grown SiO2/SiC interfaces

are reduced by the NO-POA process. With longer annealing

times, there is a greater reduction of the low density layer

consistent with more N incorporated at the interface. When

N incorporation reaches saturation (>1 h), the low density

layer is largely eliminated. These results clearly correlate

with the mobility enhancement in Fig. 2(a).

We next consider both why the low density layer is

formed and how it is modified by N incorporation. In the

simplest picture, one monolayer of Si should be in an

TABLE I. The electron density for materials of interest at the SiO2/SiC and

SiO2/N/SiC interfaces.

Parameters SiO2 SiC Graphite SiOx(0.3<x<2) SiOxCy Si3N4

Electron density

(e�/Å3)

0.662 0.964 0.683 0. 640–0.662 0.662–0.964 0.95

qe-/qe-(SiC) 0.686 1 0.708 0.66–0.686 0.686–1 0.99

FIG. 1. (a) Schematic of XRR measurement of SiO2/SiC structures. (b) The

Fresnel normalized XRR data [i.e., R(Q) � Q4] of a SiO2(5 nm)/SiC sample

with simulated results of a three-layer-model, both with and without consid-

ering roughness. (c) Electron density depth profiles from the SiO2 surface

through the SiC substrate obtained from the simulated models in (b).

131601-2 Li et al. Appl. Phys. Lett. 113, 131601 (2018)

ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-113-024839
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-113-024839
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-113-024839
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-113-024839


intermediate oxidation state when SiC is bonded to bulk

SiO2, just as for Si. However, a transition region of more than

a monolayer of interfacial SiOx has been shown to exist in the

SiO2/Si system.24,25 It has been argued that SiOx near the

interface may arise to help reduce interfacial stress caused by

the 120% mismatch of Si density between SiO2 and Si.25,26

Coincidentally, there is also a �120% Si density mismatch

between SiC and SiO2, consistent with more than one mono-

layer of SiOx as shown above. These similarities between the

Si/SiO2 and SiC/SiO2 systems guide us to consider interface

stress as the driving force of SiOx formation and reduction.

In order to understand the correlation between physical

stress and chemical structure, we investigated the interface

stress experimentally. Earlier we reported a compressive stress

of �108 Pa in SiO2 films in as-grown SiO2/SiC.16 The Si den-

sity mismatch between the SiC substrate and the oxide indu-

ces an intrinsic stress. Here, we extract this intrinsic stress at

as-grown and NO-treated SiO2/SiC interfaces by subtracting

the thermal stress (caused by thermal expansion mismatch

during cooling and obtained from an in-situ measurement)

from the total one (Fig. 3). As expected, the oxidation-

induced compressive stress is partially relaxed by the NO-

POA. Note that an Ar-POA at the same temperature as the

NO process does not change the stress significantly. This sug-

gests that stress relaxation by NO-POA is a compositional

effect due to incorporation of N rather than solely the result of

a thermal process.

We also investigated the stress on SiC from the SiC/

SiO2 interface using Raman spectroscopy. The penetration

depth into SiC of the HeCd laser is estimated to be about

20 nm as schematically shown in Fig. 3(c). Thus, information

from the SiC surface can be obtained. The main peak at

777 cm�1 in Fig. 3(d) is due to the E2(TO) mode of SiC.

Figure 3(e) shows a histogram of the Raman peak position

measured on a grid of 128 points over 8� 8 lm2, for bare

SiC, after oxidation and after NO-POA treatment. We find a

positive peak shift after oxidation. Based on the known cor-

relation between stress and Raman shift in 4H-SiC,27 this

shift corresponds to a compressive stress of �108 Pa, consis-

tent with our direct determination above. As expected, after

an NO-POA, the Raman peak shifts back, clearly demon-

strating stress relaxation upon N incorporation.

Thus, we conclude that SiOx formation may be associ-

ated with lowering of interface stress, resulting from the Si

density mismatch between SiO2 and SiC, and that the nitrida-

tion of SiO2/SiC may be a result of further minimization of

the interface stress.

The correlation between physical stress, structure, and

composition and their effect on electrical properties of the

SiC/SiO2 interface is now discussed in light of above results.

Analogous to Si oxidation, a 120% volume expansion occurs

during the oxidation of SiC to SiO2, resulting in a huge stress

in principle. Due to this, it is almost impossible to form a per-

fect, sharp interface with simple Si-oxygen bonding as its

energy will be too high. Although this huge stress is signifi-

cantly released by vertical viscous flow of SiO2 with a lateral

part remaining at the SiO2/SiC interface,16 we suggest that a

portion of this stress relaxation is in the formation of a transi-

tion layer of more than one monolayer of a Si rich oxide, simi-

lar to that reported for the SiO2/Si system.25,26 Such a Si rich

oxide consumes more Si per oxygen, partially compensating

the Si density mismatch. In fact, the stress has been cited as a

driving force for bonding configurations such as the Si-Si

FIG. 2. (a) Area concentration of N incorporated at the SiO2/SiC interface,

area of electron density deficiency of the interfacial layer between SiO2 and

SiC [in (b)] and peak mobility of SiC MOSFET as a function of NO-POA

time. (b) Depth profile of electron density from the SiO2 surface to the SiC

substrate of samples as-grown and with NO-POA for 15 min–2 h.

FIG. 3. (a) Total stress (r) in SiO2 in SiO2/SiC structures as-grown, after

Ar-POA and after NO-POA, as a function of film thickness measured at

room temperature (RT). (b) Estimation of oxidation induced and NO-POA-

modified intrinsic stress (rin) in 50 nm SiO2, by subtracting thermal stress

(rth) from r. (c) Raman spectroscopy setup to measure stress at SiC surfa-

ces. (d) SiC E2(TO) peak evolution and (e) peak position in bare SiC-

substrate, as-grown and as NO-treated SiO2 (5–50 nm)/SiC samples.
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complex, resulting in specific electrically active interfacial

defects at SiO2/SiC, in some computational work.12

The beneficial effect of the nitrogen addition may be

understood by the following argument. Note that bulk Si

atomic density in Si3N4 (�4� 1022/cm3) is even higher than

in SiOx (such as 2.9� 1022/cm3 in SiO) and close to that of

SiC (�5� 1022/cm3). We suggest that consumption of

excess Si in SiOx by the formation of Si3N4 will further

reduce the interface stress and hence the interface energy.

Such a mechanism may also reduce stress driven electrical

defects at the interface. For specificity, we now represent

SiOx as SiO. Then, in this model, one half of the Si atoms in

the SiO layer need to be converted to Si3N4, leaving the

remainder in the form of SiO2. To completely achieve this,

for the “as-grown” structure reported here, requires the inser-

tion of a nitrogen density of �6.6� 1014 atom/cm2.

Figure 4 shows a schematic picture of the above model.

A variety of measurements support this picture. The required

nitrogen content is consistent with our experimental determi-

nation of a saturated nitrogen density incorporated at SiO2/

SiC interface (�5� 1014 atom/cm2).19,21 Formation of a N-

Si3 like bonding has been also shown by Xu et al., as men-

tioned above.22 This model naturally explains our observation

that nitrogen creates a more ideal SiO2/SiC interface structure,

accompanied by a significant improvement in electronic prop-

erties. In addition, the mechanism also explains why the N

incorporation saturates, an unexplained fact up until now: N

accumulates only until all the “excess” Si is consumed.

In summary, our results provide deep insights into the

long-standing issue of the atomic-scale mechanisms that

result in the dramatic improvement of SiC MOSFET perfor-

mance following nitrogen incorporation. We find (within our

detection limits) no evidence for residual carbon at the inter-

face. A SiOx layer driven by oxidation-induced stress is

observed and is attributed to be the defect structure associ-

ated with poor electrical properties. N incorporation con-

sumes excess Si in SiOx, releases the stress, and hence

reduces the electrical defects. Thus, the manipulation of

interface stress through elemental control may be the key for

further progress towards high quality SiC MOSFETs.

See supplementary material for the method to calculate

the electron density of materials of interest and for the

detailed analysis to get the best fit model from XRR data.
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