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The changes of the defect states below the conduction band in atomic-layered HfO2 ﬁlm grown on SiC substrate
were examined as a function of the post-nitridation annealing temperature in an NH3 ambient. As the postnitridation annealing temperature increased up to 600 °C, the incorporated nitrogen into the HfO2/SiC interface
was gradually increased. The band gap and valence band oﬀset were mostly increased as a function of the postnitridation annealing temperature and the band alignment of HfO2 ﬁlms changed. O K-edge absorption features
revealed two distinct band edge states below the conduction band edge in HfO2 ﬁlms, and these defect states
were dramatically reduced with increasing of the post-nitridation annealing temperature. The reduction of
defect states in HfO2/SiC improved the electrical properties such as the leakage current density, breakdown
voltage, and trap charge density in the HfO2 ﬁlm and interface of HfO2/SiC.

1. Introduction
Silicon carbide (SiC) has been attracted as a promising material for
the next-generation high power metal-oxide-semiconductor (MOS)based devices because of the wide bandgap (~ 3.26 eV for 4H-SiC), a
high thermal conductivity (4.9 W/cm·°C), and a high electric breakdown ﬁeld (2.5–3.5 MV/cm) that provide a performance that is superior to that of Si [1,2,3,4]. Also, a signiﬁcant advantage of SiC is an
ability whereby high quality silicon dioxide (SiO2) layers that deliver a
performance that is similar to that of Si can be grown through thermal
oxidation [5]. However, the electrical properties of the traditional SiO2
that is grown on the SiC substrate are reduced, regardless of the electrically excellent properties of SiC, due to a low dielectric constant [6].
To solve this problem, a number of research studies have reported the
application of gate oxides with high dielectric constant (high-k) that
suppress the electric ﬁeld across the gate dielectric by a high k-factor
compared to SiO2 (~ 3.9) for the same electric ﬁeld [7,8]. Among the
high-k oxide materials, HfO2 has attracted great interest as an insulating material for devices due to a high dielectric constant (~ 25)
and a superior chemical and thermal stability, therefore, the electrical
limitation could be solved through the use of the HfO2 insulating layer
instead of SiO2 [9]. However, the relatively high defect densities such
as the interfacial dangling bond, oxygen vacancies, and carbon cluster
at the high-k oxide/SiC interface result in the degradation of the electrical characteristics [10,11]. The defect states at the high-k oxide/SiC
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interface act as electrical traps that inﬂuence the frequency dispersion
and the device reliability. Regarding a high-k oxide/SiC interface that
includes nitrogen, several research groups have discussed the characteristics of the interfacial defect states in a nitric-oxide ambient (NOx)
such as implantation, plasma treatment, and thermal-annealing
[12,13,14,15]. In particular, NOx ambient treatment, which reduces the
interface defect density at the high-k oxide/SiC interface, has been
commonly used over the past decade [16,17]. Despite of the advantage
of the NOx treatment, this method leads to the disturbance of the nitrogen insertion due to the presence of excess oxygen, and as a result,
the excess oxygen can result in additional defect formations [18,19]. An
alternative nitridation method for which NOx is used involves the use of
ammonia (NH3) gas, and it is an eﬀective method for the removal of the
dangling bond and the carbon cluster for which additional forming gas
annealing is not required, accordingly, this method could be more
suitable for more complicated surface geometries [20]. An understanding of the role of nitrogen at the high-k oxide/SiC interface is
therefore very important, as it critically related to the changes of the
electronic structures.
In this study, the nitrogen incorporation eﬀect in HfO2/SiC is reported with the use of thermal annealing in the NH3 ambient and as a
function of the post-nitridation temperature. The energy band gap and
the band oﬀset were changed through the nitrogen incorporation at the
HfO2/SiC interface. The quantitative changes of the two distinct band
edge defects below the conduction band in the defect states were
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Fig. 1. (a) N-K edge absorption spectra and (b) XPS spectra
of N 1s core-level as a function of the post-nitridation
temperature.

Fig. 2. (a) REELS spectra with primary energy of 1.0 keV
and (b) valence band spectra as a function of the post-nitridation temperature.

2. Experiment

Table 1
The band gap, the valence band maximum (VBM), the conduction band minimum (CBM)
of the HfO2, and the band oﬀset between the HfO2 and the SiC as a function of the postnitridation treatment from the REELS and the valence band spectra.
Temperature (°C)

Eg (eV)

VBM (eV)

CBM (eV)

ΔEVB (eV)

ΔECB (eV)

As-grown
400
500
600

5.72
5.80
5.88
5.95

3.35
3.43
3.44
3.46

2.37.
2.37
2.44
2.49

1.69
1.77
1.78
1.80

0.90
0.90
0.97
1.02

The HfO2 ﬁlms were deposited on a n-type 4H-SiC (0001) with a
carrier concentration of ~5 × 1018 cm− 3. Prior to the deposition of the
HfO2 ﬁlms, the SiC wafers were cleaned with hydroﬂuoric acid treatment to remove the native oxide from the surface. Then, 5-nm HfO2
ﬁlms were immediately deposited using the atomic layer deposition
(ALD) process, thereby tetrakis-ethyl-methyl-amide hafnium Hf[N(CH3)
(C2H5)]4 (TEMAHf) was used as the hafnium precursor and H2O vapor
was used as the oxygen source. One cycle for the deposition of the HfO2
comprised 1 s of the TEMAHf feeding, 20 s of the N2 purge, 1.5 s of the
H2O feeding, and 30 s of the N2 purge at the substrate temperature of
250 °C. After the deposition process, the HfO2 ﬁlms were annealed by a
rapid thermal process (RTP) for 1 min at each of the temperature 400,
500, and 600 °C in the ambient of NH3 gas. The valence band oﬀset and
chemical bonding states of the HfO2/SiC were measured with X-ray
photoelectron spectroscopy (XPS) using a monochromatic Al Kα X-ray
source (hv = 1486.7 eV). To eliminate the carbon contamination on the

strongly correlated to the electrical characteristics such as the leakage
current density, breakdown voltage, and eﬀective trap charge density.
These results indicate that the post-annealing treatments in the NH3
ambient clearly improve the interfacial properties of the HfO2/SiC.
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changes of the electronic structures that are related to the conduction
band and the band edge state below the conduction band were investigated with X-ray absorption spectroscopy (XAS) at the 10D beam
line facility, Pohang Accelerator Laboratory (PAL), Korea. To fabricate
the metal-oxide-semiconductor capacitor (MOSCAP) for analysis the
electrical characteristics, 100-nm-thick platinum electrodes were deposited on the HfO2/SiC via a photolithography process for which wet
chemical etching was performed regarding the metal. The electrical
properties such as the leakage current density, breakdown voltage,
capacitance, and hysteresis were obtained with the use of the measurements of the leakage current density-voltage (J-V) and the capacitance-voltage (C-V) as a function of the temperature of the post-annealing treatment in the NH3 ambient.
3. Results and discussion
To verify the existence of nitrogen within the HfO2 ﬁlm and/or the
HfO2/SiC interface, the N K-edge absorption spectra and the N 1s corelevel spectra that correspond to the HfO2/SiC samples as a function of
the post-nitridation temperature were investigated and are shown in
Fig. 1 (a) and (b), respectively. The N K-edge absorption spectra revealed the chemical state of the nitrogen in the HfO2 ﬁlm. As shown in
Fig. 1 (a), the broad feature near 400 eV gradually appeared as the postnitridation temperature increased up to 600 °C, while the sharp feature
related to the resonant excitations of the N2 molecule states was not
evident. The broad feature is related to the hybridized orbital structure
of the Hf 6sp + N 2p states, or it is caused by the Si 3sp + N 2p states
because of the interaction of the nitrogen atoms at the HfO2/SiC interface [21,22]. Fig. 1 (b) shows the N 1s core-level spectra as a function of the post-nitridation temperature. The use of the N 1s spectra for
an accurate examination of the nitrogen bonding states is diﬃcult because the N 1s spectrum is close to the Hf 4p spectrum, however, the
intensity of the N 1s slightly increased as a function of the post-nitridation temperature, which could mean that the quantity of nitrogen
that was incorporated into the HfO2 ﬁlm and interface of HfO2/SiC
increased gradually with the increasing of the post-nitridation temperature.
The energy band gap (Eg) for the HfO2/SiC as a function of the postnitridation temperature, as shown in Fig. 2 (a), was determined with
the use of REELS. The Eg value was slightly increased after the postnitridation treatment up to 5.95 eV in the post-nitridated HfO2 ﬁlm at
600 °C. This tendency is considered that the formation of an interfacial
layer like HfSiON from the incorporation of nitrogen into the HfO2/SiC
interface. Because the Eg value in the SiON layer is dependent upon the
quantity of the nitrogen incorporation, commonly Eg value is indicated
to ~7.0 eV in the NH3 ambient [23]. Fig. 2 (b) shows the valence band
spectra in the XPS that provide the energy level diﬀerence between the
Fermi level and the valence band maximum (VBM) in the HfO2 ﬁlm.
Moreover, from the results of Eg and the VBM, the conduction band
minimum (CBM) was also calculated as shown in Table 1. The Eg and
the VBM for the SiC substrate were determined with the use of spectroscopic ellipsometry (SE) and the valence band spectra in the XPS,
respectively, and the obtained values were 3.13 eV, and 1.66 eV, respectively (not shown here). The most important ﬁnding is that the
change of the band oﬀset between the HfO2 and the SiC substrate was
dependent on the post-nitridation temperature. The value of the valence band oﬀset (ΔEVB) gradually increased as the post-annealing
temperature was increased up to 600 °C, and the Δ EVB of the as-grown
HfO2 ﬁlms of 1.69 eV increased to 1.80 eV at the post-nitridation
temperature of 600 °C. Likewise, the Δ ECB value was increased from
0.90 eV to 1.02 eV. Based on the previous XAS and XPS spectra, the
changes of the band alignment could be associated with the interfacial
reaction that is from the incorporation of nitrogen.
To understand the electronic structure for the post-nitridation
treatment of the HfO2/SiC, the O K-edge absorption spectra were investigated, as shown in Fig. 3 (a). The qualitative analysis of the

Fig. 3. (a) Normalized O K-edge absorption spectra with second-derivative O K-edge
spectrum at the bottom of the ﬁgure, (b) deconvoluted defect states below the conduction
band edge from the use of the Gaussian ﬁts, and (c) relative defect absorption area of the
two distinct band edge states (D1 and D2) as a function of the post-nitridation temperature.

surface, an Ne-ion sputtering was performed for 1 min prior to the XPS
measurement at the sputtering power of 1 kV. To assess the changes of
the energy band gap of the HfO2 ﬁlms as a function of the post-annealing temperature of the HfO2 ﬁlms, reﬂection electron energy loss
spectroscopy (REELS) measurement was carried out with a primary
electron beam energy of 1.0 keV, and the HfO2 ﬁlm surface was sputtered with an Ar-ion for 1 min at a sputtering power of 0.5 keV. The
104
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Fig. 4. (a) Leakage current density-voltage (J-V) characteristics, (b) capacitance-voltage (C-V) curves, (c) eﬀective trap charge density (NEFF), (d) eﬀective border trap charge density, and
(e) interface trap charge density (Dit) of the HfO2/SiC as a function of the post-nitridation temperature.

that are located at similar energies below the Hf 5d eg conduction band
edge. According to the equivalent d4–d4⁎ transition state for the O divacancy, the origin of these peaks could be the defect states below the
conduction band edge [24]. More speciﬁcally, the D1 state is caused by
the Hf3 + states that are associated with an O divacancy by Hf2O3, while
the D2 state is the result of an O divacancy in the HfO2 ﬁlm [26,27]. To
exactly compare the quantitative magnitude of the two defect states,
the relative defect absorption areas of the D1 and D2 are indicated in
Fig. 3 (c). As the post-nitridation temperature was increased, the band
edge states for the D1 and D2 decreased, and the minimum values of the
intensities of two peaks occurred while the post-annealing temperature
increased up to 600 °C. This decrease of the band edge states could
induce a charge trapping reduction.
As previously stated, the electrical characteristics were examined

conduction band and the band edge states was performed according to
the normalization and Gaussian ﬁts of the absorption spectra that were
based on the second derivate analysis. Based on the local atomic
bonding symmetry, the O K-edge absorption spectra of the HfO2 directly reﬂect the molecular orbital hybridization between Hf with 5d,
6 s, and 6p and O with 2p [24]. The two distinct absorption peaks of the
Hf 5d states are the eg and t2g states that are associated with the Hf 5d
states. Beyond the Hf 5d states, the two broad peaks are denoted as a1g
and t1u states that are associated with the Hf 6 s and 6p states, respectively [25]. The feature of the conduction band was maintained
regardless of the nitridation temperature, which means that there were
no changes of the micro-structure of the HfO2 ﬁlm. Fig. 3 (b) shows the
defect states below the conduction band edge over a narrow energy
region. The Gaussian ﬁts identiﬁed two diﬀerent types of defect states
105
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sample. These Dit distribution results are closely related to the interfacial trap states near the SiC substrate. The decrease of Dit is caused by
the reduction of interfacial states via incorporation of nitrogen at the
interface of HfO2/SiC, as shown in the previous results for the increase
of band oﬀset and the decrease of band edge states.

using the J-V and C-V. Fig. 4 (a) shows the J-V characteristics as a
function of the post-nitridation temperature. The breakdown voltages
of the as-grown HfO2/SiC were −17.1 V and 9.1 V under the negative
and positive bias, respectively. With the post-nitridation temperature
increased up to 600 °C, the breakdown voltages increased to −21.8 V
and 11.2 V, respectively. Even if the thickness of the interfacial layer
was increased by the increasing of the post-nitridation temperature, the
improvement of leakage current characteristics under the negative and
positive biases could be associated with the decreasing of the defect
states below the conduction band edge. In addition, the improvement of
the leakage current density and the breakdown voltage was related to
the decreasing of the carrier injection that is due to the higher ΔEVB and
Δ ECB values at the post-nitridation temperature of 600 °C. Fig. 4 (b)
shows the C-V hysteresis characteristics of the HfO2/SiC that were
measured at 1 MHz as a function of the post-nitridation temperature.
The dielectric constant (k) calculated from the capacitance in the accumulation region for as-grown HfO2/SiC is 12.3 and the value of k is
11.2, 11.6, and 11.6 with increasing the post-nitridation temperature of
400, 500, and 600 °C, respectively. The C-V hysteresis exhibited a
clockwise hysteresis loop regardless of the post-annealing temperature,
and that is related to the electron trapping in the oxide layer [26]. From
the C-V hysteresis characteristics of the HfO2/SiC, we calculated the
COX ΔVFB, hysteresis
eﬀective trap charge density by using NEFF =
, where COX
qA
is the capacitance of the oxide layer, Δ VFB,hysteresis is the hysteresis in the
ﬂat band voltage, q is the electron charge, and A is the electrode area
[28]. The calculated eﬀective trap charge density is plotted in Fig. 4 (c),
and the HfO2/SiC with the post-nitridation temperature at 600 °C has
minimum value (3.51 × 1012 cm− 2). Also, we extracted the eﬀective
border trap density from the C-V hysteresis characteristics, as shown in
Fig. 4 (d). The eﬀective border trap density was calculated from the
diﬀerence of the capacitance values between the forward and reverse
voltage sweeps, Crf(Vg) = | Cr − Cf |, where Cr and Cf are the capacitance during the reverse and forward sweeps, respectively. The shift of
C-V curve indicates the electron trapping process occurred near the
interface region in HfO2/SiC. This result shows that the eﬀective border
trap of HfO2/SiC (4.61 × 109 V− 1 cm− 2) with post-nitridation temperature at 600 °C is smaller than that of the as-grown HfO2/SiC
(8.77 × 109 V− 1 cm− 2). It could be related to the slow traps located at
the interfacial region between oxide layer and the interfacial transition
layer near the SiC substrate. Therefore, the high border trap density
could be induced by formation of oxygen vacancies and interfacial layer
at the interface region. These defects inﬂuence the charge trapping and
detrapping process and result in large C-V hysteresis. In addition, the
interface trap density (Dit) was compared as a function of the post-nitridation temperature and the results were plotted in Fig. 4 (e). To
determine the Dit in the HfO2/SiC, the capacitance (Cm) and the conductance (Gm) were measured at diﬀerent frequencies (f) in a parallel
mode. The Dit and the trap level energy position were calculated from
the parallel conductance (Gp/ω)max by using a combination of the forward bias capacitance-frequency (C-f) and conductance-frequency (G-f)
[29]. The Gp/ω value was calculated by the equation below

Gp
ω

=

4. Conclusions
In summary, the evolution of the defect states below the conduction
band of the HfO2/SiC has been reported according to the eﬀect of nitrogen incorporation into HfO2 ﬁlms and as a function of the post-annealing temperature in the NH3 ambient. The band oﬀsets of the conduction band and the valence band between the HfO2 and SiC were
slightly increased, and the band edge states below the conduction band
were dramatically decreased with the increase of the post-nitridation
temperature. The leakage characteristics were improved, and the trap
density at the ﬁlms and the interface were reduced with the increase of
post-nitridation temperature. Therefore, the insulating properties of
HfO2 on SiC substrate could be improved by the reduction of defect
states using a post-nitridation treatment in the NH3 ambient.
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