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Silicon carbide (SiC) thermal nitridation followed by oxide deposition is a
route to confine nitrogen at the SiO5/SiC interfacial region. To investigate its
effects, incorporation of nitrogen into SiC by annealing in isotopically enriched
ammonia was performed. This incorporation led mainly to silicon nitride-like
formation. The observed silicon oxynitrides originated mainly from oxygen
incorporation due to air exposure of samples. Metal-oxide—semiconductor
structures formed by SiO, deposition on nitrided SiC samples presented poor
electrical quality, even when different postdeposition annealing conditions in
argon were applied. Such results suggest that this route must be modified to

allow nitrogen incorporation and avoid electrical degradation.
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The properties of silicon carbide (SiC) make it a
suitable semiconductor to replace Si in devices
required for high-power, high-frequency, and/or
high-temperature applications. Besides, a dielectric
film of silicon dioxide (SiOs) can be thermally grown
on it, in a similar way as on Si,»? but the density of
SlOz/SIC interface states (Dlt) of thermally grown
films is orders of magnitude higher than for SiO./Si,
limiting the electrical quality of SiC-based metal—
oxide—semiconductor field-effect transistors (MOS-
FETs).?

Postoxidation annealing (POA) in nitric oxide
(NO) is a well-known method to efficiently reduce
the Si0O,/SiC D;; and increase channel mobilities of
SiC MOSFETSs.** This method provides passivation
of defects by incorporating sub-monolayer amounts
of nitrogen in the interfacial region,”® as well as
reducing the SiOy/SiC transition-layer thickness.”®
A “counterdoping” effect”'® due to nitrogen has also
been proposed as a main cause of the increased
channel mobility: nitrogen incorporated in SiC
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would act as an n- type donor in a thin layer of the
SiC wafer. However, since two molecules of NO can
thermally dlssomate into Ny and Oo,'''? one
limitation of this method is the competition between
nitrogen passivation and the SiC electrlcal degra-
dation induced by thermal oxidation.'® Thus, there
is great interest in investigation of alternatlve
routes to introduce nitrogen into the SiOy/SiC
interfacial region, aiming at reducing D;; but with-
out inducing electrical degradation due to oxygen
incorporation. One simple solution to achieve this
goal would be to substitute NO by a non-oxygen-
containing gas such as ammonia (NH3) or molecular
nitrogen (Ng). Due to the higher thermal stability of
No, nitrogen passivation by POA is achieved using a
nitrogen plasma. However, defects can be
introduced in the oxide due to the plasma exposure,
resulting in low oxide breakdown strength com-
pared with samples submitted to NO POA. Use of
NHj; could be beneficial, since a nitrogen/hydrogen
synergistic effect in SiOz/SiC D;; reduction has
already been reported.'” In fact, SiOo/SiC POA in
NHj; can also reduce Dj; in a 51m11ar way to NO
annealing.'®' The difference is that, while in NO
POA nitrogen is incorporated only into the SiO4/SiC
interfacial region, in the case of ammonia, nitrogen

2823


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-015-3757-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-015-3757-x&amp;domain=pdf

2824

is incorporated into the SiOy film surface, bulk, and
interface, reducing the oxide film dielectric
strength.®°

Direct nitridation of the SiC substrate followed by
oxide deposition is another approach used to form
MOS structures, confining nitrogen to the SiOy/SiC
interfacial region. Such incorporation of N has been
achieved by annealing SiC in H, followed by Ny,%°
by annealing SiC in a mixture of Ny and NH;,%! and
by nitrogen plasma irradiation®? of the SiC surface
prior to oxide deposition, resulting in a reduction of
D;; compared with thermally grown oxide films.
Nevertheless, several aspects concerning SiC nitri-
dation followed by oxide film deposition still need to
be investigated, such as how the nitrogen source
and nitridation conditions affect the SiO./SiC
interface quality, whether the breakdown strength
of the deposited oxide film is sufficient for use in a
MOSFET, and whether postdeposition annealing
(PDA) is necessary to improve the structural qual-
ity. Overall, is such a route advantageous compared
with standard NO annealing? To investigate such
points, better comprehension of the interaction of
nitrogen-containing gas with SiC and its conse-
quences for the resulting MOS structure must be
achieved.

In this work, nitrogen incorporation in clean
4H-SiC samples by thermal nitridation in ammonia
gas was investigated. Isotopically enriched ammo-
nia (!NH;) was used to allow quantification and
depth profiling of °N by nuclear reaction analysis
(NRA). Ammonia was used in this work due to its
higher reactivity compared with other nitrogen-
containing gases that are oxygen-free, and due to its
hydrogen content, which could be beneficial for
passivation of SiOo/SiC D;;. Besides nuclear reaction
analysis, x-ray photoelectron spectroscopy (XPS)
was used to investigate the chemical environment of
atoms in these samples. Oxide deposition was per-
formed by sputtering, and electrodes were added to
produce MOS capacitors with nitrogen confined to
the SiOy/SiC interface. To correlate the results
obtained by NRA and XPS with the electrical
properties, current-voltage (I-V) measurements
were also performed. PDA in argon under different
conditions was then performed, aiming to obtain
electrical improvements in the MOS structure.
Ar-annealed samples were also characterized by I-V
measurements and nuclear reaction analysis.

Commercial SiC wafers of 4H polytype, polished
on the Si-face, also named (0001), and Si (100)
wafers were employed as substrates. Samples
characterized by electrical measurements were 4H-
SiC (n-type) commercial epitaxial wafers, 8° off-axis
on the Si face, doped with nitrogen (1.1 x
106 cm™3), 4.6 um thick. SiC wafers were pur-
chased from CREE Inc. All substrates were cleaned
in a mixture of HySO, and H,0O, followed by the
standard Radio Corporation of America (RCA) pro-
cess.?® Then, samples were etched for 60 sin 1 vol.%
aqueous solution of hydrofluoric acid (40 wt.% HF,
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purchased from Merck) and rinsed in deionized
water. Immediately after blow-drying with Ny, 4H-
SiC samples were loaded into a static pressure,
quartz tube, resistively heated furnace that was
pumped down to 10~ mbar. Nitridations of clean
4H-SiC were performed for 1 h at different tem-
peratures with 30 mbar of NHj3 enriched to 98% in
the N isotope, denoted °NHj. In some of the
experiments, dry Oy (<1 ppm H50) enriched to 97%
in the 80 isotope, denoted 804, was also used. The
total amount of N and '®0 in the resulting sam-
ples was determined by nuclear reaction analysis
(NRA) using the nuclear reactions 15N(p,y)lzC at
1 MeV and 80(p,2)'®N at 730 keV,?* respectively,
referenced to a standard Sii®N, film on Si and to a
standard Si'®0, film on Si.?® PN profiles were
determined using the narrow resonance of the
15N (p,xy)?C nuclear reaction at 429 keV. N pro-
files were determined from experimental excitation
curves (particle yield versus incident proton energy)
using the FLATUS code.?® SiO, films were deposit-
ed by radio frequency (RF) sputtering using a SiO,
target. The deposition system was pumped down to
10~® mbar, then Ar was introduced into the cham-
ber at constant flux, keeping the pressure at
2.7 x 102 mbar during sputtering. PDA was per-
formed under 400 mbar of Ar for 1 h at different
temperatures in the same static pressure reactor
used for nitridations. Such PDAs in Ar were per-
formed in an attempt to improve electrical proper-
ties, as has been reported for SiOy/SiC samples.?”
XPS analyses were performed in an Omicron-
SPHERA station, using Al K, radiation at 14°
take-off angle (sensitive to the sample surface).
Aluminum thermal evaporation to obtain MOS
structures used a mechanical mask, forming circu-
lar capacitors with diameter of 200 um. InGa
eutectic was used as back contact. I-V curves of
samples were obtained using a computer-controlled
HP4155A semiconductor parameter analyzer.

The total amounts of ®N obtained by NRA in Si
and 4H-SiC substrates after annealing in *NH; at
different temperatures are presented in Table I, as
well as the estimated film thickness, assuming
stoichiometric SigN4 film. The higher resistance to
nitrogen incorporation of SiC compared with the Si
substrate is clear, with one order of magnitude
higher amounts of nitrogen in the Si case. It is
interesting to remember that oxygen incorporation
from thermal oxidation of both substrates also
yields around order of magnitude higher amounts of
oxygen in the Si case. Larger areal densities of
nitrogen can also be observed when the temperature
is increased for both substrates.

In XPS spectra of the Si 2p region of nitrided 4H-
SiC presented in Fig. 1, three distinct components
can be observed in all samples: silicon bonded to
carbon (substrate), silicon bonded to nitrogen, and a
component that was assigned to silicon bonded to
oxygen and nitrogen and/or silicon bonded only
to oxygen, since line widths and spectrometer
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Table I. '°N areal density and film thickness in 4H-SiC (Si face) and Si samples after thermal nitridation in
30 mbar of ®*NH; for 1 h at different temperatures

4H-SiC Si
15NH; Annealing 15N Amount Thickness 15N Amount Thickness
Temperature (°C) (10'% 5N/em?) (nm)? (10'% 5N/em?) (nm)?
900 0.3 0.05 3.0 0.56
1000 1.1 0.20 4.2 0.79
1100 1.8 0.34 12.4 2.33

Experimental accuracy 10%; *Assuming stoichiometric SizNy film.

S-OJON-§  SiN, SiC,

"°NH, 900 °C

"*NH, 1000 °C

Intensity (a.u.)

"*NH, 1100 °C

106 105 104 103 102 101 100 99
Binding Energy (eV)

Fig. 1. Si 2p photoelectron spectra (a.u. stands for arbitrary units) at
a take-off angle sensitive to the surface of Si-faced 4H-SiC samples
thermally nitrided in 30 mbar of '®NH; for 1 h at different tem-
peratures, as indicated.

resolution prevent distinction between these two
latter components. The increase of the intensity of
the components of silicon bonded to nitrogen with
temperature as compared with the substrate signal
is clear, in qualitative agreement with the NRA
results. Three components can also be observed in
XPS analysis in the N 1s region for the nitrided
4H-SiC in Fig. 2. Because for all investigated

"*NH, 1000 °C

Si,-N
Si,-N-O

Intensity (a.u.)

404 402 400 398 396 394
Binding Energy (eV)

Fig. 2. N 1s photoelectron spectrum (a.u. stands for arbitrary units)
at a take-off angle sensitive to the surface of the Si-faced 4H-SiC
sample thermally nitrided in 30 mbar of *NHg for 1 h at 1000°C.

temperatures a similar signal was observed
(although presenting different intensities, due to
different nitrogen incorporation amounts), only the
spectrum of the 1000°C nitrided sample is shown. It
is interesting to note that the signal obtained from
N 1s is similar in energy and component intensities
to those obtained from SiOo/SiC annealed in NO
followed by chemical removal of the oxide,® sug-
gesting a similar chemical environment for nitro-
gen. The most intense component is the one
assigned to nitrogen bonded only to silicon, sug-
gesting that nitrogen incorporates mainly in a sili-
con nitride-like form. The other components are
assigned to nitrogen bonded to oxygen and to silicon
in different stoichiometries. Some discrepancy con-
cerning the proportion between silicon oxynitride
and silicon nitride signals from the Si 2p and N 1s
regions of the XPS spectra can be assigned to part of
the silicon oxynitride signal in the Si 2p region
being from silicon bonded only to oxygen, as in SiOs,
which is not probed in the N 1s spectra.

Although the presence of oxygen observed in XPS
spectra is undesirable, oxygen has been observed
after SiC nitridation even when working with oxy-
gen-free gases.?®?1?® The origin of oxygen could be
due to contamination in the furnace used for
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thermal nitridation or to oxygen incorporation from
air exposure. Contamination in the furnace was
mmlmlzed by pumping the system down to
10~7 mbar prior to the introduction of ’NHj gas,
although the presence of oxygen during annealing
cannot be ruled out, since the same furnace was
previously used for thermal oxidations, and outdif-
fusion of O from its walls could occur during
ammonia annealing. Incorporation from air expo-
sure is also reasonable, since oxygen incorporation
into SigN, film surfaces from air exposure after
thermal nitridation of Si has been observed.?* To
investigate this second possibility in our samples,
the following experiment was yerformed After
thermal nitridation of 4H-SiC in >’ NHj, the sample,
kept in the furnace tube, was pumped down to
1077 mbar and then exposed to 100 mbar of
enriched %0, at ambient temperature for 4 h prior
to its exposure to air. If oxygen could be 1ncor1p
rated from air exposure, larger amounts of
would be observed in samples exposed to 20, (used
to simulate air exposure in this experiment). The
total amount of ®0O quantlﬁed by NRA of these
samples can be observed in Flg 3, compared with
samples exposed directly to air after nitridation.
Although all '®0 areal densities are cons1derably
small, it is clear that larger amounts of 180 were
incorporated in samples exposed to ¥0, compared
with those exposed directly to air (in which the *0
abundance is 0.2%). This confirms that a significant
part of the oxygen detected in the samples by XPS
measurements, which were performed ex situ, can
be assigned to their exposure to air.

I-V curves allow one to probe the quality of
dielectric films, but no previous reports were found
in the case of SiO, films deposited on nitrided SiC.
To investigate the electrical quality of the formed
structures and their applicability in SiC devices,
I-V curves from Al/SiOo/(nitrided)4H-SiC capacitors
were obtained from 4H-SiC samples nitrided in
15NH; at the two extreme temperatures: 900°C and
1100°C followed by SiO, film deposition (20 nm) by
sputtering. I-V curves of these samples are pre-
sented in Fig. 4, as well as curves from similar
samples followed by PDAs in Ar at 800°C or 1000°C
and from a SiOs film formed by SiC thermal oxida-
tion followed by PDA in Ar at 1000°C, included for
comparison. Poor dielectric strength in the struc-
tures can be observed for all nitrided/deposited
samples as a fast increase in leakage current in the
initial stages of accumulation. Such results com-
plement data from our recent work indicating low
leakage current and negative effective charge of
SiOg films thermally grown on SIC and oxide films
deposited by sputtering on SiC.? Comparmg results
from samples without PDA, the larger increase of
leakage current with Voltage observed in the sample
nitrided at a higher temperature (that led to higher
incorporation of nitrogen) suggests poorer electrical
quality between the nitrided SiC surface and the
deposited oxide. This result indicates that a
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Fig. 3. 80 areal densities obtained by 0 NRA from 4H-SiC
samples submitted to 30 mbar of ®NH5 for 1 h at 900°C and
1100°C, followed by air exposure or exposure to 100 mbar of 20,
for 4 h at ambient temperature (24°C) and then exposed to air. Bars
correspond to experimental accuracy of 5%.

NE 100u 15NH; + Si0, (deposited) + PDA in Ar
O
3 10U -
2>
2 "2 w/o PDA
2 100n - ~o  PDA800°C
o 4" PDA 1000°C
8 10n
\Ipoxidation + PDA

0 2 4
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Fig. 4. -V curves of Al/SiO/(nitrided)4H-SiC structures obtained
from 4H-SiC samples submitted to 30 mbar of "®NHj for 1 h at 900°C
(solid symbols) and 1100°C (open symbols) followed by deposition of
a 20-nm oxide film by sputtering and addition of Al and GaN con-
tacts. Indicated samples were submitted to PDA in 400 mbar of Ar
for 1 h at indicated temperatures. Results from a SiO; film formed by
SiC thermal oxidation submitted to PDA at 1000°C are also pre-
sented for comparison.

modification to this route must be accomplished to
enhance the oxide strength. A possibility could be to
nitride a thin SiOy film prior to the oxide film
deposition. After the PDAs in Ar, an even larger
increase in leakage current with voltage is observed,
where higher PDA temperature 1nduced larger
leakage current, independent of the SNH; anneal-
ing temperature.

The increase in the leakage current with voltage
due to PDA in Ar was not expected, since, in gen-
eral, 1mprovement in Si0y/SiC structures due to
PDA and POA in Ar has been reported.?”3%3! On
the other hand, some reports suggest degradatlon of
Si0./SiC structures due to annealing in Ar.3%33
Since it is reported that presence of nitrogen in the
bulk of the oxide film can reduce its dielectric
strength,®' atomic transport of >N due to PDA in
Ar was also investigated. F1§ure 5 presents the
excitation curves obtained by SN nuclear reaction
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"*NH, 1100°C + 3 nm SiO,(deposited) + PDA in ArI-

—&—\v/0 PDA

—&— Ar PDA at 600°C
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Fig. 5. Experimental excitation curves of the '>N(p,ay)'?C nuclear
reaction around the resonance at 429 keV for 4H-SiC samples
nitrided for 1 h in 30 mbar of '>NHg at 1100°C followed by sputtering
deposition of a 3-nm SiO, film and submitted or not to PDA in
400 mbar of Ar for 1 h at different temperatures, as indicated. A
Sil°N, film was also analyzed to obtain the “surface” position indi-
cated in the figure.

Proﬁling (NRP) for 4H-SiC samples nitrided in

5NH; followed by 3-nm oxide film deposition by
sputtering without and with PDA in Ar at different
temperatures. Thinner oxide films were deposited
compared with those used in electrical measure-
ments to avoid NRP depth resolution degradation,
but still allowing investigation of the SiOy(deposit-
ed)/(nitrided)4H-SiC structure. The intention was to
observe whether nitrogen would diffuse into the
deposited oxide film due to the thermal treatment in
argon. If so, a shift in the excitation curve to lower
proton energies (in the direction of “surface” in the
figure) due to the PDA in Ar would be observed, as
was the case of oxygen from Si'®0, films thermally
grown on SiC in the SiOy(deposited)/Si*®0y(ther-
mally grown)/4H-SiC structure.?® In fact, what is
observed after PDA is a small shift in the opposite
direction, towards higher proton energies, observed
for all temperatures, as compared with the sample
without PDA. This fact indicates N transport
towards the substrate during annealing. Such an
effect could be related to the electrical degradation
observed. It is clear, from our results and from
contrasting results reported in literature, that
deeper investigation of PDAs in inert ambient must
be performed to fully understand their conse-
quences.

In summary, investigation of thermal nitridation
of 4H-SiC in '’NHj; was performed. In the tem-
perature range investigated (900°C to 1100°C), sig-
nificantly higher incorporation of nitrogen occurred
in the Si substrate as compared with the SiC. For
the SiC case, the nitrogen incorporation observed
was in the form of nitrogen bonded only to silicon, or
in the form of silicon oxynitrides. NRA investigation
indicated that the presence of oxygen is due to, at

least partially, its incorporation from air exposure.
Electrical measurements of MOS capacitors with
nitrogen confined to the SiOy/4H-SiC interfacial
region evidence high leakage currents and poor
dielectric strength of the dielectric films. The qual-
ity of the dielectric films became even worse when
PDA in Ar was performed, which induced transport
of part of the N atoms towards the SiC substrate.
Results suggest that modifications to the proposed
route must be performed, aiming at nitrogen con-
finement to the SiO5/4H-SiC interface and avoiding
degradation of the dielectric film.
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