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This paper describes the in�uence of phosphorus incorporation into SiO2/4H-SiC system. The main scope is
an analysis of the slow responding trap states (near interface traps) since the in�uence of phosphorus technology
on fast traps has already been investigated by numerous research groups. Two di�erent phosphorus incorporation
methods were incorporated � the di�usion-based process of POCl3 annealing and ion implantation. We have
shown that regardless of method used a new distinct near interface trap center can be found located approximately
at EV + 3.0 eV. This trap can be related to the incorporated phosphorus amount as shown through secondary ion
mass spectroscopy measurements.
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1. Introduction

The charge trapping properties of silicon dioxide as
a gate dielectric in silicon carbide (SiC) MOS structure
have been studied extensively for last decade due to its
application in electronics Although the experimental re-
sults allowed to create the empirical description of the
main trap properties as the trap density distribution in
the band gap of SiC [1] and many of the detected traps
were assigned to the physical defects based on density
functional theory (DFT) calculation, the origin of the
trap states localized near the conduction band edge of
SiC still remains unclear. Nowadays physics of defect
creation is described only for simple oxidation technolo-
gies in dry oxygen [2�4]. However it was shown that
those technologies result in dielectrics that cannot be
used in practical applications. Due to that fact it is a
common approach to join technological processes with
additional elements � nitrogen (N) and phosphorus (P)
recently [5�7]. Those techniques were proven to be ef-
fective in the reduction of fast trap states [8, 9]. The
phosphorus incorporation is considered to be the most
suitable for trap density reduction, despite the physical
aspects of the process are still poorly understood. Most
researchers are focused on reduction of fast trap states
measured with conductance and hi-lo CV method. Al-
though the achieved improvement is important due to
onresistance decrease of the MOSFETs silicon carbide is
known to have high surface concentrations of slow trap
states called the near interface traps (NIT). NITs are as-
sociated with structural defects localized in the dielectric
layer close enough to the interface region and exchang-
ing charge with semiconductor due to tunneling mecha-
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nism. Those traps are equally important since they have
a strong impact on longterm reliability of MOSFETs. Up
to date there is very limited knowledge about the in�u-
ence of phosphorus incorporation on the NITs. In this
work we have investigated phosphorus in�uence on NITs
using two di�erent methods of P introduction.

2. Experimental

In this work two methods of phosphorus enrichment
were used � the high temperature POCl3 annealing
and phosphorus implantation to the semiconductor sub-
strate. The 4H-SiC (0001) n-type substrates purchased
from SiCrystal were used. The n-type uniformly nitro-
gen doped epitaxial layer was fabricated with nitrogen
concentration of 1 × 1016 cm−3 First set of four samples
marked #1�#4 was oxidized in dry oxygen at tempera-
ture of 1200 ◦C. Duration of the oxidation process was
chosen based on our previous experiments to prevent an
excessive growth of oxide thickness and thus maintain
the required accuracy of calculated parameters Then, all
dielectrics were subjected to high-temperature annealing
for 30 min in POCl3/O2 mixture using nitrogen as a car-
rier gas at POCl3(N2) �ow of 273 sccm and O2 �ow of
150 sccm. The second set of samples marked #5�#8
was implanted with phosphorus through thin stopping
mask to achieve the shallow implantation pro�le in SiC
substrate. The implantation was performed using ion
energy of 100 keV. Samples were not subjected to post-
implantation annealing to avoid silicon carbide doping
Next the samples were thermally oxidized under the same
conditions as the �rst set. The last sample (#9) was not
subjected to any phosphorus process and was only ther-
mally oxidized. This sample is used as a reference. All
parameters of the described processes are shown in Table.
In case of all samples the dielectric �lms were used as a
gate dielectric in MOS capacitors Those capacitors were
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used for electrical characterization using time-dependent
CV measurements to extract the response of trap states
with long emission time constants (NITs). The electrical
response of NITs was investigated based on Fleetwood's
method [8], developed and described by Gutt [9]. To
correlate the electrical results with the presence of phos-
phorus, secondary ion mass spectroscopy (SIMS) mea-
surements of investigated samples were carried out.

TABLE I

Technology details for samples used in the experiment.
A � implantation dose [×1010 cm−2], B � implanta-
tion energy [keV], C � POCl3 annealing temperature [ ◦C],
D � POCl3 annealing time [min], E � oxidation temper-
ature [ ◦C], F � oxide thickness [nm].

#1 #2 #3 #4 #5 #6 #7 #8 #9
A � � � � 15 150 1500 15000 �
B � � � � 100 �
C 950 1000 1050 1100 � � � � �
D 30 � � � � �
E 1200
F 64 83 112 127 42 62 41 27 86

SIMS depth pro�les were obtained using Ar+ primary
ion beam at 45◦ incidence angle ion gun system, using
Physical Electronics 06-350E. Beam energy was 3 keV
and scanning area was set to 1.2× 1.7mm2, respectively.
The analysis of positive and negative secondary ions was
performed using quadrupole mass spectrometer Balzers
QMA-410. Since the ionization e�ciency coe�cients in
SiO2/SiC system with phosphorus are unknown due to
unavailability of pure SiO2/SiC system and matrix ef-
fects we have developed the following procedure to es-
timate the concentration pro�le shape and levels. Since
the calculation of absolute concentration of phosphorus is
impossible we have focused on determination of a relative
concentration of phosphorus close to SiO2/SiC interface.
A joint current for a given element is expressed by the
following equation:

Ix = I0S
γΩτCx, (1)

where Ixis a measured ion current associated with given
element, I0 is primary ion current, Sγ is the e�ciency of
secondary ion emission, Ω is a solid angle of detection,
τ is the transmission coe�cient of the detection system
and Cx is the element concentration.
By calculating the ratio of the two ion currents we ob-

tain expression

Ix
Iy

=
SγxτxCx
Sγy τyCy

. (2)

Since our research is focused on interface region by se-
lecting the element that can be assumed to have constant
relation of SγP /S

γ
y and concentration near interface region

the ratio of ion current is proportional to concentration of
phosphorus [10, 11]. In SiO2/SiC system this element can
be carbon since its concentration is known in bulk mate-
rial and the oxidation process is carried out with the same
conditions in all samples resulting in similar carbon con-

centration pro�le near the interface. Therefore all SIMS
results are shown here as a ratio of IP/IC where the ab-
scissa represents the measurement time. The origin of
abscissa is set at the time when the joint beam started
to etch SiC bulk calculated as the time when signal rises
to 90% of signal gathered from bulk material.

3. Results

The basis for our investigation were electrical measure-
ments performed using capacitance versus voltage stress
time method. This method is based on the observation
that the trap capturing process can be fully-controlled
by the applied voltage and can be much faster than the
emission process which is related to the emission coef-
�cient of the speci�c trap at biasing MOS structure in
the depletion region. By applying this negative voltage
to our samples for su�cient time all charge trapped by
given trap center is emitted resulting in the CV char-
acteristics shift. Measuring both forward and backward
CV characteristics the information about this emission
process can be extracted by calculating the di�erence of
those two characteristics as originally proposed by Fleet-
wood and Saks [8]. The detailed physical description of
this method can be found in publication of Gutt [9] who
developed it speci�cally for measurements of SiC MOS
structures. This method was further modi�ed by our
group ensuring the measurement signal parameters ful-
�lling the same assumptions as in the case of hi-frequency
CV methods. In such conditions the voltage point of ∆C
maximum associated with a given trap center can be used
for the calculation of trap center energy in the bandgap.

Fig. 1. The ∆C characteristics for samples annealed in
POCl3: (a) sample #1, (b) sample #2, (c) sample #3,
(d) sample #4.

The result of these measurements for negative volt-
ages biasing times varying from 10 s to 1 h for �rst set
of the samples are shown in Fig. 1. The sample annealed
at the lowest temperature shows typical ∆C character-
istics with one peak originating from mobile charges in
the dielectric layer and border traps with extremely long
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emission times. This peak is marked as P1 With in-
creasing the annealing temperature the additional signal
marked as P2 can be detected Performing deconvolution
of the ∆C characteristics using the Lorentz curve �t-
ting the location of this additional peak was calculated
at EV + (2.9 ÷ 3.05) eV.

Fig. 2. SIMS measurement pro�les for samples an-
nealed in POCl3 ambient: (a) sample #1, (b) sam-
ple #2, (c) sample #3.

The presence of the second peak indicates an additional
trapping mechanism and the signal is correlated with the
amount of phosphorus incorporated at interface region as
shown in SIMS measurement pro�les in Fig. 2. The dark-
ened region shows pro�ling time frame when the inter-
face region of SiO2/SiC structure is being etched As the
annealing temperature increases so does the concentra-
tion of phosphorus near the interface as indicated by the
IP/IC signal ratio for samples in the region of interest. It
is caused by an enhanced di�usion mechanism at higher
temperatures. At the highest temperature phosphorus
starts to build up at the interface as shown in Fig. 2c.
This sample shows a signi�cant increase of the additional
trapping mechanism as shown in Fig. 1. The POCl3 is a
complex compound capable of introducing not only phos-
phorus but also chlorine. Furthermore we have observed
an abnormal increase of the oxide thickness during the
annealing process which is caused by chlorine penetration
of SiC surface. Since rapid oxidation of silicon carbide re-
sults in creation of continuous energy pro�le of NITs the
observed signal comprises a plurality of components and
the phosphosilicate glass (PSG) related trap (P2) is only
one of them. Therefore it is very di�cult to estimate the
total amount of charge accumulated at negative bias for
1 h. Moreover, di�erent oxide thickness determines a dif-
ferent negative voltage value to ensure the same surface
potential of MOS structure during the negative voltage
stress. The value can be even higher than the breakdown
voltage. In this work, a constant voltage approach was
used To exclude these e�ects similar measurements were
performed at the second set of samples. Since those sam-
ples were implanted with phosphorus and no additional
impurities were introduced into the structure no rapid
oxidation process was present thus the aforementioned
e�ects would not occur.

Fig. 3. The ∆C characteristics for samples annealed in
POCl3: (a) sample #5, (b) sample #6, (c) sample #7,
(d) sample #8.

The results of time-dependent capacitance�voltage
measurements of the second set, similar to those shown
in Fig. 1, are presented in Fig. 3. As it has been previ-
ously demonstrated the results for sample #5, implanted
at the smallest dose show only one peak of ∆C character-
istics. This is due to small phosphorus concentration in
this sample as can be seen on SIMS measurement results
in Fig. 4. Samples #6�#8 have approximately one order

Fig. 4. SIMS measurement pro�les for samples im-
planted with P: (a) sample #5, (b) sample #6. (c)
sample #7, (d) sample #8.

of magnitude higher phosphorus concentration compar-
ing to sample #5. Those samples show the presence of
the P2 peak (Fig. 3). The energy location of P2 peak
was calculated at EV + (2.93 ÷ 3.04) eV and it corre-
sponds to the �rst set of samples. However, unlike in the
previous set there were no P accumulation at interface
e�ect which was observed for sample #4. In complete
contrast to POCl3-based processes described above, P
implantation does not cause a quasi-continuous trap pro-
�ling, only additional maxima introduced by phosphorus
incorporation. In this case, it was possible to estimate the
charge accumulated for 1 h accurately based on [8] due to
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sharp, additional peak from the introduced phosphorus
incorporation. The calculated charge as a function of P
concentration is estimated based on SIMS measurement
and shown in Fig. 5. The accumulated charge for 1 h
stress time is closely correlated to P concentration.

Fig. 5. The estimation of charge exchanged during 1 h
voltage stress time versus P concentration at the inter-
face of MOS structure.

4. Discussion

Up to date there are limited reports concerning trap
passivation mechanism involving phosphorus. Most in-
vestigations considered fast responding traps analyzed
by conventional CV methods or MOSFET mobility mea-
surements [12�14]. The NITs origin correlated with the
presence of phosphorus has not been reported yet. In
most cases these traps originate from interface traps in-
growth into the reconstructed oxide forasmuch as the
progressive oxidation process constantly consumes the
substrate material. Moreover, the defect responsible for
NITs formation has to be stable in SiO2 matrix and this
general condition signi�cantly reduces the number of pos-
sible candidates. The passivation of the interface states
by phosphorus has been related to carbon defects pas-
sivation by replacing C atom in threefold coordinated
carbon defect by P or P=O [14] or passivation of carbon
and silicon dangling bonds at the interface [3, 4]. Since
the threefold coordinated carbon defect has been shown
to be stable in silica matrix [4] and being able of �grow-
ing� into oxide. This defect was suggested as the main
cause for NIT traps formation in simple dry oxidation
process. Up to date only the dangling silicon bond de-
fect was con�rmed by theoretical calculations [15]. This
is interface defect but it can result in forming PSG com-
pound near the interface region. In fact, XPS measure-
ments of SiO2/SiC interface with phosphorus have shown
a presence of phosphorus 2p peak at 133.9 eV which is
in conformity with the spectrum of the P5+ state [16].
Our results does not con�rm the correlation between
SIMS signal from carbon and phosphorus thus the form-
ing of P=O or other PSG compounds is the most prob-
able cause. Since our �ndings show that the creation of

the described defect needs structural rearrangement we
conclude that the most probable origin of this defect is
phosphorus bonded to dangling Si bonds forming PSG
glass during rearrangement However the nature of this
defect needs further investigation.
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