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The incorporation of hydrogen in dielectric/SiC structures and Pt/dielectric/SiC structures whose dielectric films were thermally
grown in O2, NO, or O2 followed by annealing in NO was investigated. The amount and the distribution of hydrogen incorporated
and the capacitance-voltage characteristics were observed to be dependent on the thermal growth route employed. Hydrogen was
mainly incorporated in the dielectric film/SiC interface region and larger amounts were incorporated when the Pt electrode was used.
Annealing in hydrogen increased the negative shift in the flatband voltage, which was more pronounced when the Pt electrode was
used in the case of NO-annealed SiO2/SiC sample.
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To overcome the limits of silicon-based power devices, new
semiconductor materials are necessary. Silicon carbide (SiC) is a
wide bandgap semiconductor that presents adequate properties for
high-power, high-temperature, and high-frequency electronics. These
characteristics have been recently explored in the first commer-
cially available metal-oxide-semiconductor field effect transistors
(MOSFETs).1 However, reducing the density of electron traps at and
near the SiO2/semiconductor interface, to improve the channel car-
rier mobility2 and reliability of MOSFET devices, still remains as the
main technological challenge.3,4

The high density of interface states (Dit) in the SiO2/SiC interface
region has been attributed to carbon related defects generated during
the thermal oxidation of the SiC.5–7 In order to improve the qual-
ity of this interface, post-oxidation annealing (POA) in nitric oxide
(NO) has been employed as a successful method to reduce Dit and
to improve device reliability.4,8 The effect of the incorporation of N
was related to both the removal and the passivation of residual C in
the dielectric/SiC interface region.9–11 The use of POA in H2 also
led to reduction in Dit below the conduction band for n-type 4H-SiC
(0001) MOS structures12 and improve the channel mobility of 4H-
SiC (0001) MOSFETs.13 Moreover, combining POAs in NO and in
H2 using platinum (Pt) as the electrode metal caused a complemen-
tary reduction in Dit

10,14 and enhanced field-effect mobility in 4H-SiC
(0001) MOSFETs15 compared with only NO or only H2 annealings.

The passivation effect of POA in H2 has been investigated only in
the case of thermal growth in O2 with and without POA in NO, but the
consequences of POA in H2 in dielectric films directly grown in NO
still remain unknown. Results for dielectric films grown on the carbon
face of the SiC single-crystal indicate that the direct growth in NO led
to better breakdown characteristics than NO-annealed oxides.3 Reli-
ability results for silicon-faced 4H-SiC by Jamet et al.9 also revealed
that dielectric films grown directly in NO exhibit a higher resistance
to high field stress than previously grown dry oxide films annealed
in NO. Furthermore, MOS structures with dielectric films grown in
NO presented superior capacitance-voltage (C-V) characteristics than
SiO2/SiC annealed in NO.16,17 Therefore, the understanding of the
consequences of combining the thermal growth in NO and POA in H2,
along with a systematic investigation of the influence of the dielectric
film growth process and the use of a Pt electrode, on the incorporation
of hydrogen in dielectric/SiC structures are important issues in order
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to achieve further improvements in the electrical properties of SiC-
based devices. In this work we report results of physicochemical and
C-V characterization of dielectric/SiC structures grown by different
thermal processes and annealed in H2 with or without a Pt electrode.
The correlation between atomic composition, hydrogen distribution,
and electrical characteristics is also presented.

Experimental

Silicon-faced (0001) n-type 4o off-axis 4H-SiC wafers with
nitrogen-doped 4.5 μm thick epitaxial layers to a concentration of
1.4 × 1016 at.cm−3 purchased from Cree were cleaned in a mixture of
H2SO4 and H2O2 followed by the RCA process. After etch in a 5%
HF aqueous solution for 1 min, samples were loaded in a quartz tube
furnace. Three different routes were used to grow dielectric films on
SiC. SiO2 films were grown at 1100oC for 4 h in a 100 mbar static
atmosphere of O2 isotopically enriched to 97% in the 18O isotope
(O2-route). Silicon oxynitride film growth in NO (NO-route) or NO-
annealing of Si18O2/SiC (O2/NO-route) were performed at 1250oC
for 2 h at a NO flow rate of 0.1 SLM. Concerning H2 annealing tem-
perature, previous works reported improvement in Dit and channel
mobility for 4H-SiC (0001) MOSFETs using POA in hydrogen at
temperatures ≥ 800◦C.12,13,18 On the other hand, the quality of the
Pt electrode degrades at anneal temperatures greater than 600◦C.19

Therefore, in the present work, annealings in H2 were performed at
600◦C for 1 h in a 200 mbar static atmosphere enriched to 99.8%
in the 2H (2H = D) isotope, termed D2 anneal. After the annealing
and the system has reached room temperature, the D2 atmosphere
was removed by pumping the system down to ∼10−5 mbar. The use
of hydrogen atmosphere enriched in the deuterium isotope (2H = D)
assumes that it mimics the behavior of the 1H. Platinum (Pt) was
chosen as the metal electrode due to its catalytic effect in dissociat-
ing H2 molecules into atomic hydrogen,10 which is more likely to be
incorporated than molecular hydrogen.

To evaluate the influence of the presence of Pt in the incorpora-
tion of hydrogen, in some samples Pt electrodes were deposited via
DC sputtering before the D2 anneal. Samples analyzed by Nuclear
Reaction Analyzes (NRA) had their entire surfaces covered by Pt
while on samples used in C-V measurements circular Pt electrodes
(0.0025 cm2) were deposited. Some samples had the Pt electrode re-
moved using a HCl + HNO3 (3:1) solution and/or the dielectric film
removed by HF solution after the D2 anneal and before being an-
alyzed by NRA to detect D. The use of 18O and D rare isotopes
(natural abundances of 0.2 and 0.015%, respectively) allows one to
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distinguish them from O and H incorporated during air exposure
and/or NO annealing. 18O and D quantifications were accomplished
by nuclear reaction analyzes using the 18O(p,α)15N nuclear reaction20

at 730 keV (1013 18O.cm−2 sensitivity and 5% accuracy) and the
D(3He,p)4He nuclear reaction21 at 700 keV (1012 D.cm−2 sensitiv-
ity and 10% accuracy). The areal density of 16O was determined by
Rutherford backscattering spectrometry in channeling geometry (c-
RBS) using He+ ions of 1 MeV,22 with 1014 16O.cm−2 sensitivity and
10% accuracy. Oxygen areal densities were converted into SiO2 film
thicknesses using the relationship: 1015 O.cm−2 = 0.226 nm of SiO2,
valid for 2.21 g.cm−3 dense SiO2 films.20

MOS capacitors with platinum electrodes were fabricated to en-
able C-V measurements (10 kHz frequency) that were performed at
room temperature, with the electrode bias swept from accumulation
to depletion. Aluminum was also sputtered on the back of the sample
to make a large area contact using a Surrey NanoSystems γ-1000C.
HFCV characteristics were obtained at the sweep rate of 0.1 V/s
using a computer controlled HP4284A LCR meter. Theoretical low
frequency and deep depletion C-V data were calculated based on the
standard equations for metal-oxide-semiconductor structures.23 Us-
ing the standard electronic properties of 4H-SiC, the oxide thickness
and SiC doping concentration were the parameters adjusted to fit the
theoretical data to the experimental curve.

Results and Discussion

Dielectric films grown according to each growth route were char-
acterized using ion beam analysis techniques. Results of 18O and 16O
quantification are shown in Table I along with the estimated film thick-
ness as detailed above. One can notice that when the 18O2 atmosphere
was employed, 16O was not observed, within the detection limit of
the RBS technique. However, in the case of thermal growth in natural
NO, a tiny amount of 18O was observed due to the higher detection
limit of the NRA technique. This amount of 18O corresponds to the
natural abundance of this nuclide in an 18 nm thick SiO2 film. When
thermal growth was performed in 18O2 followed by annealing in NO
(O2/NO-route), areal densities of 18O and 16O reveal total isotopic
exchange between the 16O from the NO gas and the 18O from Si18O2

film grown in 18O2. In this case, the 18O amount observed can again be
attributed to its natural abundance. These results indicate that oxygen
atoms in the oxide are highly mobile during NO annealing and that the
effect of this treatment is not limited to the dielectric film/SiC inter-
face region, since compositional modification of the whole dielectric
film is occurring.

The influence of the thickness of the Pt electrode in the incorpo-
ration of D was evaluated. The amount of D that was incorporated in
SiO2/SiC samples with the surface covered by Pt electrode films 10,
20, and 100 nm thick was (1.2 ± 0.1) × 1013 D.cm−2. Since the amount
of incorporated D did not depend on the Pt electrode film thickness,
i.e., it did not increase as the thickness of the electrode increased, one
can conclude that it was not incorporated in the whole depth of the
Pt film. In a previous work from our group24 it was determined that
the D incorporated in the Pt electrode film in Pt/SiO2/SiC structures
was located in the Pt/dielectric film interface region. Therefore, we

Table I. 18O and 16O total amounts and film thicknesses
determined by NRA and c-RBS for dielectric films thermally
grown according to distinct specified routes. Film thicknesses were
determined assuming that the density of the SiO2 film on SiC is
2.21 g.cm−3.

Sample

18O
(1015 at.cm−2)

16O
(1015 at.cm−2)

Thickness
(nm)

18O2 – route 42.79 ± 2.25 * 9.5
NO – route 0.16 ± 0.01 73.1 ± 7.3 16.5
18O2/NO – route 0.18 ± 0.01 96.2 ± 9.6 21.7

*Below the sensitivity limit of the c-RBS technique.

Figure 1. Deuterium areal densities incorporated in dielectric/SiC structures
with and without the presence of the Pt electrode for each thermal growth route
employed. Error bars correspond to experimental accuracy of 10%.

suggest that the D observed in the Pt electrode film was incorporated
in this Pt/dielectric film interface region.

The influence of the thermal route employed in the growth of
dielectric films and the presence of the Pt electrode in the incorpo-
ration of hydrogen were also investigated. The total amounts of D
incorporated by each growth route with and without a 10 nm thick
Pt electrode, as determined by NRA, are shown in Fig. 1. One can
notice that, in all cases, larger amounts of D were incorporated in the
Pt/dielectric/SiC structures compared with their counterparts without
the presence of the Pt electrode. These larger amounts cannot be at-
tributed only to D incorporation in the Pt electrode film, since it was
(1.2 ± 0.1) × 1013 D.cm−2 for the three growth routes, which was
evaluated by comparison of areal densities observed in samples with
the presence of Pt (results shown in Fig. 1) and after the electrode
has been removed (3rd column in Table II). It is remarkable that D
incorporation is highly dependent on the route employed in the ther-
mal growth of the dielectric films. The sample with the dielectric film
thermally grown according to the O2-route was the one that presented
the lowest amount of D incorporated, with and without the presence
of Pt. In the case of thermal growth in O2 followed by NO anneal
(O2/NO-route) a larger amount of D was incorporated than in the
case of non-annealed sample, which indicates that the presence of
N introduces new sites for D incorporation. Wang et al.14 combined
experimental data and first-principles calculations to propose that ni-
tridation of the SiO2/SiC interface followed by its hydrogenation leads
to the formation of a SiOxNyCz(H) interlayer. The largest amount of D,

Table II. Deuterium areal densities in the dielectric films were
determined by NRA for each growth route. The presence of a Pt
electrode during D2 anneal is indicated (2nd column), but this Pt
layer was removed before D quantification when it was present.
D total amounts incorporated in the whole depth of the dielectric
films (3rd column), after the dielectric films thicknesses have been
reduced to ∼4 nm (4th column), and after the removal of the
dielectric films by long etchings in HF solution (5th column).

D (1013

at.cm−2)
D (1013

at.cm−2)
D (1013

at.cm−2)

Sample
Pt

electrode

As grown
dielectric

film

∼4 nm
dielectric

film

Removed
dielectric

film

18O2 – route Yes 4.4 ± 0.4 3.7 ± 0.4 *
No 2.0 ± 0.2 2.1 ± 0.2 *

NO – route Yes 8.6 ± 0.9 7.5 ± 0.7 5.3 ± 0.5
No 7.0 ± 0.7 6.0 ± 0.6 3.4 ± 0.3

18O2/NO – route Yes 8.9 ± 0.9 5.2 ± 0.5 2.0 ± 0.2
No 3.2 ± 0.3 2.0 ± 0.2 *

*Below the sensitivity limit of the NRA technique.
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comparing samples without the Pt electrode, was observed in the sam-
ple with the dielectric film directly grown in NO (NO-route), which
is another indication that D is being incorporated in N-related sites.
Chakraborty et al.17 reported the presence of larger amounts of N in
the case of dielectric films grown directly in NO compared with dry
SiO2 film annealed in NO, which could explain the largest amount of
D that was incorporated in the sample with the dielectric film grown
according to the NO-route. Regarding samples with D2 anneal after
the deposition of the Pt electrode, no pronounced difference between
the amounts of D incorporated in samples with dielectric films grown
according to NO- and to O2/NO-routes was observed.

In order to evaluate the distribution of D within the dielectric film
and in the dielectric film/SiC interface region, areal densities of D
were determined after reducing the dielectric film thickness to ∼4 nm
and also after removal of the dielectric film by a long etching in HF
solution. The total amounts of D incorporated by each growth route
and in different dielectric film thickness, as determined by NRA, are
shown in Table II. In samples that were submitted to D2 annealing in
the presence of the Pt electrode, D amounts were determined after the
Pt layer has been removed. One can notice that in these samples larger
amounts of D were incorporated in the dielectric film compared with
their counterparts annealed without the presence of a Pt electrode. For
all samples, D was mainly incorporated in the dielectric film/SiC inter-
face region. In the case of thermal growth in O2 without the presence
of a Pt electrode, D was only incorporated in the dielectric film/SiC
interface region, since the same amounts of D were observed for the
non-etched dielectric film and for the 4 nm thick film. A previous work
by Soares et al.25 also reported that for SiO2/SiC structures submitted
to D2 anneal at 600◦C, without a Pt electrode, all D was incorporated
in the SiO2/SiC interface region. The D incorporation in dielectric
films grown according to the NO-route reveals that even after a re-
duction of ∼4 times in the film thickness (the original thickness was
16.5, as shown in Table I), only a ∼15% reduction in the amount of
D was observed, in samples with and without the Pt electrode. In the
case of thermal growth in O2 followed by NO anneal, for samples
with and without the Pt electrode, the amount of D incorporated in
the dielectric film/SiC interface region (∼4 nm thick dielectric film)
represents 60% of the amount incorporated in whole film, although
this thickness represents less than 20% of the total film (see Table I). It
is noteworthy that after the removal of the dielectric films by etching,
no D was observed within the detection limit of the nuclear reaction
analysis in samples with the dielectric film thermally grown accord-
ing to the O2-route. In the case of thermal growth in O2 followed
by NO anneal (O2/NO-route), D was observed after the removal of
the dielectric film only in the case of D2 anneal in the presence of
a Pt electrode. This amount stands for 22% of the amount that was
incorporated considering the whole dielectric film. In samples with
the dielectric film thermally grown directly in NO (NO-route), ∼60%
and ∼50% of the D incorporated, for samples with and without the Pt
electrode, respectively, remain even after the removal of the dielectric
film. The distinct remaining amounts of D that were observed for
each growth route indicate that they led to the formation of interfaces
with different compositions and affinities with hydrogen. In a previous
work,11 we presented results from X-ray photoelectron spectroscopy
(XPS) and X-ray reflectometry (XRR) evidencing that the interfacial
layer of silicon oxycarbide compounds (SiOxCy) formed during the
thermal growth of dielectric films on SiC was modified by the incor-
poration of N due to NO annealings. The thickness of this interfacial
layer was drastically reduced in the case of thermal growth directly in
NO. An intermediate thickness was observed when the dielectric film
was grown in O2 followed by NO anneal, as compared to a film grown
only in O2. Recently, Kosugi et al.4 reported XPS results from NO an-
nealed (0001) 4H-SiC surfaces revealing the incorporation of N atoms
with an areal density of 1014 cm−2 that remain fixed in the interface
region even after the removal of the oxide layer by etching in HF. It is
noteworthy that silicon oxycarbide compounds present high chemical
inertness, not being removed by HF solution as well as by several
other acid and oxidizing wet etchings.26 Therefore, fixed N observed
after HF etching might be related with its incorporation in the silicon

Figure 2. C-V curves for Pt/dielectric film/4H-SiC (0001) MOS capacitors
with dielectric films grown according to O2-, NO-, and O2/NO-routes. The
sequence of treatments and corresponding symbols are indicated in the inset.
Ideal C-V curve (solid black line) is also presented for comparison. The ideal
flatband voltage is +2.56 V.

oxycarbide interfacial layer. The presence of larger amounts of D in
the dielectric film/SiC interface region that remain after the removal
of the dielectric film by etching, observed for samples grown by the
NO-route compared with the other thermal growth routes investigated,
could be a consequence of its incorporation in these N-related sites in
the interfacial layer that contains Si, C, O, and N.

C-V curves for MOS capacitors with dielectric films grown ac-
cording to different thermal growth routes are shown in Fig. 2. The
ideal C-V curve was calculated assuming the vacuum value for the
work-function of the Pt electrode. Nevertheless, the possibility of re-
duction in the effective work-function of the Pt due to the formation of
a D-induced dipole layer in the Pt/dielectric interface, as reported by
Lundström and DiStefano,27 cannot be ruled out in the case of sam-
ples that underwent a D2 anneal in the presence of the Pt electrode.
The curve for the sample that was oxidized but not submitted to an
annealing in D2 (open triangles) presents a negative shift (−0.63 V)
in the flatband-voltage (VFB) as compared to the ideal curve due to
the presence of positive effective charge. After annealing in D2, an
even larger negative shift (−1.52 V) in the VFB was observed (open
squares). These results evidence that annealings in D2 led to an in-
crease in the positive effective charge. A similar behavior was also
reported by Stein von Kamienski et al.28: they observed the forma-
tion of positive oxide charge after forming gas anneals of dry oxide
samples. The sample thermally grown in O2 followed by NO anneal
(full triangles) does not exhibit a VFB shift. Therefore, the annealing
in NO reduced the positive effective charge compared with the ther-
mal growth only in O2. However, negative VFB shifts were observed
in the case of dielectric films thermally grown in O2 followed by
NO submitted to annealing in D2 with (full circles) and without (full
squares) the presence of Pt electrode, being −2.13 V and −1.12 V,
respectively. Concerning the NO sample annealed in D2 without the
presence of a Pt electrode (half filled squares), a VFB shift of −0.69 V
was observed, being smaller than the observed for the other thermal
growth routes (full and open squares). C-V curves of the O2 and the
NO samples annealed in D2 in the presence of Pt (O2 + Pt + D2 and
NO + Pt + D2) are not shown because they did not reach a saturation
level in the accumulation region, indicating that the dielectric films
became leaky after D2 anneal in the presence of Pt. The sample with
the dielectric film grown in O2 followed by annealing in NO that was
submitted to D2 anneal in the presence of Pt (O2 + NO + Pt + D2)
reached saturation level in the accumulation, as shown in Fig. 2 (full
circles), indicating that this film, which is thicker than those grown by
O2- and NO-routes, is less susceptible to present leakage problems.
Nevertheless, the possibility of leakage in the dielectric films being
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caused by damage in the dielectric film/Pt interface due to D2 anneal
cannot be ruled out.

Therefore, results indicate that instead of being beneficial, the
incorporation of D in the presence of the Pt film was deleterious in
the case of thermal growth routes investigated. In the light of these
results, no Dit or channel mobility measurements were performed on
samples. However, some inferences can be made from the slope of the
C-V curves. In the case of O2/NO samples, after annealing in D2 in
the presence of Pt (full circles), the Dit was increased as indicated
by the reduced slope of the C-V curve near the depletion region.
On the other hand, based on the slope of the C-V curves for O2

(open triangles and squares) and O2/NO samples (solid triangles and
squares), a reduction in Dit after annealing in D2 without the presence
of a Pt electrode can be inferred.

Conclusions

The influence of the thermal growth process and the presence of
a platinum electrode on the incorporation and distribution of hydro-
gen in SiOxNy/SiC and Pt/SiOxNy/SiC structures were investigated.
Results evidenced that NO annealing led to total isotopic exchange
between 16O from the gas phase (N16O) and 18O from the previous
Si18O2 film, evidencing the large mobility of this element in the sys-
tem. Samples with dielectric films thermally grown in O2 presented
the lowest amounts of D incorporated with and without a Pt electrode.
In samples that underwent NO treatments, the presence of a Pt elec-
trode led to similar amounts of D incorporated, whereas without Pt,
the sample directly grown in NO exhibits the largest amount of D
incorporated. In all samples, D was mainly incorporated in the dielec-
tric film/SiC interface region. Besides, D was observed even after the
removal of the dielectric films in the case of thermal growth directly
in NO and for the O2/NO sample with the D2 anneal performed in
the presence of a Pt electrode. Flatband voltage was observed to be
dependent on the thermal growth route employed. Annealing in D2

increased the negative shift in the flatband voltage, which was more
pronounced when the Pt electrode was used, in the case of NO anneal
following the thermal growth in O2.
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