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Near-interface oxide traps (NIOTs) in 4H–SiC metal–oxide–semiconductor (MOS) structures fabricated with and
without annealing in NO are systematically investigated in this paper. The properties of NIOTs in SiC MOS structures pre-
pared with and without annealing in NO are studied and compared in detail. Two main categories of the NIOTs, the “slow”
and “fast” NIOTs, are revealed and extracted. The densities of the “fast” NIOTs are determined to be 0.76×1011 cm−2 and
0.47×1011 cm−2 for the N2 post oxidation annealing (POA) sample and NO POA sample, respectively. The densities of
“slow” NIOTs are 0.79×1011 cm−2 and 9.44×1011 cm−2 for the NO POA sample and N2 POA sample, respectively. It is
found that the NO POA process only can significantly reduce “slow” NIOTs. However, it has a little effect on “fast” NIOTs.
The negative and positive constant voltage stresses (CVS) reveal that electrons captured by those “slow” NIOTs and bulk
oxide traps (BOTs) are hardly emitted by the constant voltage stress.
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1. Introduction
Silicon carbide (SiC) based metal–oxide–semiconductor-

field-effect power transistors (MOSFETs), as high perfor-
mance power switching devices, have received a great deal of
attention, prompted due to a growing need for electric power
conversion such as power supplies, motor control, electric hy-
brid vehicles, traction, and electric power transmission.[1–3]

Although SiC power MOSFETs have been commercially
available for a few years, the electrical characteristics of SiC
power MOSFETs are not understood as well as those predicted
from SiC properties.[4]

At the present, the major drawback of the SiC MOSFET
is that the poor-quality SiO2/SiC interface and a large number
of SiO2/SiC interface states, resulting in large on-resistance,
poor oxide reliability and shift in threshold voltage (Vth) un-
der gate-bias stressing.[5–10] For the power conversion area,
Vth shift under gate bias stressing in SiC MOSFET is as im-
portant as the large on-resistance. The instability of thresh-
old voltage is associated with the NIOTs at the SiO2/4H–SiC
interface.[4] The NIOT is a kind of oxide trap that is close
to the interface and can communicate with the semiconduc-
tor substrate.[11] This kind of trap has been described by sev-
eral different names such as slow trap,[12] border trap,[11] and
slow interface state.[13] There is no clarified conclusion about
the compositions and structures of NIOTs. Possible explana-

tions, proposed by reported theoretical or experimental results,
are that they are carbon clusters, silicon sub-oxide (SiyOx) or
silicon interstitials.[14–20] Therefore, it is quite necessary to in-
vestigate the relative electrical properties of the NIOTs in SiC
MOS capacitors prepared by different post oxidation anneal-
ing (POA) processes for better understanding the issue of in-
stability threshold voltage.[21–24]

In this paper, the SiO2/SiC MOS capacitors are fabricated
on 4◦ off-axis 4H–SiC (0001) n-type epitaxial wafers with
1300 ◦C thermal oxidation, and then annealed at 1175 ◦C CN2

for 2 h and 1175 ◦C NO for 2 h, respectively. The SiC MOS ca-
pacitors are characterized by means of high frequency hystere-
sis capacitance–voltage (C–V ) characteristics, sequential C–V
sweeps, constant voltage stress (CVS) measurements, and gate
leakage current performance. The corresponding phenomena
are discussed in depth.

2. Experimental details

MOS capacitors were fabricated on N-type, 4◦ off (0001)
oriented 4H–SiC wafers with about a 10-µm-thick nitrogen-
doped epilayer (ND ∼ 7.8× 1015 cm−3). The thickness and
resistivity of the n+ type 4H–SiC substrates were 380 µm and
0.023 Ω·cm, which were purchased from the Epi World In-
ternational Co. Ltd. The wafers were first cleaned by the
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standard Radio Corporation of America (RCA) cleaning, and
then dipped into a diluted hydrofluoric acid solution to remove
native oxide from the 4H–SiC surface. Then the gate oxide
used in MOS capacitors was thermally grown on dry oxide at
1300 ◦C followed by the wafer being cut into two samples.
One sample (denoted as N2 POA) was annealed in N2 ambient
at 1175 ◦C for 2 h, and another (denoted as NO POA) was in
NO ambient at 1175 ◦C for 2 h. Subsequently, a 200-nm-thick
aluminum (Al) film was deposited and patterned for gate elec-
trodes (with an area of 4×10−4 cm2) and a 300-nm-thick Ni
film was sputtered to form a back ohmic contact. A schematic
cross section of the device is shown in Fig. 1(a).
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Fig. 1. (a) Schematic cross section of the SiC MOS capacitor, (b) low-
resolution TEM, (c) the AFM image of the as-grown SiO2, and (d) HRTEM
on the cross section of the SiO2/4H–SiC interface.

Firstly the fundamental properties of the grown SiO2

films were characterized by transmission electron microscopy
(TEM), high resolution TEM (HRTEM) and Atomic Force Mi-
croscopy (AFM), and the results are shown in Figs. 1(b)–1(d).
The high frequency (HF) C–V characteristics and CVS were
measured by an Agilent B1505A power device analyzer. In
CVS measurements, the HF C–V hysteresis loops of MOS ca-
pacitors were measured before and after stress. All the C–V
measurements were performed with a voltage sweep rate of
100 mV/s at room temperature. The gate voltage was swept
from the deep depletion region (D) to accumulation (A) and
then back towards inversion.

3. Results and discussion
Firstly, to extract the total density of the NIOTs, we carry

out the initial high frequency (100 kHz) hysteresis C–V char-
acteristic measurements at room temperature for fabricated
SiO2/4H–SiC MOS capacitors as shown in Fig. 2. The gate
voltage was swept from the deep depletion region (D) to accu-
mulation (A) and then back towards inversion. It can be seen
that there is an obvious hysteresis voltage,

∆Vhys =Vfb,DA−Vfb,AD, (1)

where Vfb,DA and Vfb,AD are the flat-band voltage of the for-
ward CDA and reverse CAD curves, respectively.
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Fig. 2. Hysteresis C–V curves of the SiC MOS capacitors at 100 kHz
for N2 and NO POA samples, respectively.

As is well known, the hysteresis can be effectively sup-
pressed by the NO POA process. This hysteresis is due to
the generation of NIOTs whose response time is much slower
than the interface traps, and is used to characterize the near-
interface oxide traps. The density of near-interface oxide traps
(NNIOTs) can conveniently be calculated using the flat-band
voltage shifts from the following equation:

NNIOTs =
Cox|∆Vhys|

qA
, (2)

where A is the area of the fabricated MOS cap, Cox is the max-
imum dielectric capacitance in the accumulation region, and
q is the electron charge. The values of NNIOTs are calculated
to be 1.04×1012 cm−2 and 1.26×1011 cm−2 for N2 and NO
POA samples, respectively. Here, our results are in agreement
with the results reported previously[25–27] that NO POA can
obviously reduce the density of NIOTs in SiC MOS.

To further study the difference between NIOTs in N2 POA
and NO POA samples, we perform the sequential hysteresis
C–V sweeping for SiC MOS capacitors. There is no sojourn
time in the accumulation region nor in the inversion region in
the C–V scanning process. Figure 3 presents the sequential
hysteresis C–V characteristics of the N2 POA and NO POA
samples, showing a larger hysteresis voltage in the first sweep
(that is, the initial curve as shown in Fig. 2), between the for-
ward CDA and reverse CAD curve. However, in the follow-
ing second and third scanning, the hysteresis voltage is only
0.25 V, much smaller than that in the first sweep. The hys-
teresis voltages are almost the same in the following two scan-
nings. Both the N2 POA sample and NO POA sample show
similar behaviors. We think that the first larger hysteresis is
mainly attributed to electrons trapping at NIOTs, including
“fast” and “deep” NIOTs, from which the total NNIOTs can be
obtained.

127701-2



Chin. Phys. B Vol. 26, No. 12 (2017) 127701

-10 -5 0 5 10
0

0.2

0.4

0.6

0.8

1.0

2.0 2.5 3.0 3.5 4.0

0.64

0.66

0.68

0.70

-4 -2 0 2 4

0.2

0.4

0.6

0.8

1.0

-0.75 -0.70 -0.65 -0.60

0.66

0.67

 1st
 2nd
 3rd

 1st
 2nd
 3rd

3rd

2nd
1st

 1st 
 2nd
 3rd

 1st 
 2nd 
 3rd 

1st 2nd 3rd

N
o
m

. 
ca

p
a
ci
ta

n
ce

 C
/
C

o
x

N
o
m

. 
ca

p
a
ci
ta

n
ce

 C
/
C

o
x

Vg/V Vg/V

Fig. 3. (color online) Sequential hysteresis C–V characteristics of N2 POA and NO POA samples.

After the initial measurement, a number of electrons are
trapped in those “slow” NIOTs with a longer time constant,
and those charges cannot be released in the following back
scanning (A to D). Therefore, the initial C–V curve cannot be
obtained any more during the later measurements. The smaller
hysteresis in the following sweeps is attributed to those “fast”
NIOTs, which have a short time constant and can exchange
electrons with the 4H–SiC during measurements. So the two
kinds of NIOTs can be disclosed and extracted by the sequen-
tial hysteresis C–V sweeping technique. The different values
of NNIOTs can be extracted from the 1st, 2nd, and 3rd hysteresis
C–V for the two samples. The densities of the “fast” NIOTs
are determined to be 0.76×1011 cm−2 and 0.47×1011 cm−2

for the N2 POA sample and NO POA sample. The densities of
“slow” NIOTs are 0.79×1011 cm−2and 9.44×1011 cm−2 for
the NO POA sample and N2 POA sample, respectively. The
comparison between “fast” and “slow” NIOTs in the N2 POA
sample and NO POA sample are given in Fig. 4. It is indi-
cated that the “slow” NIOTs can be significantly reduced by
the NO POA compared with the N2 POA process, which might
be mainly due to an accumulation of N atoms at the interface
and an enhanced N passivation effect based on the NO POA.
However, here we find that the effect of the NO POA on those
“fast” NIOTs is not so effective. In addition, we also can ob-
serve that the hysteresis CV curves overall shift toward a more
positive direction in the scanning process, but the degrees of
those shifts are small, which corresponds with electrons filling
in bulk oxide traps (BOTs) during the voltage stress. Although
there is no sojourn time in the accumulation region nor in the
inversion region in the C–V scanning process, the scanning

process can be thought of as a short time bias stressing pro-
cess. The effect of the constant voltage stress (CVS) on the
SiC MOS structure is presented in the following section.
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Fig. 4. (color online) Densities of the NIOTs in the N2 POA sample and
NO POA sample.

Cycle C–V measurements, whose details can be found in
Ref. [24], are performed at room temperature to evaluate the
charge trapping characteristics in NIOTs. The gate voltage is
first swept from −10 V to 0 V, and then, extended to 1 V, 3 V,
5 V, 7 V, and 8 V. Figure 5 shows the typical results of the cy-
cle C–V measurements for the N2 POA sample and NO POA
sample. It shows that the C–V curve shifts toward more posi-
tive voltage as the maximum gate voltage increases from 0 V
to 8 V. That is due to the electrons trapped into the NIOTs.
The degree of the electrons trapped in NIOTs is strongly de-
pendent on the maximum gate voltage, which implies that the
main mechanism of the electrons capturing process in NIOTs
is probably due to the electrons direct tunneling or the trap as-
sisted tunneling process through the interface state. Compared
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with the N2 sample, the change of C–V curve shift in the NO
sample is very small and can be ignored, indicating the lower
density of the NIOTs.
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Fig. 5. (color online) Typical results of the cycle C–V measurements
for N2 POA sample and NO POA sample.

Next, the positive and negative constant voltage stress

(CVS) measurements are carried out. Figure 6 shows the hys-

teresis C–V characteristic loops of the N2 POA sample and

NO POA sample with different stress times. The stress gate

voltage is fixed at +14 V, corresponding to an electric field of

about +3 MV/ cm. No matter whether the sample is N2 POA

or NO POA, the HF C–V curves all shift toward the more pos-

itive direction and are gradually saturated as the stress time in-

creases, indicating negative charge generation in the gate SiO2

layer. This may be due to the electrons trapped in NIOTs and

BOTs in the gate oxide layer. It can also be observed that the

amplitude of the flan-voltage variation in the NO POA sample

is far smaller than that in the N2 POA sample. From the shift of

the VFB in the CDA curve from that ideal VFB0, the effect fixed

SiO2 charge (Neff) is obtained from the following equation:

Neff =
Cox

qA
(VFB,DA−VFB0), (3)

where VFB,DA is the flat-band voltage of the forward scanning

C–V curve after the stress, A is the area of the fabricated MOS

cap, Cox is the maximum dielectric capacitance in the accumu-

lation region, and q is the electron charge.
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Fig. 6. (color online) Typical hysteresis C–V loops of N2 POA sample and NO POA sample with different stress times.
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The Neff as the function of the stress time is present
in Fig. 7. The values of Neff measured in this way in-
clude not only the fixed oxide charge, but also bulk ox-
ide trapped charges, movable charges and the near-interface
trapped charges. Overall, these results indicate that Neff de-
creases with the stress time increasing. It is worthwhile point-
ing out that there is a rapid increase of the Neff after the first
stress, so this charging process is very short. We think that
the increase in Neff in this process is attributed to the NIOTs
filled with electrons, and the values of Neff are determined to
be about 0.8×1011 cm−2 and 1.05×1012 cm−2 for NO and
N2 POA samples, respectively, which agree well with the re-
sults obtained from the aforementioned sequential hysteresis
C–V sweeps. Next, the variation of Neff becomes slow with
the stress time increasing. This process might be caused by
the bulk oxide traps filled with electrons. The densities of the
bulk oxide traps (NBOTs) from this stage are determined to be
about 1.8×1011 cm−2 and 5.4×1011 cm−2 for the NO POA
sample and N2 POA sample, respectively. It should be men-
tioned that the CVS measurements give the density of filled
bulk oxide traps, thus the absence of saturation in Fig. 7 im-
plies that the true total density of bulk oxide traps in the SiO2

film must be higher. After removing the +3 MV/cm CVS, the
negative CVS under the −3 VM/cm condition is performed.
Very small changes in C–V curves are observed after a certain
time of the negative CVS process for both the NO POA sam-
ple and N2 POA sample. This reveals that electrons captured
by those “slow” NIOTs and BOTs are hardly emitted by the
reverse −3 MV/cm voltage stress. From Fig. 7, we can also
observe that the sample prepared by NO POA has positive Neff,
however the Neff in the N2 POA sample is negative. Before the

CVS measurement, the corresponding values of Neff vary from
4.5×1011 cm−2 to −1.2×1012 cm−2 for the N2 POA sample
and NO POA sample. This result can be explained as that
the interfacial nitrogen species introduced by the NO POA are
accumulated at the SiO2/4H–SiC interface, incorporated into
carbon clusters (C-clusters) and thus form positively charged
interface donors (N+-donors),[28] leading to the variation of
the Neff.
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The gate leakage currents as a function of gate voltage un-
der constant voltage stress (+3 MV/cm and −3 MV/cm) with
different stress times for NO and N2 POA sample are shown in
Fig. 8. In the +3MV/cm stress process, the gate leakage cur-
rent always decreases with stress time increasing for both the
NO POA sample and N2 POA sample. Especially, in the N2

POA sample it is observed that the initial decreasing amplitude
of the gate leakage current reduction is larger than that of the
following stress process as shown in Fig. 8(a). This larger de-
crease of leakage current is attributed to electrons first trapped
in “slow” NIOTs. After the initial larger reduction in leak-
age current, the leakage current decreases very slightly and
is saturated soon after stress, which may be due to an elec-
tron trapped in bulk SiO2 defects. Those results further con-
firm that the shift of flat-band voltage initially is caused by the
NIOTs communicating with underlying 4H–SiC through tun-
neling at the beginning of constant voltage stress. Comparing
with the N2 POA sample, the degree of the leakage current re-
duction in the NO POA sample is not so serious as that shown
in the N2 POA sample and has a slight variation. It is worth-
while pointing out that the electron generation suggested from
the C–V curve shifts conflicts with the electrons trapping sug-
gested from the variation of the leakage current. The effects of
the −3 MV/cm stress on the leakage current are presented in
Figs. 8(c) and 8(d) for the N2 POA sample and NO POA sam-
ple, respectively. It implies that the leakage current increases
slightly with the stress time increasing, but the level of the
increase is negligibly small, revealing that electrons captured
by those NIOTs and BOTs are hardly emitted by the reverse
−3 MV/cm voltage stress. It is exactly consistent with the
conclusion obtained from the above C–V characteristics.

4. Conclusions
We systematically investigate the NIOTs at the SiO2/4H–

SiC interface using the SiO2/SiC MOS capacitors fabricated
on N-type, 4◦ off (0001) oriented 4H–SiC wafers by means
of high frequency hysteresis C–V characteristic loop, sequen-
tial scanning hysteresis C–V , cycle C–V and CVS measure-
ments. The electrical properties of the NIOTs in NO and N2

POA samples are investigated and compared in depth. Two
main categories of the NIOTs, i.e., the “slow” and “fast”
near-interface oxide traps, are revealed and extracted. It is
found that the positive CVS can enhance the electrons filled in
“slow” NIOTs and bulk oxide traps, however, it has little effect

on the emission of those electrons captured by those “slow”
NIOTs and BOTs in MOS structure.
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Phys. Status. Solidi B 245 1378

[20] DasGupta S, Brock R, Kaplar R, Marinella M, Smith M and Atcitty S
2011 Appl. Phys. Lett. 99 023503

[21] Chung G Y, Tin C C, Williams J R, McDonald K, Chanana R K, Weller
R A, Pantelides S T, Feldman L C, Holland O W, Das M K and Palmour
J W 2001 IEEE Electron Dev. Lett. 22 176

[22] Afanas’ev V V and Stesmans A 2000 Mater. Sci. Eng. B 71 309
[23] Rudenko T E, Osiyuk I N, Tyagulski I P, Olafsson H O, andSvein-

bjornsson E O 2005 Solid State Electron 49 545
[24] Hijikata Y, Yaguchi H, Yoshida S, Ishida Y and Yoshikawa M 2005 J.

Vac. Sci. Technol. A 23 298
[25] Moghadam H A, Dimitrijev S, Han J, Aminbeidokhti A and Haasmann,

D 2016 Mater. Sci. Forum 858 603
[26] Fiorenza P, Magna A L, Vivona M and Roccaforte F 2016 Appl. Phys.

Lett. 109 012102
[27] Okamoto D, Yano H, Hatayama T and Takashi Fuyuki 2010 Appl. Phys.

Lett. 96 203508
[28] Pensl G, Beljakowa S, Frank T, Gao K, Speck F, Seyller T, Ley L,

Ciobanu F, Afanas’ev V, Stesmans A, Kimoto T and Schoner A 2008
Phys. Status Solidi B 245 1378

127701-6

http://dx.doi.org/10.7567/JJAP.54.040103
http://dx.doi.org/10.1088/1674-1056/22/2/027302
http://dx.doi.org/10.1088/1674-1056/25/3/037306
http://dx.doi.org/10.1088/1674-1056/25/3/037306
http://dx.doi.org/10.1109/TED.2015.2440444
http://dx.doi.org/10.1143/APEX.5.041302
http://dx.doi.org/10.1109/16.748869
http://dx.doi.org/10.1109/16.748869
http://dx.doi.org/10.1109/TED.2008.2010601
http://dx.doi.org/10.4028/www.scientific.net/MSF.338-342.737
http://dx.doi.org/10.4028/www.scientific.net/MSF.338-342.737
http://dx.doi.org/10.1063/1.2335967
http://dx.doi.org/10.1063/1.2335967
http://dx.doi.org/10.1109/TED.2008.926672
http://dx.doi.org/10.1063/1.368384
http://dx.doi.org/10.1049/el:19951258
http://dx.doi.org/10.1063/1.328565
http://dx.doi.org/10.1063/1.3457906
http://dx.doi.org/10.1088/0022-3727/40/20/S09
http://dx.doi.org/10.1088/0022-3727/40/20/S09
https://doi.org/10.1557/jmr.2012.269
http://dx.doi.org/10.1063/1.1532103
http://dx.doi.org/10.4028/www.scientific.net/MSF.778-780.627
http://dx.doi.org/10.4028/www.scientific.net/MSF.778-780.627
http://dx.doi.org/10.1002/pssb.v245:7
http://dx.doi.org/10.1002/pssb.v245:7
http://dx.doi.org/10.1063/1.3611029
http://dx.doi.org/10.1109/55.915604
http://dx.doi.org/10.1016/S0921-5107(99)00397-9
http://dx.doi.org/10.1016/j.sse.2004.12.006
http://dx.doi.org/10.1116/1.1865153
http://dx.doi.org/10.1116/1.1865153
http://dx.doi.org/10.4028/www.scientific.net/MSF.858
http://dx.doi.org/10.1063/1.4955465
http://dx.doi.org/10.1063/1.4955465
http://dx.doi.org/10.1063/1.3432404
http://dx.doi.org/10.1063/1.3432404
http://dx.doi.org/10.1002/pssb.v245:7
http://dx.doi.org/10.1002/pssb.v245:7

	1. Introduction
	2. Experimental details
	3. Results and discussion
	4. Conclusions
	References

