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Silicon carbide (SiC) is the only wide-bandgap semiconductor capable of forming native dielectric layer of SiO2
by thermal oxidation. This unique property of SiC combined with its high thermal conductivity and high critical
field makes this semiconductor material suitable for high power electronic devices. Unfortunately, the state-of-the
art technology does not use the full benefits of the material, especially in the case of MOSFET transistors. This
is caused by insufficient electrical parameters of SiO2/SiC interface. Two-component structure of the material
and its high density result in high level of interface traps reducing the surface mobility and thus increasing series
resistance of the device. One of the proposed methods of reducing the trap density in SiC MOS structure is a shallow
nitrogen implantation prior to oxidation. This technique is based on the observation that introducing nitrogen
into the SiO2/SiC system results in significant reduction of trap states density and increase of the channel effective
mobility. The shallow implantation technique has been reported to be as much effective as nitric oxide annealing
which is one of the most effective techniques for oxide quality improvement in case of SiC. Unlike the diffusion
based techniques, like postoxidation annealing, implantation of the nitrogen prior oxidation has the possibility of
nitrogen concentration control near the oxide interface during oxidation process itself. This property is important
since it was shown that the improvement degree is directly proportional to amount of nitrogen built in the vicinity
of Si02/SiC interface during oxidation. However, previous investigations about this technique were inconclusive
about the influence of implantation parameters and process conditions on observed effects. Both improvement and
deterioration of interface quality was observed by different researchers. This behavior was never explained clearly.
The primary objective of this research is to analyze the impact of implantation conditions on electrical properties
of Si02/SiC MOS structure. This analysis is used to evaluate a hypothetical description of physical phenomena

during oxidation of shallowly implanted substrates.
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1. Introduction

The demand for a new generation of power electronic
devices results in increasing interest in wide-bandgap
semiconductors.  Therefore an extensive research ef-
fort has gone into the development of SiC power MOS-
FET having a superior performance to silicon devices.
Silicon carbide has several advantages in comparison
with other ATV-B!V compounds such as chemical stabil-
ity, high thermal conductivity, and high saturated elec-
tron velocity [1]. This material is capable of forming
high quality native dielectric layer by thermal oxidation
which is unique property of SiC making it preferable
for manufacturing of high-power, high-temperature and
high-frequency devices [2].

However, the complex chemical structure of the mate-
rial in comparison with silicon and a multi-stage oxida-
tion reaction promotes the formation of different impu-
rities, mostly originating from carbon impurities in the
form of carbon dimers [3], graphitic microcrystals [4] in

*corresponding author; e-mail: kkrol@stud.elka.pw.edu.pl

conjunction with the occurrence of interstitial atoms of
carbon and silicon [5]. All of these impurities have a
significant contribution to the estimated trap density.

Another important source of trap states are bond
length mismatch between silicon oxide and crystalline sil-
icon carbide [6]. It results in significant stress at semi-
conductor/oxide interface and large amount of broken
bonds.

A simple oxidation procedure leads to the formation of
dielectric layer having large interface trap density effec-
tively reducing the electron surface mobility. An exten-
sive research effort has gone into improving the quality
of the thermal oxide. It was shown that trap density can
be decreased by an application of nitrogen ambient an-
nealing [7-9]. The most significant trap reduction was
achieved by application of NO annealing [8, 9].

More detailed investigation by means of secondary ion
mass spectroscopy (SIMS) and X-ray photoelectron spec-
troscopy (XPS) shows that nitrogen-enhanced trap den-
sity reduction is proportional to nitrogen concentration
at the vicinity of the interface region [10, 11].

Unfortunately, despite the continuous improvement in
oxide quality, the SiO5/SiC interface is far from perfect
one. This is partly due to the fact that nitrogen concen-
tration at the interface region depends on the diffusion
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process through the growing dielectric layer. The diffu-
sion process at given thermodynamic conditions shows a
concentration limit due to the increasing nitrogen con-
centration near the interface region and a reduction of
diffusion effectiveness.

To solve this problem several research groups investi-
gated the incorporation of nitrogen at the interface region
by application of shallow ion implantation prior to ther-
mal oxidation [12-14]. This method helps to improve the
surface mobility by more than one order of magnitude.

However, the published results were inconsistent on the
measured trap density. Poggi et al. [13] reported a sig-
nificant increase of trap density at energies localized near
the 4H-SiC conduction band as a function of increasing
implantation dose. However, the electron mobility mea-
sured for MOSFET transistors using the highest dose im-
plantation was the best among all characterized samples.
This was explained by reduction of the near interface
traps density.

A completely different behavior of trap density was
observed by Okamoto et al. [14]. This group observed
the decrease of trap density within energy range near the
conduction band with increasing dose of implanted ni-
trogen. Similar results were reported by Dhar et al. [15].
Gurfinkel et al. [16] reported no significant change in car-
rier mobility caused by nitrogen implantation and MOS-
FETs performance was improved by subsequent NO an-
nealing only. The primary objective of this research is a
contribution to clarifying the mechanisms responsible for
such different behavior of the observed electrical proper-
ties of thermally oxidized SiC with implanted nitrogen.

2. Experimental

In this work, five n-type 4H-SiC (0001) samples manu-
factured on the device-grade nitrogen doped substrates
purchased from SiCrystal AG were used with 10 ym epi-
taxial layer doped with nitrogen (1 x 10'® cm™3). The
epitaxial layer was fabricated at Institute of Electronic
Materials Technology. Sample #1 was the reference and
it was not subjected to implantation. Remaining samples
were implanted through the stopping mask to obtain a
fast decaying profile of implanted nitrogen as a function
of depth in sample substrate. In all cases nitrogen con-
centration at 50 nm depth was smaller than 1% of surface
nitrogen concentration. Each sample was implanted with
different dose of Ny to obtain wide cross-section of sur-
face concentration of nitrogen. Next, all samples were
oxidized in dry O9 at 1200 °C to obtain a required thick-
ness of oxide layer.

Implantation dose and nitrogen implantation at the
depth corresponding to the position of interface of oxi-
dized sample are shown in Table I. No post-implantation
annealing was performed. It was made deliberately to
prevent the implanted nitrogen from building into the
substrate crystal structure.

The aim of nitrogen implantation in this experiment
was to introduce the nitrogen particles into the region
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TABLE I
The basic parameters of samples.

Implantation Nltrogen The.rmal

Sample d interface oxide
ose . -

No. 9 concentration | thickness
fem™} fom ] fnm]
#1 - - 77.1
#2 ~ 1.5 x 10" 3.3 x 10*° 49.5
#3 ~ 1.5 x 10* 1.0 x 107 33.7
#4 ~ 1.5 x 10%° 3.4 x 10*® 50.4
#5 ~ 1.5 x 10*¢ 2.5 x 10'° 35.8

where SiO5/SiC interface was expected to be localized
after oxidation and to keep these particles mobile at ele-
vated temperatures allowing them to efficiently passivate
carbon defects that are created during thermal oxidation.
The subsequent measurements of 1/C? characteristics of
MOS structures confirmed that this goal was achieved.
Next, the circular MOS capacitors with Al gate area
of 1.8 x 10™* c¢m? were fabricated for electrical charac-
terization and the backside ohmic contact was formed.
More specific details of technology used can be found
in [17]. The influence of implantation parameters on ba-
sic electrical parameters was investigated by HF C-V
measurements using Keithley 4200 Semiconductor Char-
acterization System. A trap density (Dj;) profile near
the conduction band was calculated using HF method.
Since the relationship between the extracted parame-
ters and implantation damage is expected, the amount of
vacancies (both silicon and carbon) was simulated with
SRIM software to determine the theoretical level of sub-
strate damage and its depth profile. The damage results
were normalized to silicon carbide atomic density to ob-
tain the final depth profiles of percentage damage. The
physical basis of damage calculation can be found in [18].

3. Results and discussion

Trap density profile extracted from C—V measure-
ments for all samples used in the experiment is shown
in Fig. 1. The observed effects depend on the locations
of the investigated traps in 4H-SiC bandgap.

The traps located near the conduction band edge (ap-
proximately ~ 3.2 eV for 4H-SiC) are the most criti-
cal due to the highest concentration level. As shown in
Fig. 1, low dose of implantation results in the reduction of
these traps comparing to the unimplanted sample. The
lowest trap density is related to the lowest implantation
dose despite the fact that subsurface concentration of the
implanted nitrogen for sample #2 is comparable to the
epitaxial layer doping. The significant improvement was
only observed for sample #2 and #3. However, no sig-
nificant change of the trap density was observed deeper
in the bandgap (below 3 eV).

Sample #4 with higher implantation dose shows differ-
ent behavior. The implantation dose results in the lack
of improvement of shallow trap density level comparing
to the reference (sample #1), but it leads to a significant
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Fig. 1. Trap density profile as a function of location in
4H-SiC bandgap.

decrease of trap density deeper in the bandgap. This ef-
fect was also observed for NO or N,O annealing [19] and
it has been explained by creation of C=N bonds since ac-
cording to thermodynamic simulation [20] the trap levels
at midgap are caused mostly due to the existence of car-
bon impurities.

Therefore, it was assumed in this work that the mod-
erate nitrogen implantation dose is enough to efficiently
neutralize carbon impurities. This experiment is fully
consistent with the result presented by Dhar et al. [16]
who used similar nitrogen concentration as in sample #4.

Finally, one can observe a significant increase of trap
density for sample #5 within whole bandgap energy
range (especially for traps located near the conduction
band). The following hypothesis was proposed to explain
the results. The traps located close to the conduction
band correspond to broken bonds and vacancies that ex-
ist due to large difference in bond length between SiOq
and SiC. In fact, recent density functional (DFT) the-
ory simulations have shown that these types of defects
can be responsible for introducing trap levels very close
to conduction band and are not efficiently passivated by
the nitrogen [21].

Based on this assumption, the improvement of the trap
density near the conduction band for the lowest implan-
tation dose can be explained by reduction of the interface
stress by residual nitrogen implanted atoms. As a result,
this type of defect creation is decreased due to smaller
force gradient. These doses (sample #2 and #3) are still
too small for efficient passivation of carbon impurities
because the concentration of implanted nitrogen is com-
parable to nitrogen concentration in the epitaxial layer.
Thus no improvement of traps density can be observed
in the midgap.

The level of damage increases with the increasing dose
of implantation. The accumulation of post-implantation
damage results in the increase of traps density near the
conduction band and the lowering of carbon-originated
traps located deeper in 4H-SiC bandgap (due to increas-
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ing nitrogen concentration enhancing the passivation ef-
fect described earlier). At the highest dose, the damage
is so large so the traps generated by this effect are higher
with comparison to the unimplanted sample.

The sample #5 shows rapid increase of the trap den-
sity at energy higher than approximately 2.9 eV but the
trap density is comparable to the reference deeper in the
bandgap. Such behavior is an expected phenomenon,
since structural defects caused by implantation may cre-
ate traps at energy located mostly close to the conduction
band edge (calculated energy levels for Si broken bonds
are By + 3.2 eV, Ey + 3.0 €V, and Ev + 2.5 €V |21]).
Our results of the Raman spectroscopy measurements
have confirmed proportional dependence between crystal
damage and trap density near the conduction band [17].
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Fig. 2. Analyzed D;; energy profiles for energy close
to conduction band edge. (a) Data from [13]. (b) Data
from [14].

To validate our hypothesis we have used a larger set
of data gathered by different researchers. Figure 2 shows
the Dj; profiles and Table II contains the implantation
parameters. Poggi et al. [13] performed an implantation
experiment using 3 runs of implantation and utilizing a
variety of different energies and doses (see Table IT). This
resulted in a wide variety of nitrogen concentration pro-
file. On the other hand, Okamoto et al. [14] has applied
low energy and low implantation dose using the same set
of energy and different doses from a relatively small range
(Table IIT). All researchers used fast decaying as a func-
tion of depth implantation profiles similar to that used
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by authors (except sample #4 from [13] where double

implantation resulted in an extended profile).

TABLE II
Implantation process parameters based on [13].
N concentration Dose Energy
No. —3 —2
[cm™7] [cm™] [keV]
#1 - - -
#2 5 x 1018 1x 103 10
#3 rx 1% 10%° 2.5
#4* 1 x 10*° 5 x 1014 2.5
5x 10" 5
* extremally shallow implantation;
** double implantation
TABLE III
Implantation process parameters based on [14].
No N concentration Dose Energy
’ [em ™3] [em™2] [keV]
NO - - -
N1 3 x 10" 1x 10" 15
N2 1.5 x 10'° 5 x 10" 15
N3 3 x 10'° 1x 10" 15

In case of Dy profiles obtained in [13] no correlation
can be observed between implantation dose or energy and
resulting trap density. Nevertheless by using low energy
implantation with constant energy, Okamoto et al. [14]
resulted in decrease of D;; as a function of dose. This
result is in opposite to findings reported by our team
here and in [17]. However all those results support our
hypothesis.

One can observe that in case of [13] implantation pro-
cesses that introduce considerable amount of damage ei-
ther by high energy (sample #2 [13]) or by increased dose
(double implanted sample #4 [13]) a deterioration of trap
density close to conduction band can be observed. The
third process with moderate parameters has only slight
influence on trap density in this region. The observation
of Okamoto et al. [14] was made at one order of magni-
tude smaller dose and much thicker oxide. This resulted
in consumption of highly damaged substrate layer and
the damage near the interface. It leads to improvement
of trap density near the conduction band. It is in accor-
dance with our result since the improvement was made
at nitrogen concentration level near the interface compa-
rable to those of the substrate (as in our studies). There-
fore, it cannot be connected to carbon defect passivation.
To check our hypothesis we have made simulations of
all described implantation procedures described in this
paper calculating a percentage damage to the substrate
crystal and its distribution. Figure 3 shows the obtained
results.

Regardless of sample, the severe deterioration of trap
density near the conduction band is always obtained for
samples with process parameters resulting in high dam-
age to the crystal near the interface region. If damage
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Fig. 3. Percentage damage calculations of samples

used in described experiment (a) and known from
Refs. [13] (b) and [14] (c). Vertical line marks the inter-
face.

level near the interface is higher than roughly 10% of all
SiC substrate atoms no improvement can be obtained.
Regardless of parameters, one can observe the decrease
of this trap density providing sufficiently small damage to
the crystal (smaller than ~ 5%) even if the concentration
of nitrogen is small (comparable to substrate concentra-
tion). These results support the hypothesis that defect
centers responsible for high level of trap density close
to the conduction band in 4H-SiC are related rather to
structural defects (Si broken bonds) than to carbon re-
lated defects.

4. Conclusions

We have proposed a hypothesis which endeavours to
explain the electrical behavior of traps in such a way that
U-shaped trap profile maximum after thermal oxidation
of nitrogen implanted samples is defined more by the in-
terface structural defects than carbon impurities. This
mechanism is applicable both to our own studies and the
results in the literature. Moreover, the mechanism is also
consistent with the results of oxidation and/or anneal-
ing in nitrogen containing atmospheres and supported
by theoretical DFT simulation results.
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