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Nitridation of the SiO,/SiC interface yields a reduction in interface state density, immunity to
electron injection, as well as increased hole trapping. It is shown that the accumulation of nitrogen
at the oxide/semiconductor interface is solely responsible for these three effects. The evolution of
the density of interface states, electron traps, and hole traps is measured in
metal-oxide-semiconductor capacitors as a function of the nitrogen content which is varied by
adjusting the gate oxide NO annealing time. A rate equation is derived to model the change in the
interface state density, observed at various energy levels, in terms of nitrogen binding cross-sections.
While the generation of acceptor interface states upon electron injection is suppressed after
minimum N incorporation, the density of oxide hole traps appears to scale linearly with the amount
of nitrogen. The origin and the properties of the N-induced hole traps resembles those of the defects
responsible for enhanced negative bias temperature instability observed in nitrided silicon devices.
It is proposed that the binding of nitrogen is not exclusively driven by the passivation of defects at
the semiconductor surface but also results in the formation of a silicon oxynitride layer redefining

the interface. © 2009 American Institute of Physics. [DOI: 10.1063/1.3131845]

I. INTRODUCTION

Silicon carbide oxide-based devices have the potential to
surpass silicon technology in high-power, high-frequency,
and high-temperature applications.l’2 The larger carrier satu-
ration velocity and thermal conductivity of SiC indeed allow
for better energy efficiency under such operating conditions.
Many efforts have been dedicated to the improvement of the
interface between SiC and its thermal gate oxide, SiO,,
mainly in order to reduce the series resistance in the ON state
of metal-oxide-semiconductor field-effect transistors (MOS-
FETs) by increasing the channel mobility. The most common
technique used to improved the inversion mobility is the in-
troduction of nitrogen at the interface via post-oxidation an-
neal (POA) in nitric (NO) or nitrous oxide (N,0).** Even
though there is still substantial room for improvement, such
POAs have become standard and scrutiny now turns toward
the impact of nitridation on the long-term reliability of de-
vices.

The reliability of SiC semiconductor devices may be
characterized in a variety of ways. Among them, time-
dependent dielectric breakdown (TDDB) measurements
which yield the mean time to failure (MTTF) of the devices
is most common. After nitridation of the SiO,/SiC interface,
the MTTF of oxides subject to electron injection increases,
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and is higher than the MTTF resulting from hole leakage.S’6
Unfortunately, TDDB is set to probe catastrophic dielectric
failure and does not quantify the voltage instabilities induced
by the progressive carrier trapping which ultimately lead to
oxide breakdown. To better understand the physical mecha-
nisms inducing the degradation of the gate dielectric in SiC
devices, we have used other accelerated techniques such as
internal photoemission (IPE), Fowler-Nordheim (FN) tun-
neling, and x-ray irradiation, in parallel with capacitance-
voltage (CV) measurements to monitor the trapped charge as
a function of the injected charge in the oxide. We recently
reported that, although high-temperature NO annealing im-
proves the quality of the SiO,/4H-SiC interface by reducing
the interface state density (D;) and by suppressing electron-
induced interface state generation,7 the incorporation of ni-
trogen in the dielectric also yields a large density of hole
traps.g’9 While these results can explain the TDDB findings,
they highlight an important shortcoming of the standard NO
process.

While the buildup of positive charge is an obvious con-
cern in p-channel SiC devices in the ON state, it can also
occur in the preferred n-channel MOSFETs. In the latter
case, the holes originate from the accumulation layer in the
OFF state. Even at zero bias they can access traps several
Angstroms within the oxide via quantum tunneling. This
phenomenon will be amplified if a negative gate bias is ap-
plied to ensure minimal drain current. Moreover, the use of
SiC devices at high temperature (e.g., 150 °C) promotes car-
rier injection via both tunneling and emission.'®!" It should
therefore be obvious that the impact of nitrogen on the hole
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TABLE I. Successive fabrication steps used for each of the samples.

J. Appl. Phys. 105, 124506 (2009)

Samples 0, @ 1150 °C Ar @ 1150 °C Ar @ 1175 °C NO @ 1175 °C N,:0, @ 1175 °C
Ar_30 7h 30 min
N2:02_120 7h 30 min 120 min
NO_0 7h 30 min 120 min

NO_7.5 7h 30 min 112.5 min 7.5 min

NO_15 7h 30 min 105 min 15 min

NO_30 7h 30 min 90 min 30 min

NO_60 7h 30 min 60 min 60 min

NO_120 7h 30 min 120 min

trapping is a major concern as it can lead to accelerated
degradation of all SiC oxide-based devices under certain op-
erating conditions.

Positive charge buildup in the dielectric due to negative
gate bias and temperature has been widely studied in silicon
pMOSFETs and is referred to as negative bias temperature
instability (NBTI)."” In Si devices, nitrogen may be incorpo-
rated in the oxide as well, not to reduce the interface state
density (which is achieved by hydrogen passivation), but to
limit dopant diffusion and reduce gate leakage.n’14 However,
as in SiC devices, nitridation can lead to electron immunity
and increased hole trzzlpping.ls_19 The latter is commonly ob-
served during NBTI measurements. It is therefore useful to
see if the properties of nitrided oxides on either SiC or Si can
be interpreted within the same framework.

The nature of the electron and hole traps in SiO, on SiC
is the subject of this manuscript. Trap densities in the gate
dielectric of 4H-SiC metal-oxide-semiconductor (MOS) ca-
pacitors are characterized as a function of the amount of
nitrogen incorporated in SiO,. The nitrogen content is con-
trolled by the duration of the NO anneal that follows the
thermal growth of the gate oxide. The resulting nitrogen con-
centrations at the interface are measured by secondary ion
mass spectroscopy (SIMS). Charge injection of electrons and
holes is performed using photoemission, FN tunneling, and
x-ray irradiation. To complement this study, electron spin
resonance (ESR) measurements were performed in order to
trace the atomic configuration of the charged defects. Corre-
lations are made between the reduction in D;, the generated
interface states, and the trapped hole densities, quantities
measured by the CV technique. An analytical expression is
derived to model the evolution of the D;; at various energy
levels. On one hand, it is found that the amount of interface
states generated during electron injection is very sensitive to
NO exposure as they vanish after the shortest anneals. On the
other hand, the density of positive charge trapped during hole
injection and x-ray irradiation (under positive gate bias) in-
creases linearly with the amount of nitrogen. These observa-
tions indicate that electron immunity is related to the passi-
vation of particular precursor interface defects that are
preferred N binding sites, while the NO-induced hole trap
density is a property of the nitrogen binding configurations in
the oxide, implying that each nitrogen atom could act as a
hole trap and that their presence in the near-interface region
is probably undesirable. Control samples show that neither
the higher temperature used for nitridation nor the slow re-

oxidation taking place during the NO anneal can explain the
observed behaviors, confirming that the nitrogen incorpo-
rated at the SiO,/SiC interface is solely responsible. The
chemistry of N is discussed and it is proposed that nitridation
does more than passivate defects as it could redefine the
interface region altogether by forming an oxynitride.

Il. EXPERIMENTS
A. Sample preparation

The substrates used in the experiments are n-type
4H-SiC with a deposited epitaxial layer (N=5X 10" cm?)
purchased from Cree Inc. They were dipped in TCE, acetone,
methanol, and BOE (buffered HF), prior to performing the
standard RCA cleaning steps. Oxidation was achieved in
flowing O, at 1150 °C for 7 h and followed by an Ar anneal
at the same temperature for 30 min, yielding an oxide thick-
ness of the order of 50 nm on the polished (0001) Si-face, as
determined by CV and ellipsometry. The quartz tube furnace
was then cooled down in Ar to allow for the distinct process-
ing of each sample. Nitridation was subsequently performed
via NO annealing at 1175 °C. In order to incorporate vary-
ing amounts of nitrogen, the NO exposure was adjusted be-
tween 0 and 120 min. The thermal budget was maintained
constant for all nitrided samples by using Ar prior to the
introduction of NO, so that they all spent a total time of 2 h
at temperature. These samples are labeled NO_x (where x is
the NO exposure time in min). In addition, two control
samples were fabricated. To test the impact of the higher
temperature, they were removed after the 1150 °C Ar anneal
(never exposed to 1175 °C, nor nitric oxide). One of them
was then further oxidized at 1175 °C in a flowing N,:0,
(9:1) mixture to characterize the impact of the slow reoxida-
tion taking place during NO anneals (=1 nm SiO, grown
per hour), without incorporating nitrogen. These two samples
are labeled Ar_30 and N2:02_120, respectively. The successive
thermal processing steps are summarized for all samples in
Table I. Semitransparent Al gate contacts (=30 nm thick and
500 wm diameter) were evaporated to form MOS capacitors
on the (0001) Si-face. Finally, a drop-etch using BOE was
performed to remove the oxide grown on the back side and
sputtered Au, or colloidal Ag paste, was used to ensure good
Ohmic contact to the substrate.
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B. Nitrogen profiling

The profile and the density of incorporated nitrogen in
NO-annealed samples were determined at EAG laboratories
(Hightstown, NJ 08520, USA) using SIMS. The nitrogen
concentrations are calibrated against a thermal silicon diox-
ide standard that has been ion-implanted with nitrogen. The
depth scale has been calibrated against a crater measurement
on the same standard sample.

Because the ionization yield of emerging atoms differs
from the bulk standard at the studied oxide/silicon carbide
interface, a cross-calibration with other methods was needed
to estimate the error on the integrated N count. Most impor-
tantly, it should be noted that the relative concentrations of
incorporated nitrogen extracted from the various samples,
yielding the presented analysis, are very accurate. The depth
resolution and the precision of the SIMS technique are dis-
cussed more thoroughly in Sec. III A.

C. Carrier injection

Charge injection into the gate oxide was achieved at
room temperature by three different techniques. (i) Electron
injection by IPE was performed at low fields using the fo-
cused radiation of a 100 W mercury lamp to emit free carri-
ers from the negatively biased metal gate (V,=-10 V, lead-
ing to an electric field in the dielectric |E,|<2 MV/cm).”
(ii) Holes were injected via FN tunneling from the semicon-
ductor kept in inversion by a negative gate bias and a low
intensity UV light (E.,=-6 MV/ cm).® (iii) Electron-hole
pairs were generated by a 10 keV x-ray source, while a posi-
tive bias was maintained on the gate to attract the electrons
and push the holes to the SiO,/SiC interface (V,=7.5 V and
E,~15 MV/cm).>’

CV measurements were performed at room temperature
to monitor the D, and the flatband voltage Vy, during charge
injection. The Dj, between 0.2 and 0.6 eV from the SiC
conduction band edge, was extracted from quasistatic (0.5
V/s) and high-frequency (100 kHz) CV curves taken simul-
taneously from accumulation to depletion using a Keithley
model 82 setup.20 The change in flatband voltage upon injec-
tion AVy was monitored by the shift in the high-frequency
CV curve, measured at flatband capacitance, and was renor-
malized to the shift a 50 nm oxide would yield, so that all
samples can be directly compared. The effective density of
trapped charge is calculated as C,,AVy /g where C., is the
oxide capacitance and g is the elementary charge. This re-
sults in a negative value for positive trapped charge and in a
positive value for negative trapped charge.

In order to optimize the measurements, electron injection
via photoemission, hole injection via FN tunneling and inter-
mediary CV characterization were automated and performed
on up to three devices simultaneously. The setup designed
for these experiments is illustrated in Fig. 1. High-frequency
switch cards (Keithley 7062) are used together with a con-
troller (Keithley 705) to alternate CV measurements and
charge injection. The high-frequency CV sweeps (Keithley
590) are performed on each device sequentially from accu-
mulation to depletion. During the injection steps, the re-
quired bias (Keithley 236) is applied to the devices, which
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FIG. 1. Schematic of the electrical connections of the designed automated
injection setup. Capacitance-voltage measurements and monitored charge
injection can be performed in sequence. Up to three devices are tested si-
multaneously. A custom LABVIEW program controls the units and processes
the data.

are connected in parallel. The total injected charge for each
device is obtained by integrating the current calculated from
the potential differences measured sequentially by a digital
multimeter (Keithley 706) across resistors (100 M()) con-
nected in series. The value of the resistors was chosen to
provide the required accuracy for currents of the order of
nanoampere

(=500 nA/cm?), while maximizing the fraction of voltage
dropped across tested devices (>90%). During CV measure-
ments, the low intensity UV lamp was kept on when per-
forming FN hole injection experiments, but the high intensity
UV beam was blocked by a shutter when performing photo-
emission of electrons. A custom LABVIEW program was
implemented to control the units and process the data.

D. Electron spin resonance

For ESR measurements, oxides on the (000—1) C-face of
semi-insulating 6H-SiC and the (001) face of Si were grown
in the conditions described above. Some of them were then
annealed for 2 h in NO at 1175 °C, yielding an SiO, thick-
ness of about 275 and 425 nm on SiC and Si, respectively.
X-band ESR measurements were made at 30 K. The g-value,
characteristic of the ESR signal, was calculated from the
applied field at resonance, and the relative number of centers
was determined by the comparison of the peak-to-peak am-
plitude of the ESR signal.21

ESR was used primarily to monitor the number of posi-
tively charged oxygen vacancies (E’ centers).”>* Since oXy-
gen vacancies are typically neutral and undetectable by ESR
is as-grown films, the defects were charged by irradiation at
room temperature to 5 or 10 Mrad (SiO,) using the 10 keV
X-ray source.

Note that for ESR measurements, the thicker C-face SiC
oxides were irradiated so that the signal from centers charged
after irradiation could be maximized. Although one has to
keep in mind that the devices were fabricated on the Si-face
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of 4H-SiC, we expect the ESR results to be relevant because
we are interested in comparing the properties of the oxide
bulk and of the near interface with and without nitridation.
Indeed, while one might expect the SiC faces and polytypes
to produce a quantitative difference in the results, the quali-
tative comparison used here between irradiated ESR samples
and electrically injected devices should be valid.**

lll. RESULTS AND DISCUSSION
A. Kinetics of the nitrogen uptake

The evolution of the nitrogen profile and concentration
in the samples exposed to NO at high temperature were
monitored as a function of annealing time. The SIMS data
for samples NO_7.5, NO_30, and NO_120 is shown in Fig. 2.
The peaks correspond to the nitrogen profiles, N concentra-
tions, are labeled on the left axis. The carbon (C) and oxygen
(O) concentrations are plotted in arbitrary units (right axis).
In order to have the three nitrogen profiles on the same
graph, their respective C and O signal were aligned so that
the position of the peaks can be studied relative to the
Si0,/SiC interface.

In all cases, the nitrogen is located at the interface, as
previously reported.zs_28 Furthermore, it can be seen that the
relative position of the peaks remains constant. This indi-
cates that, during the slow reoxidation associated with the
NO annealing (see details below), the nitrogen peak moves
with the interface toward the semiconductor as more Si and
C atoms are consumed by the formation of SiO,
(=1 nm/h). Oxides annealed using N,O lead to the same
observation.”? Other techniques such as NH; annealing and
plasma nitridation incorporate nitrogen throughout the SiO,,
which reveals that the kinetics of NO and N,O anneals are
unique.30—32 In addition, for NO and N,O, the incorporation
rates scale with the oxidation rates when comparing nitrogen
uptake on the Si-face, a-face, C-face of SiC, and on silicon.”®
All this suggests that the nitrogen uptake results from the
dissociation of NO at the oxide/semiconductor interface dur-
ing NO and N,O anneals.

The full width at half maximum (FWHM) of the SIMS
nitrogen peaks is constant for all measured annealing times.
It implies that the extent of the region in which nitrogen is
incorporated remains the same. Note that the extracted width
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FIG. 2. (Color online) SIMS profiles for the samples annealed in NO for
7.5, 30, and 120 min.
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FIG. 3. (Color online) N area density as a function of NO annealing time
calculated by integrating the SIMS N signal. The curve is the fit by Eq. (1),
the resulting values of the parameters are listed.

of =3 nm is limited by the SIMS technique as there are
several processes impacting its depth resolution: collision
cascades cause intermixing of the ions at the interface and
artificial profile broadening, the stress and chemical nature of
the interface can affect the sputtering rate of the primary
beam, and the ionization yield of atoms emerging from that
region can change. In fact, it has been shown from electron
energy-loss spectroscopy (EELS) that the nitrogen is con-
fined to within at most 1.2 nm of the SiO,/SiC interface, the
resolution limit of the EELS technique.27’28 The localized
dissociation of NO, the passivation of defects, and/or the
release of interfacial stress could explain the accumulation of
nitrogen in that region only.

In order to study the evolution of the nitrogen incorpo-
ration rate, the N area density 7 (in atoms/cm?) was ex-
tracted as a function of the NO annealing time 7 (in minutes)
from the SIMS data (Fig. 3). The values were obtained by
subtracting the background noise at detection limit
(=10" cm™ seen in the sample NO_0) prior to integrating
the N signal. In previous experiments, the absolute values of
the area density deduced from SIMS were estimated to be
accurate within a factor of two by a cross-calibration with
nuclear reaction analysis (NRA) and medium energy ion
scattering (MEIS).**** This may be due to peculiar particle-
solid interactions at the oxide/semiconductor interface as
mentioned above. Note that this absolute concentration un-
certainty affects neither the analysis nor the resulting conclu-
sions made in this manuscript; the relative error for each
point, i.e., the reproducibility, being within 5%.

The data can be modeled by a first-order rate equation of
the form

il=7(1-e"+c, (1)

where 7" is the nitrogen area density at saturation, 1/ 7 is an
effective binding rate (in min~'), and c is an offset constant.
The equilibrium density of N at the interface comes in part
from a balance between incorporation and removal. Indeed,
it has been demonstrated that the nitrogen introduced at the
Si0,/SiC interface via NO and N,O anneals is not stable
against reoxidation,29 i.e., it is removed in the presence of
oxygen. This affects the kinetics of the nitrogen uptake be-
cause there is always a source of oxygen during NO and N,O
exposure at high temperature.33 Therefore, the parameters 7
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and 7 depend explicitly on the gaseous concentration of both
NO and oxygen at the interface, as well as on the binding
and removal rates of nitrogen.“’28

The fit of the data by Eq. (1) for £>0, shown in Fig. 3,
yields values for the effective binding rate and c that are
about 2.6X 1072 min™! and 0.5X 10" cm™, respectively.
The nitrogen saturation density is estimated at approximately
5.8 10'"* cm™, in fair agreement with the previously pub-
lished values which were obtained by a variety of
techniques,”****** including MEIS which yields 1.1+0.6
X 10 cm™. Note that the maximum amount of nitrogen
that can be incorporated at the SiO,/SiC interface using N,O
in similar conditions is about an order of magnitude less.”
This correlates nicely with the ratio of O, to NO at 1175 °C
which is estimated to be 0.5 and 3 during NO and N,O
annealing, respectively, implying a faster reoxidation in the
latter case.

B. Impact of temperature and slow reoxidation

In this section, the effects of the higher temperature used
during NO exposure and of the slow reoxidation that occurs
in parallel are studied in an attempt to isolate the role of the
nitrogen on the electrical properties of the oxide and of the
interface. In order to do so, the D;;, as well as the hole and
electron trapping behaviors, are monitored in four different
samples: sample Ar_30 (processed at 1150 °C, never exposed
to NO), sample N2:02_120 (POA at 1175 °C in N,:0, mix-
ture, 9:1, for 2 h), sample NO_0 (POA at 1175 °C in Ar for 2
h), and sample NO_120 (POA at 1175 °C in NO for 2 h).
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FIG. 4. (Color online) Density of interface states (a) and of trapped positive
charge (b) in the control samples and in the one annealed in NO for 2 h. The
temperature and the slow reoxidation have no significant effect on either
properties, only the nitrogen incorporated during the NO anneal does.
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FIG. 5. (Color online) Density of interface states of the control sample (2 h
Ar at 1175 °C) and of the ones annealed for 7.5, 15, 30, and 120 min in NO.
DY and Dj refer to the Dj prior to NO annealing and at N saturation,
respectively.

The interface state densities of these samples are plotted
in Fig. 4(a). It can be seen that neither the temperature nor
the reoxidation impacts the D; as much as the NO anneal.
This is in agreement with plasma nitridation experiments
from which the nitrogen alone is shown to achieve NO-like
D,.** In Fig. 4(b), the effective trapped charge (Cy AVy/q)
is shown as a function of the injected hole density. The NO-
annealed oxides are found to possess a hole trap density
much larger than the one of any other oxide. Finally, the
generation of interface states observed upon electron injec-
tion, and the associated negative charge trapping, is sup-
pressed only after NO exposure (not shown).

It is therefore concluded that the incorporation of nitro-
gen at the SiO,/SiC interface is solely responsible for the
reduction in Dj, for the electron immunity, and for the in-
creased hole trap density. The data presented in the following
sections are interpreted in these terms.

C. Progressive reduction in interface state density

The interface state density between 0.2 and 0.6 eV from
the SiC conduction band edge is plotted in Fig. 5 for differ-
ent NO annealing times. The upper curve corresponds to the
base D, obtained from sample NO_0 annealed in Ar at
1175 °C for 2 h (Dg). It can be seen that the high-
temperature NO treatment is efficient at progressively reduc-
ing the amount of electrically active levels throughout the
monitored energy window.

Because the impact on the D;; of the temperature and of
the slow reoxidation have been shown to be negligible com-
pared to the observed impact of NO anneals, this reduction is
attributed to the passivation, the alteration, and/or the re-
moval of defects by nitrogen binding at the oxide/
semiconductor interface. Theory suggests that nitrogen can
indeed substitute for threefold coordinated atoms or bind at
defect sites, which reduces the D; in the upper part of the
4H-SiC band gap.35 These defects could be of various nature
and therefore have different energy levels, explaining the ef-
ficiency of nitrogen over a wide energy range. For example,
single carbon interstitials at the interface, or silicon suboxide
bonds in the oxide (of various lengths) are expected to have
levels close to the conduction band edge. Also, carbon “clus-
ters” at the interface, e.g., a six-atom aggregate resulting

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



124506-6 Rozen et al.

from a split C interstitial at a Si site in SiC, are expected to
have levels located deeper in the gap. All these defects are
theoretically sensitive to nitrogen. Nevertheless, we note that
the N effect may not be only atomic in nature, but also as-
sociated with the formation of a new dielectric in the imme-
diate vicinity of the interface.

The difference between D?t and the Dj; at N saturation
(D}) is shown in Fig. 6(a). It reveals that N removes more
levels toward the conduction band edge. This is mostly be-
cause their density is higher prior to NO annealing. Indeed,
the reduction in the D;, normalized by Dn, Fig. 6(b), indicates
that the efficiency of nitrogen is comparable throughout the
monitored energy window, as it removes about 70% of all
levels. This suggests that the corresponding defects are of
similar nature or at least that they are affected the same way
by N incorporation. However, the shape of the curve indi-
cates that levels within 0.3 eV of the conduction band could
be associated to a distinct category of atomic configurations.
Actually, it has been observed that the D; of unpassivated
samples rises very sharply in that region36 and reaches a
value of several times of 10'® cm™eV~!. These shallow
states are thought to originate mostly from Si—Si suboxide
bonds and to be very sensitive to nitrogen incorporation.37
Another important parameter to extract is the total density of
levels removed after NO annealing between 0.2 and 0.6 eV.
This is done by integrating the curve in Fig. 6(a). It yields a
value of approximately 7.6 X 10'" ¢m=2 which is only about
0.1% of the N area density at saturation. Even when consid-
ering the shallow states and the levels in the rest of the band
gap, it appears that there are two orders of magnitude more
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FIG. 6. Dj reduction (a) and normalized D; reduction (b) after nitrogen
saturation at the SiO,/SiC interface.
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nitrogen incorporated than there are electrically active de-
fects to passivate. This surprisingly large number will be
discussed below.

The evolution of the D;, at specific levels is shown as a
function of the nitrogen area density in Figs. 7(a)-7(e). This
allows a determination of the impact of N incorporation at
different energies. A passivation model was previously de-
rived by McDonald et al.*® Tt assumed the reduction in size
of carbon clusters which progressively moved the defect lev-
els deeper in the band gap. This does not seem to apply to the
data reported here as there is no evidence of a step formation
in D;, versus 7 (the nitrogen area density) for deeper levels,
which motivated the model. On the contrary, the present re-
sults show that the density of deeper levels saturate faster
than shallow states upon N incorporation. It should be noted
that the processing of the samples was different in the two
experiments. McDonald et al. 26 used a wet oxidation to grow
the oxides, as well as a reoxidation process; they report a
higher Dﬁ and D which is likely related to the presence of
other dominant defects.

Before attempting to relate the amount of nitrogen to the
evolution of the D; observed here, it should be recognized
that distinct atomic configurations lead to distinct energy lev-
els. Accordingly, a model that determines where the incorpo-
rated nitrogen is most likely to bind is derived. For each type
of binding site, the binding rate is expected to be propor-
tional to a cross-section s; (in cm %) and to the density of
available such sites D; (in cm‘z) It should also be inversely
proportional to the sum X;s;D; over all competing locations,
i.e., over the binding sites of different nature. This leads to
the differential equation

dD [ n] _ sAD[7]-D}}
dn Ei s{Diln] - D?}’

(2)

where D is the remaining density of available sites when 7
reaches 77 the N area density at saturation. It can be solved
for all sites by defining an average cross-section

Eisi(Di_ D;)
savz - . > (3)
>, (D= D))

noting that

2 (D;=D))=7"~ 7. )

Using Egs. (3) and (4), Eq. (2) becomes
daD; D.—D
I _ (—L) (5)
dyp sy =)’

which can be solved exactly with the boundary condition
0.
7 -7 «
D)= (D!~ D)( ) +Dj. (6)
7
When D; corresponds to an atomic configuration that is

electrically active, it can be interpreted as the density of lev-
els at a given energy E;, s; becoming a passivation cross-
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FIG. 7. (Color online) [(a)—(e)] Evolution of the D;, at different energy levels as a function of the area density of nitrogen incorporated by NO annealing. The
amount of nitrogen required to achieve saturation seems to be less for levels deeper in the gap, it varies from =5X10'% ¢cm? at E,.~E=0.2 eV to =3
X 10" cm? at E,.~E=0.6 eV. The dashed lines are fits by Eq. (6). (f) Normalized passivation cross-sections extracted form the fits.

section. The derived model can then be used to study the
observed impact of nitrogen on the density of interface
states, with the hypothesis that N atoms remove levels within
the studied energy window without introducing any. Indeed,
Eq. (6) is found to successfully model the evolution of the
D;, at each energy level considered in Figs. 7(a)-7(e). The
obtained normalized cross-sections (s;/s,,) are shown in Fig.
7(f). Their increasing values for levels deeper in the band
gap correspond to the earlier saturation of the D;; at these
energies. It indicates that, although the density of corre-
sponding defects is small prior to nitridation when compared
to the rest of the band gap, they could be binding sites fa-
vored by N. Once again, a distinction can be made between
the levels within 0.3 eV of the conduction band edge and the
ones deeper in the band gap. Indeed, ones between 0.2 and
0.3 eV have similar passivation cross-sections, further indi-
cating that they relate to a separate category of defects.
Note that if more than one incorporated nitrogen atom is
required to remove an electrically active interface level, say
aN, the ultimate Dj; reduction at E; would correspond to

(D?—D;)/ a. Could this explain why there are two orders of
magnitude more N incorporated than there are interface
states removed from the gap? It is hard to conceive, because
it would not only imply that there is a progressive redistri-
bution of the energy levels, which is not observed here be-
tween 0.2 and 0.6 eV, but also that apparently up to 100 N
atoms would be needed to remove a single defect level, as-
suming N targets only defects inducing Dj,.

Instead, it is proposed that the binding of nitrogen is not
exclusively driven by the passivation of defects at the semi-
conductor interface but also results in the formation of a
silicon oxynitride layer (7*=1/2 monolayer of Si;N,) ex-
tending into the oxide. Nitrogen can indeed be incorporated
in SiO,, regardless of the interface state density, as evidenced
by the similar characteristics of the nitrogen uptake in SiO,
on Si and on SiC.” Moreover, it can bind in the bulk of the
oxide following plasma or NHj nitridation, regardless of the
substrate.”** This correlates with our theoretical calcula-
tions predicting that N can disturb a perfect oxide by insert-
ing within a Si—O-Si bridge.8 In any case, this large amount
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of nitrogen not associated with defect passivation is expected
to be detrimental to the SiO,/SiC interface like it is to the
Si0,/Si interface. Indeed, it enhances hole trapping in both
cases, as discussed in a following section.

D. Suppression of electron-induced interface state
generation

In this section and the next, the effective trapped charge
density N (in cm™2) is calculated from the flatband voltage
shifts (C.yAVy/g) upon injection in several capacitors. In
order to perform an average for each nitrogen content, the
following analytical expression is used to fit the data from
individual devices:

Ne p] = N1 (1 = e771P) + Np(1 — e772F), (7)

where p is the injected charge density (in cm™2). This equa-
tion, which assumes that there are two kinds of trapping
events occurring in parallel, is found to accurately describe
the experimental curves. The two trap area densities are NV,
and N,, they have a capture cross-section equal to o and o,
respectively (in cm?).

The effective charge densities trapped upon electron in-
jection are plotted in Fig. 8 for devices having three different
nitrogen contents (0, 2.5X 10" and 5X 10" c¢cm™) corre-
sponding to various NO exposure times (0, 15, and 60 min).
It can be seen that in the unpassivated sample (NO_0) the
trapped charge shows no sign of saturation within the moni-
tored window. This has been associated with electron-
induced generation of acceptor states at the SiO,/SiC
interface.”® This phenomenon is immediately suppressed,
even for the shortest NO annealing times, as the curves ex-
tracted from samples NO_15 and NO_60 are identical within
statistical errors. In these samples, only background electron
trapping, i.e., from the oxide bulk, is thought to remain.
From Eq. (7), the density of bulk traps is estimated to be
around 1.2 X 10" ¢m™ and to have a trapping cross-section
of about 3.9X 107'® cm?, in good agreement with the previ-
ous measurements. The cross-section associated with inter-
face state generation is found to be about 2 X 1077 c¢m?.

Because nitridation leads to the suppression of interface
state generation, we have proposed that the nitrogen affects
precursor defects susceptible to electron trapping. Potential
atomic configurations that could explain such behavior were
listed in Ref. 7. We now observe that the suppression of
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FIG. 8. (Color online) Effective charge trapped upon electron injection in an
unpassivated oxide (N0_0) and in oxides annealed for 15 and 60 min in NO.
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interface state generation is achieved for < %", indicating
that such precursor defects would be preferred nitrogen bind-
ing sites. Note that this is also the case for atomic configu-
rations inducing deep interface states, as indicated by their
larger passivation cross-sections extracted in the previous
section. Accordingly, such defects could also be related to
interface state generation upon electron injection in unpassi-
vated oxides.

E. Increase in oxide hole trap density

The effective charge density trapped upon FN hole in-
jection is plotted in Fig. 9 for various nitrogen contents. The
background trapping observed in the unpassivated sample
(NO_0) is found from Eq. (7) to correspond to a trap density
of around 2.3 X 10" ¢m™? which has a hole capture cross-
section of about 12X107" cm?. As previously
established,g‘9 it can clearly be seen that the introduction of
nitrogen at the interface leads to additional hole traps. The
corresponding capture cross-section is estimated between
1077 and 107'® cm?. The large density of hole traps result-
ing from the standard (2 h) NO process can lead to a flatband
voltage shift of more than —7 V in a 50 nm oxide, noting
that no saturation of the positive trapped charge can be ob-
served. This is a concern for the reliability of both n-channel
and p-channel SiC MOSFETs as mentioned earlier, prompt-
ing us to further characterize the NO-related trap.

Note that the amount of N-induced hole traps scales with
the NO annealing time. This is emphasized in Fig. 10 where
the effective density of charge trapped after injecting
10'® holes/cm? is plotted as a function of the N area density
7 (filled symbols). The trapping resulting from 5 Mrad
(SiO,) under positive gate bias is shown as well (empty sym-
bols). Both curves reveal a linear dependence of the hole trap
density on 7 up to N saturation in the oxide. It is important
to realize that this linear scaling refers to the nitrogen content
and not to the NO annealing time. This is another indication
that hole trapping is induced by the binding of nitrogen in the
interfacial region and not by a secondary process, as estab-
lished in Sec. III B.

The absolute hole trap density at 7" is difficult to esti-
mate because positive charge saturation is not observed and
because of possible field-induced detrapping. However, a
lower value can be set at 3 X 10'2 ¢cm™2. This, and the linear
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FIG. 9. (Color online) Effective trapped charge upon hole injection in ox-
ides annealed for various times in NO.
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relationship of the trap density with 7, suggests that the hole
traps induced by nitrogen do not correspond to the passiva-
tion of any single level within 0.2-0.6 eV from the 4H-SiC
conduction band edge studied in Sec. III C. This should not
come as a surprise since the positive trapped charge is stable
against the formation of an electron accumulation layer in
n-type SiC substrates, suggesting that the atomic configura-
tions inducing trapping exist more than a few Angstroms
away from the semiconductor (tunneling distance) and ex-
tend into the oxide. Since we know that nitrogen must be
involved in hole trapping, we speculate that these traps ex-
tend up to about 1.2 nm into the oxide, as it corresponds to a
maximum width of the oxynitride transition layer set by
EELS.”*

So far, two observations made during these experiments
have suggested that nitrogen binding is not uniquely driven
by true interface defect passivation: (i) the nitrogen density is
two orders of magnitude larger than the integrated D;, reduc-
tion over the band gap and (ii) the N-related hole traps ex-
tend away from the interface. But the most powerful argu-
ment indicating that nitrogen binding is related to the SiO,
more than to the semiconductor maybe comes from the ob-
servations made on silicon oxide-based devices. Not only is
there formation of an oxynitride in both cases, but it is well
known in Si technology that nitrogen increases the oxide
hole trap density, as evidenced by NBTI measurements.'®™"°
In fact, those densities are found to be linearly proportional
as well.'® Therefore, some aspects of the oxide near-
interfaces on both semiconductors after, and possibly before,
nitridation appear to be similar. Accordingly, it is likely that
the N-related hole traps originate from the same atomic con-
figurations in oxides grown on Si and SiC. Thus, we can
attempt to join the partial understandings of both systems
toward a better characterization of common near-interface
defects.

In this instance, the two tools we can use to identify the
N-induced defects are ESR spectroscopy and first-principle
calculations. Suboxide Si-Si bonds (oxygen vacancies) are
defects known to extend within the oxide and to behave as
hole traps. Indeed, they have been deemed partially respon-
sible for NBTI at the SiO,/Si interface.” As they are E’
center precursors, their density can be monitored by ESR

J. Appl. Phys. 105, 124506 (2009)

measurements. Even though these atomic configurations do
not involve nitrogen, it has to be established whether or not
the enhanced hole trapping after nitridation of the oxide, ob-
served on both Si and SiC, can be explained by a simulta-
neous increase in E’ precursors. From the ESR spectra taken
on irradiated oxides on Si [Fig. 11(a)] and SiC [Fig. 11(b)],
we find that the E’ signal intensity (magnified in the insets)
decreases between the as-oxidized and NO-annealed
samples. Note that the measured ESR signals correspond to
the derivative of absorption peaks, so that the decrease in E’
centers is revealed by the damped variation around resonance
(=3361 G). This demonstrates that NO annealing actually
reduces the number of E’ centers in oxides grown on both
semiconductors. Furthermore, ESR scans taken over a larger
magnetic field range reveal none of the other charged oxygen
vacancy centers attributed to Si02.39’40 Consequently, the
ESR analysis suggests that after nitridation, Si—Si suboxide
bonds are not the dominant hole trap. According to the con-
clusions made above, we should instead be looking for an
atomic configuration containing nitrogen. In fact, using ESR,
Campbell et al.*"* have recently shown that the majority of
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FIG. 11. (Color online) ESR spectra of irradiated oxides on Si (a) and SiC
(b), where the lower (black) spectrum and the upper (red) spectrum were
measured, respectively before and after NO POA. The dashed boxes enclose
the E' signal (centered at =3361 G), which is magnified in the insets. The
remaining features in the spectra originate from the substrates.
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the positive trapped charge in SiO, on Si after nitridation
resides in Ky centers; Si atoms back-bonded to some N at-
oms in the near- interface SiO,N, transition region. Because
the near-interface on SiC is proposed to be similar, it is rea-
sonable to assume that the same N-induced configurations
are also responsible for enhanced hole trapping in NO-
annealed oxides on SiC.

Since the band gap of pure silicon nitride is entirely
contained within the one of silicon dioxide, it should be ex-
pected that any intermediate stoichiometry between SiO, and
SizNy, hence SiO,N,, will induce energy levels accessible to
excess carriers in the dielectric. This hand waving argument
is indeed confirmed by theoretical simulation results pub-
lished 1recent1y.8 Because the first-principle calculations were
performed in supercells representing amorphous SiO,, those
results are expected to remain valid regardless of the sub-
strate. It was concluded that N atoms and NO molecules
could insert in Si—Si suboxide bonds and Si—O-Si bridges
leading to an oxygen protrusion. In the latter case, it would
correspond to nitrogen converting a perfect oxide into an
oxynitride. The binding of nitrogen in SiO, is expected to
induce a lone-pair state close to the valence band edge of
4H-SiC (within the valence band of Si). This level is pre-
dicted to act as a hole trap, which could be the origin of the
enhanced hole trapping after nitridation.

If the Si-NO-O-Si and Si—-NO-Si bridges, resulting
from nitridation of SiO,, are precursor defects leading to the
ESR signal observed by Campbell ef al.*'* after hole cap-
ture, one can imagine a trapping mechanism such as

=Si-NO-Si=+h*= = Si*+NO- Si= (8)

with the charged silicon bonded to some other nitrogen at-
oms in the SiO,N, transition layer. It is indeed possible that
after the hole is céptured by the lone-pair state of the nitro-
gen, the positive charge becomes localized on a Si atom,
weakening the corresponding Si—-N bond. Because the num-
ber of Ky centers is expected to be lower than our present
detection limit, more extensive ESR studies need to be pur-
sued to determine if such configurations indeed exist in NO-
annealed oxides on either Si or SiC.

IV. CONCLUSIONS

It has been shown that following high-temperature NO
anneals of SiO, on SiC, the incorporated nitrogen is detected
exclusively at the oxide/semiconductor interface. The N area
density saturates around 6% 10'* cm™, a value thought to
originate from the competition between N binding at host
sites and N removal during the slow reoxidation occurring in
parallel. The kinetics have been modeled by a first-order rate
equation.

The higher temperature of the NO process and the result-
ing slow reoxidation have been shown to have little impact
on the properties of the oxide and of the interface. It is there-
fore concluded that the binding of nitrogen at the interface is
solely responsible for the decrease in D;, for the electron
immunity, and for the increase in hole trap density.

Although it is not clear whether nitrogen truly passivates
defects or modifies the structure of the interface altogether,

J. Appl. Phys. 105, 124506 (2009)

the evolution of the density of interface states at a given level
as a function of the N area density has been shown to be well
described by a derived passivation model up to the minimum
D;.. The reduction rates are proportional to a binding cross-
section and to the amount of active levels present prior to
nitrogen incorporation, which ultimately leads to the removal
of about 70% of the states between 0.2 and 0.6 eV from the
4H-SiC conduction band edge. The density of deeper levels
seems to be minimized faster, which indicates that there is no
progressive lowering of the energy of defect levels within the
SiC band gap when the described processing steps are used.

On one hand, the interface state generation upon electron
injection is suppressed after the smallest N area density is
introduced; it suggests that it is related to the passivation, the
removal, or the modification, of precursor defects at the in-
terface. On the other hand, the incorporation of nitrogen pro-
gressively increases the hole trap density up to the largest N
content achievable. The amount of hole traps and their gen-
eration rate by N shows that these traps do not originate from
the removal of any active levels within the 0.2-0.6 eV win-
dow. In addition, the density of E’ centers has been shown to
be reduced after the NO annealing, which suggests that SiO,
oxygen vacancies are not related to the enhanced hole trap-
ping. Because the positive trapped charge is stable against
the formation of an electron accumulation layer, it is thought
that the hole traps originate from the formation of a SiO,N,
layer extending about 1.2 nm into the oxide. It is proposed
that this layer could redefine the near-interface region and
also affect the D;, as opposed to a simple model in which N
atoms only targets certain defects for passivation.

Even though the exact nature of all the nitrogen bonding
configurations following NO exposure remains to be identi-
fied, it is clear that part of them, related or not with defect
passivation at the interface, play a role in the positive charge
buildup in the oxide during hole injection. Accordingly, it is
reasonable to assume that the same nitrogen-induced levels
are responsible for enhancing the positive trapped charge ob-
served during NBTI measurements on nitrided SiO, on sili-
con. In particular, the hole trap densities scale linearly with
the N content in both systems. In the case of Si, nitrogen can
be moved away from the interface by a reoxidation process
to reduce NBTI without negating the N-related enhanced ox-
ide properties. However, in the case of SiC, the presence of
nitrogen at the interface is necessary to increase the channel
mobility of oxide-based devices. If the inversion mobility
increase follows the D;; reduction after NO up to N satura-
tion, the resulting hole trapping would seem unavoidable,
and the tolerance on the stability of device characteristics
would have to determine the amount of nitrogen required. In
order to establish this, we are in the process of studying the
scaling between the inversion mobility and the nitrogen con-
tent at the interface introduced by NO.
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