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We present a systematic characterization of the transition layer at the 4H-SiC/SiO2 interface as a

function of nitric oxide (NO) post-annealing time, using high-resolution transmission electron

microscopy for structural characterization and spatially resolved electron energy-loss spectroscopy

for chemical analysis. We propose a systematic method for determining transition layer width by

measuring the monotonic chemical shift of the Si-L2,3 edge across the interface, and compare its

efficacy to traditional measures from the literature, revealing the proposed method to be most

reliable. A gradual shift in the Si-L2,3 edge onset energy suggests mixed Si-C/Si-O bonding in the

transition layer. We confirm an inverse relationship between NO-anneal time and transition layer

width, which correlates with improved channel mobility, enhanced N density at the interface, and

decreased interface trap density. No excess C was noted in the interfacial region. VC 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4789924]

I. INTRODUCTION

Silicon carbide (SiC) is an extremely promising material

for high power and high temperature electronics due to its

native SiO2 oxide, wide band gap (3.23 eV), high thermal

conductivity, and high bulk electron mobility.1 Progress in

developing 4H-SiC metal-oxide-semiconductor field effect

transistors (MOSFETs) has been hampered by low carrier

mobilities in the FET channel introduced by electrically

active defects at the oxide interface. The energy of these

defects is within the band gap of 4H-SiC,2 leading to mobil-

ity reduction during inversion of the channel by field termi-

nation, carrier trapping, and Coulomb scattering.3 Possible

defects include accumulated interfacial carbon,4,5 threefold-

coordinated O and C interstitials,6 Si vacancies,7 and dan-

gling Si and C bonds.3 Distinct transition layers at the SiC/

SiO2 interface have been associated with these defects.8,9

In recent years, a number of groups have found that the

incorporation of N at the interface between 4H-SiC and SiO2

can improve the inversion mobility of SiC MOSFETs by

reducing the density of electrically active defects.3,10,11 Big-

gerstaff et al.9 have also reported that the width of the transi-

tion layer observed between SiC and SiO2 is inversely

correlated with effective channel mobility in samples that

have been post-annealed in nitric oxide (NO). There are no

studies, however, that systematically characterize this transi-

tion layer as a function of post-annealing time, as is the pri-

mary goal of this study. Initial electron energy-loss

spectroscopy (EELS) experiments suggested an excess of C

in this transition region,4,8,9,12 although recent theoretical,5

X-ray photoelectron spectroscopy (XPS),13 medium-energy

ion scattering (MEIS),14 and further EELS15 investigations

have raised doubts about this possibility. The present work

attempts to further resolve this question.

II. EXPERIMENTAL METHODS

The 150-lm n-channel MOSFET devices investigated in

this study were fabricated on the epitaxial layer (dopant den-

sity ’ 5� 1015 cm�3) deposited on the (0001) Si-face of 4�

miscut 4H-SiC wafers available commercially from Cree,

Inc. The samples were thermally oxidized in dry O2 at

1150 �C, resulting in 55 nm oxides, and post-annealed in NO

at 1175 �C for up to 240 min. Further sample and process

details, as well as peak field-effect mobility, N density, and

interface trap density measurements are available in Ref. 11.

The samples were analyzed using high-resolution trans-

mission electron microscopy (HRTEM), Z-contrast high-

angle annular dark-field scanning TEM (HAADF-STEM),

and EELS using a JEOL JEM 2100F TEM/STEM equipped

with a Gatan Tridiem imaging filter (GIF). The Mo gate met-

alization was removed to facilitate TEM specimen prepara-

tion. Cross-section specimens were prepared from the region

under the gate contact using an FEI Helios 650 or a Zeiss

NVision 40 focused ion beam (FIB). The specimens’ foil
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normals were [1�100], perpendicular to the [11�20] miscut

direction on the Cree SiC wafers, preventing the steps from

artificially inflating the transition layer width (wTL) when

viewed in projection. A layer of Pt (or C, if not available)

was deposited to minimize FIB ion damage to the SiC/oxide

interface. After thinning, the specimens were polished in the

FIB at low voltages to remove Ga contamination. Final

“flag” specimens had thicknesses <80 nm with minimal ion

damage.

EELS data were collected as spectrum images (SIs) at

200 kV in STEM mode, allowing for simultaneous HAADF-

STEM imaging. Typical SIs were taken from a rectangular

area extending approximately 20 nm into each side of the

interface and 50þ nm along the interface. By summing spec-

tra parallel to the interface, a very high signal/noise (S/N) ra-

tio could be obtained with a short dwell time (typically

<0.01 s). SIs were collected with a spot size of 0.5 nm and a

dispersion of 0.3 eV/channel. Data from a few of the samples

were collected with line SI under similar experimental condi-

tions. Elemental quantification of the EELS data was per-

formed using Hartree-Slater ionization cross sections and

inverse power-law background fitting.16

III. RESULTS AND DISCUSSION

A typical HRTEM image of the SiC/oxide interface in

the NO-annealed MOSFET devices is shown in Fig. 1. The

atomic columns are clearly visible in the SiC region, and the

images reveal a smooth interface free from obvious voids or

structural defects. Transition regions narrower than those in

prior works8 are observed on both sides of the interface, in

better agreement with more recent studies.17 HRTEM analy-

sis reveals minimal interfacial roughness in these NO-

annealed samples aside from that inherent from the miscut of

the substrates (agreeing with Ref. 18). While a large degree

of interfacial roughness could lead to a possible overestima-

tion of wTL, a quick calculation reveals that the small degree

of roughness present in our samples will have a negligible

effect. With a 4� miscut and a single atomic step of

0.2513 nm in the h0001i direction of 4H-SiC, the expected

roughness perpendicular to the interface will be only

0.2507 nm. This is substantially lower than the wTL values

FIG. 1. ½1�100� HRTEM image and electron diffraction pattern of the

NO-annealed (60 min) 4H-SiC/SiO2 interface. Contrast variations near the

interface suggest a structurally evident transition region of a few nm, but it

is difficult to quantitatively measure these HRTEM images.

FIG. 2. (a) Typical background-subtracted core-loss

EELS spectra at three locations across the 4H-SiC/

SiO2 interface (60 min NO-anneal). Inset shows O-K
edge. (b) HAADF-STEM image highlighting SI

location. (c) SI across interface; each pixel contains a

full core-loss EEL spectrum and these are summed

parallel to the interface (as shown) to increase S/N

ratio. Quantification allows calculation of relative

composition maps of (d) Si, (e) C, and (f) O.
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found with every measurement method (as shown below),

and thus interfacial roughness is not expected to artificially

inflate the transition layer thickness. It remains difficult,

however, to quantitatively measure the interface width from

these HRTEM images alone, so chemical analysis is needed

to fully describe the nature of the transition layer.

To perform this chemical analysis, and to quantify wTL,

the chemical shift of the Si-L2,3 EELS edge onset energy was

measured across the interface. This parameter reveals infor-

mation about the local bonding state of Si throughout the tran-

sition region.19 The results from this measure were compared

to the common EELS profiling methods that have been used

in previous works. These involved performing EELS quantifi-

cation across the interface and taking profiles of (i) the C/Si

and O/Si atomic concentration ratios (normalized to 1:1 and

2:1, respectively).4,8,9 Using the tails of these ratios, (ii) the

relative contributions to wTL of C in SiO2 and O in SiC were

determined. These tails were measured from the point where

the ratio profiles crossed to the point where the derivative

of the C or O signal was zero. Using atomic ratios helps to

eliminate systematic quantification errors due to possible

thickness variations and diffraction contrast.20 Finally, wTL

was measured by (iii) HAADF intensity profiles9 in order to

reveal contrast from differences in atomic composition. wTL

was correlated with peak field-effect mobility of devices made

from the same samples as reported in Ref. 11.

Fig. 2 depicts a typical EELS analysis. The HAADF-STEM

image in (b) was used to locate an EELS SI, shown in (c). Typi-

cal SiC (A), SiO2 (C), and interface (B) spectra are shown in (a).

These spectra illustrate the chemical changes that occur across

the interface, including a shift of the Si-L2,3 edge onset from

�100 eV to�104 eV, as well as the emergence of the O-K edge

(540 eV) and suppression of the C-K edge (283 eV) as the beam

passes from SiC to SiO2. These phenomena can be used to sys-

tematically determine wTL at the interface.

A. Si-L2;3 chemical shift

The primary method used to determine wTL was a mea-

surement of the chemical shift of the Si-L2,3 edge (Fig. 3).

As the local bonding configuration of Si changes across the

interface, the core-electron levels and conduction band edge

shift with respect to the Fermi level.21 This leads to a chemi-

cal shift of the core-level EEL spectrum onset, representing

a change in the local bonding of the element as the material

transitions from semiconducting to insulating.19 Since this

method probes Si bonding and depends on relative energy

shifts, many sources of systematic error cancel, including

thickness variations, sample contamination, and spectrome-

ter energy shifts. This leads to very precise values for wTL,

as are shown in Fig. 4(b).

Figure 3 depicts the details of the chemical shift method

used to measure wTL. In Fig. 3(a), the Si-L2,3 near-edge

FIG. 3. Overview of chemical shift wTL measurement method. (a) Typical

high energy-resolution view of the core-loss EELS spectra across the inter-

face from SiC to SiO2 (60 min NO-anneal). Only the Si-L2,3 edge is shown.

The two thick black spectra with peaks on the left and right depict the edge

in fully SiC and SiO2 regions, respectively. (b) Cropped HAADF-STEM

survey image from Fig. 2(b). The solid green box shows the location of the

SI; the dotted red box indicates the region from which the spectra in (a)

were taken. (c)-(e) Three examples of the chemical shift as a function of

position for unannealed, 15 min NO-anneal, and 240 min NO-annealed sam-

ples, respectively, showing clear monotonic shifts in each case. Chemical

shift was measured by tracking the inflection point of the spectra in (a); wTL

is indicated by dashed lines.

FIG. 4. wTL vs. NO-anneal time for all methods investigated. Methods in (a)

were less reliable and had larger errors than those in (b). Errors are reported

as the standard deviation of multiple measurements for each method. The

chemical shift measure had the least error and proved most reliable.

044517-3 Taillon et al. J. Appl. Phys. 113, 044517 (2013)
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structure is shown for SiC and SiO2, as well as spectra from

sequential points within the transition region. These spectra

are separated spatially by 0.7 nm, giving a wTL value of

6.3 nm for the 60 min. NO-anneal sample shown in the figure.

The spectral changes in the transition region are primarily

characterized by a shift of the edge onset to higher energy, as

discussed above. Due to spectral noise, accurately determining

the absolute edge onset energy can prove difficult, but the

inflection point of the onset can be easily found. This point is

a reliable means to determine edge onset position,22 and pro-

vides a convenient way to determine the boundaries of the

transition layer. Plotting the energy of the inflection point as a

function of position (as in Figs. 3(c)–3(e)) reveals a clear tran-

sition region that was uniform in character among all samples

examined. The limits of wTL were chosen as the points where

the derivative of the profile was equal to zero (see further dis-

cussion of this point in Sec. III B).

Measuring wTL with the Si-L2,3 chemical shift method

revealed a clear downward trend in wTL with respect to NO-

annealing time (see Fig. 4(b)). The energy of the Si-L2,3 edge

for all samples increased from SiC to SiO2 monotonically,

indicating a gradual progression in the character of Si bonding

across the interface. If a layer containing a unique configura-

tion were present (such as Si-Si), it would manifest as an

anomaly in the progression of the chemical shift. The absence

of such anomalies suggests a mix of Si-C and Si-O bonding in

the transition region.10 The narrowest wTL was measured for

the 240 min anneal at 5.3 nm, which is significantly larger

than the “few atomic layers” as has been suggested by recent

XPS measurements.13 The reasons for this discrepancy are not

immediately obvious, but since this prior work did not include

XPS depth profiles, it is difficult to make a direct comparison

to the present results. Our results indicate wTL values on the

same order (a few nm) as a number of previous profiling

methods, including secondary ion mass spectrometry

(SIMS),18 XPS,23 and EELS composition profiles.8,9,15,24,25

With the Si-L2,3 edge shift method, we are observing direct

evidence of a defined transition region in Si bonding charac-

ter, and its width correlates with decreased mobility (see Sec.

III D), suggesting that the local bond structure of Si has a pro-

nounced effect on the electronic properties of SiC MOSFETs.

B. Atomic composition ratios and elemental “tails”

To further evaluate this chemical shift method, we com-

pare it to measurement methods used in the literature. Stand-

ard quantification procedures16 were used to calculate the

relative concentration of each element, using the relationship

Na

Nb
¼ Ia

Ib
� rb

ra
: (1)

In this formula, Ni is the number of atoms contained in the

analyzed volume, Ii is the integrated core-loss spectral inten-

sity (with the background removed), and ri is the calculated

partial ionization cross section for each element. This quanti-

fication is performed with a known collection angle and a

constant integration range (b and D in Ref. 16, respectively).

Quantifying each pixel of the SI yields relative composition

maps (Figs. 2(d)–2(f)), which were divided to give atomic

composition ratio maps (Fig. 5(a)). From these maps, a

FIG. 5. (a) O/Si composition ratio map calculated

from Figs. 2(d) and 2(f); (b) profiles from one row

of map (a); (c) profiles summed from all rows of

map (a). Note the pronounced improvement in S/N

ratio. (d) Derivative of profile was used to deter-

mine wTL; (e) comparison of chemically derived

wTL (in blue) with HRTEM from Fig. 1.
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single row of the SI can be selected as a profile (b), and

summed parallel to the interface, increasing the S/N ratio (c).

The derivative of this summed profile (d) provides a conven-

ient (if arbitrary) way to define wTL. In this experiment, wTL

was defined as the region between the zeros of the first deriv-

ative of the profile. This choice is a conservative definition

for the wTL boundaries, but these points were found to be

very reproducible between samples and have an immediate

physical interpretation. Fig. 5(e) shows how wTL, as deter-

mined by EELS, extends much farther than expected from

the HRTEM images alone.

An excess C signal (with a sensitivity of 2.5% above the

expected stoichiometric value) was not observed for any of

the NO-annealed samples, agreeing with a number of recent

works.5,14,15 We observed that wTL decreases nonlinearly as

the annealing time increases, suggesting a limit to the gains

from the NO-anneal, as previously seen.26 The O/Si ratio

indicated a slightly larger contribution to wTL than the C/Si

ratio (Fig. 4(b)). Likewise, the O signal “tail” extended far-

ther into SiC than the C signal “tail” into SiO2 (see Fig.

4(a)). A few possibilities could explain this difference. Dur-

ing oxidation, any ejected C is very efficiently removed from

the interface via formation of CO,6 leaving a small C con-

centration tail in the SiO2. Also, the solubility of O in SiC is

very low,6 meaning that even the limited incorporation of O

in the SiC lattice will force O atoms farther from the inter-

face. It is important to note that the C and O elemental “tail”

measurements are not explicitly measures of wTL, but rather

of the relative contribution of each element. As such, the val-

ues reported in Fig. 4(a) cannot be directly compared with

those from the chemical shift and ratio methods in Fig. 4(b).

C. HAADF-STEM imaging

Although previous work9 has characterized wTL by identi-

fying a transition in the intensity profile of HAADF-STEM

images, this method proved difficult in the present investiga-

tion. Attempting to maintain consistency with Ref. 9, wTL was

defined as the distance between the inflection point and the

maximum in the intensity profile of the SiC HAADF image

(see Fig. 6(b)). While the HAADF results yielded wTL values

on the same order as the EELS (Fig. 4(a)), this method did not

display a clear downward trend and appears subject to greater

error from external factors such as experimental conditions,

thickness variations due to preferential thinning of the oxide

during FIB milling, or possible surface contamination. Addi-

tionally, since C was observed in its expected stoichiometric

ratios, the bright region present in the SiC (see Fig. 6(a)) could

not be correlated to excess C, as was reported by Zheleva

et al.8 We could not reliably characterize wTL using HAADF-

STEM intensities, and thus the chemical shift method remains

as the most appropriate means to do so.

D. Correlation with electrical measurements

Fig. 7 shows a clear correlation between wTL (as meas-

ured from the Si-L2,3 edge chemical shift) and peak field-

effect mobility, and both characteristics improve with longer

NO-anneal times. These results correlate further with

decreased interface trap density and increased N density at

the interface (as measured by SIMS in Ref. 11). The narrow-

ing of wTL observed with longer NO-anneal times suggests

that in addition to passivating dangling bonds at the inter-

face,10 the anneal process (including the incorporation of N)

can help clean the interface by actively removing C and

reducing extraneous bonding configurations, which has been

FIG. 6. (a) HAADF-STEM image showing region from

which the intensity profile (b) was taken (240 min NO-
anneal). wTL was defined as the width between the in-

tensity peak and inflection point, as shown.

FIG. 7. Comparison of NO-anneal time, wTL (as measured by chemical

shift), and peak field-effect mobility, as measured in Ref. 11.
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previously observed by XPS.27 EELS results did not reveal

any significant N-K edge signal at 401 eV near the interface,

likely due to the very dilute concentrations and brief

collection times used for our �80 nm sample. Our results

nevertheless suggest that the presence of N introduced by an

NO-anneal significantly narrows the SiC/SiO2 interface and

enhances the MOSFET electrical properties.

IV. CONCLUSIONS

Aside from the HAADF intensity, all wTL measurement

methods reveal the same trend of decreasing wTL with

increased NO-anneal time. Each of these measurements

probes a different physical phenomenon, and their agreement

enhances the validity of our methods and results. This effect

correlates very well with increased peak field-effect mobil-

ity, decreased interface trap density, and increased N density,

as reported in Ref. 11.

The chemical shift method presented in Sec. III A was the

most reliable means used for measuring wTL. This technique

had the least error and every sample analyzed exhibited the

same gradual shift in edge onset energy, which is measured

easily by the inflection point of the edge. This method directly

probes changes in the electronic structure of the transition

region and is thus particularly suited to the measurement of

wTL. Since the electrical performance of SiC MOSFETs is

adversely affected by defects in the transition layer and is

what needs improvement, we propose the chemical shift tech-

nique as the most appropriate measurement method.

In summary, our results reveal a clear transition layer at

the 4H-SiC/SiO2 interface of NO-annealed samples at differ-

ent annealing times and suggest a nonlinear inverse relation-

ship between transition layer width and NO-anneal time. We

provide a clear, objective, and repeatable method using the

Si-L2,3 EELS edge shift to determine wTL, and confirm the

inverse linear relationship between wTL and peak field-effect

mobility observed by Biggerstaff et al.9 using a systematic

sample set. The observed chemical shift of the Si-L2,3 edge

indicates a gradual modification of the local Si configuration

near the interface. Future work should probe the nature of

this change by investigating how the near edge structure of

this edge compares with ab initio modeling and further XPS

of the interface. This work will provide a clearer picture of

stresses and charge transfer at the interface and help explain

the origin of mobility-reducing traps. Finally, we did not

observe excess C with a sensitivity of 2.5% above the

expected stoichiometric ratio on either side of the interface

of these NO-annealed Si-face samples.
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