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In order to develop highly radiation-tolerant SiC MOSFETs,
we investigated the dependence of the gamma-ray radiation
response on the gate oxide thickness and nitridation processes,
used for oxide growth and p-well implantation. SiC MOSFETs
with a thick gate oxide (60 nm) showed a rapid decrease in the
threshold voltage shift DVth of more than 400 kGy, and
transitioned to the normally-on state at lower doses than those

with a thin gate oxide (35 nm). TheMOSFETs with gate oxides
treated with lower concentrations of N2O (10%) demonstrated
a higher radiation tolerance (DVth, channel mobility, and
subthreshold swing) than with a 100% N2O treatment. The
MOSFETs with more p-well implantation steps (three steps)
showed a smaller negative shift of the threshold voltage
relative to those implanted with two steps.

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Silicon carbide (SiC) is one of the
most promising semiconductor materials for the fabrication
of radiation-hardened (rad-hard) devices because of its high
radiation resistance [1–8]. Among such rad-hard devices,
the SiC metal-oxide-semiconductor field effect transistor
(MOSFET) has attracted considerable attention as a power
device for use in highly radiative conditions such as the
decommissioning of nuclear power plants, because it is easy
to obtain a normally-off characteristic and a very low power
loss. Thus, there have been several reports describing the
effects of gamma-ray irradiation on SiC MOSFETs [9–16].
According to these reports, the main cause of degradation in
SiC MOSFETs under gamma-ray irradiation is a shift of the
drain current (Id)�gate voltage (Vg) characteristic toward
the negative voltage side, due to positive charges generated
in the gate oxide. The process of positive charge generation
due to gamma-ray irradiation is believed to occur as
follows [17]: when a MOSFET is irradiated with gamma-
rays, electron-hole pairs are created in the gate oxide (SiO2).
Although some of these electron-hole pairs recombine,
holes are far less mobile than electrons and most of them are
trapped at defects near the oxide/semiconductor interface,

resulting in positive oxide-fixed charges. Moreover, it has
been reported for Si MOSFET that while holes induced by
gamma-rays travel through the oxide, some of them
combine with hydrogen in the oxide to generate hydrogen
ions (protons) [17]. Because these protons drift into the
Si/SiO2 and react with the hydrogen atoms terminated to the
defects at the Si/SiO2 interface, the termination is released,
reactivating the interface defects. As a result, the Id–Vg

curve shifts toward the positive voltage side, which is the
opposite direction from that of the oxide-fixed charge case.

Based on the degradation mechanism described
above, it was found that the radiation response of a
MOSFET depends predominantly on the dimensions of the
gate oxide and the device fabrication process. In the case of
Si MOSFETs, it has been reported that thinner gate oxides
are more radiation tolerant. For SiCMOSFETs, their typical
fabrication process should affect the radiation response.
In recent years, nitridation of the gate oxide has been widely
used to improve the channel mobility [18]. Nitridation might
improve the gamma-ray radiation resistance of SiC
MOSFETs because the Si–N bond is stronger than the
Si–H bond [19, 20]. Furthermore, ion implantation of
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acceptor impurity atoms is usually used to fabricate a p-well
channel region in SiC MOSFETs. The quality of this
channel region, that is, oxide/semiconductor interface, may
affect the radiation tolerance.

In this report, we investigate the effects of the oxide
thickness, gate oxide nitridation process, and p-well
implantation conditions on the radiation resistance, in order
to obtain the optimum structure for gamma-ray radiation
resistant SiC-MOSFETs.

2 Experimental The samples used in this study were
TO3P packaged 4H-SiC vertical MOSFETs. The blocking
voltage for the MOSFETs was 1200V and the rated current
was 20A. The doping concentration of the p-wells was
approximately 1–2� 1018 cm�3. We prepared five samples
to compare the irradiation effect in terms of oxide thickness,
nitrogen (N2O) concentration (Post-oxidation-anneal (POA)
was applied after the gate-oxide growth. The atmospheric
concentration of N2O in POAwas 100 or 10%. In the case of
the N2O 10% condition, N2O was diluted with Ar), and
p-well implantation conditions. (The number of p-well
implantation steps was changed. The 3-implantation-step
process was the same as the 2-step process, but with a
shallow implantation step added.) Figure 1 shows a
schematic illustration of acceptor concentration versus
distance from the SiC substrate surface. As shown in the
figure, the acceptor concentration at the substrate surface
differed between two steps and three steps of p-well
implantation (hereafter, denoted as “2-step p-well” and
“3-step p-well,” respectively.) The specifications of these
samples are listed in Table 1. In the table, the number
“2-step” and “3-step” denote the 2-step ion-implantation
process and the 3-step ion-implantation process,
respectively.

The MOSFETs were irradiated with gamma-rays from a
60Co source, at dose rates between 1 and 10 kGy(SiO2)/h, in
an N2 atmosphere, at room temperature (RT). During the
irradiation, no bias was applied to the MOSFET electrodes.
Before and after irradiation, the drain current (Id)–gate
voltage (Vg) characteristics were measured in air at RT in
the dark. The samples were not irradiated continuously.

There were a few tens of hours between each irradiation, and
the measurements were carried out during this interval. We
observed the samples after an interval of 1 month, and no
significant changes were found.

The value of Vth was estimated from the intersection
between the Vg-axis and a line extrapolated from the
curve of the square root of Id vs. Vg in the saturation
region (whereW is the gate width and L is the gate
length.):

Id ¼ m
W
2L

CoxðVg � V thÞ2 ; ð1Þ

ffiffiffiffi
Id

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m
W
2L

Cox

r
Vg �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m
W
2L

Cox

r
V th ; ð2Þ

The channel mobility was estimated from the slope of
the Id-Vg characteristics, where the resistance of the n-type
epitaxial layer was assumed to be negligible. That is,

@Id
@Vg

¼ W
L
mnCoxVd ; ð3Þ

mn ¼
L
W

1
CoxVd

@Id
@Vg

; ð4Þ

where W is the gate width and L is the gate length.
The swing (S-factor) was estimated from the increment

of Vg over the range of Id¼ 10�3
–10�4A:

swing ¼ DVg

log1010
�3 � log1010

�4 ¼ DVg½V=dec� ; ð5Þ

The voltage shifts due to positive oxide-fixed charge and
interface-trapped charge (DVnot and DVnit, respectively)
were estimated by extrapolating the Id–Vg curve to the
midgap current Img, using the subthreshold slope [21, 22].
For the separation of DVth into DVnot and DVnit, it is
necessary to extract DVnot first. DVnot can be obtained from
DVmg, i.e.,

DVnot ¼ DVmg ; ð6Þ

where Vmg is the value of Vg when Id ¼ Img.

Figure 1 Schematic of acceptor concentration verses distance
from the SiC substrate surface. The blue line indicates a 2-step
p-well, and the red line indicates a 3-step p-well.

Table 1 Experimental samples.

gate oxide
thickness (nm)

35 60 45

N2O
concentration (%)

100 10

p-well
implantation

2-step 3-step 2-step 3-step 2-step

sample
notation

A B C D E
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Furthermore, the value of Img was estimated using

Id ¼ 21=2mðW=LÞðqNALB=bÞðni=NAÞ2expðbfsÞðbfsÞ�1=2 ;

ð7Þ

where NA, ni, fs, and LB are the acceptor (or donor)
concentration in the channel region, the intrinsic carrier
concentration, the band bending at the surface, and the
Debye length. According to Eq. (7), the value of Img for
4H-SiC is in the order of approximately 10�30A. Provided
thatDVth is the sum ofDVnot andDVnit,DVnit can be obtained
from the following equation [23]:

DVnit ¼ DV th � DVnot : ð8Þ

3 Results and discussion
3.1 Drain current–gate voltage characteristic

Figures 2–6 show Id–Vg curves at various irradiation doses
for samples A–E. In these figures, the curves shift to the
negative voltage side with increasing irradiation dose,
indicating the generation of positive charges in the gate

oxides during irradiation. The figures also indicate that the
leakage current (Id in the negative Vg region) increased with
increasing dose. Our recent investigations found that there
was a structural leakage path in the electrical isolator that
was sensitive to gamma-ray irradiation in the vicinity of the
electrodes in these samples. Therefore, because the leakage
current is not a fundamental problem but a problem of
device layout, we will not discuss it further herein.

3.2 Gate oxide thickness Figure 7 shows the
dependence of the threshold voltage shiftDVth on irradiation
dose for MOSFETs with different gate oxide thicknesses
(samples A and C), where DVth is the difference between the
threshold voltage and the initial (non-irradiated) value. As
shown in Fig. 7, DVth for both MOSFETs has shifted to the
negative voltage side after irradiation. This indicates that the
oxide-trapped positive charges generated by the irradiation
have accumulated in the oxide with increasing absorbed
dose. Although the DVth values for both MOSFETs were
changed very little after doses of hundreds of kGy, they
decreased significantly above 1MGy. The DVth values of
thinner oxides began to decrease at higher doses than those
of thicker oxides. Thus, SiC MOSFETs with thinner oxides

Figure 2 Id–Vg curves in the subthreshold region for an
SiCMOSFET (sample A), before and after gamma-ray irradiation
up to 7MGy.

Figure 3 Id–Vg curves in the subthreshold region for an
SiCMOSFET (sample B), before and after gamma-ray irradiation
up to 3MGy.

Figure 4 Id–Vg curves in the subthreshold region for an
SiCMOSFET (sample C), before and after gamma-ray irradiation
up to 7MGy.

Figure 5 Id–Vg curves in the subthreshold region for an
SiCMOSFET (sample D), before and after gamma-ray irradiation
up to 7MGy.
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had a higher radiation tolerance. It is probable that the
number of positive charges generated in thinner oxides is
smaller than that in thicker ones, and/or these positive
charges easily escape from the hole traps in thinner oxides. It
should be noted that both MOSFETs showed normally-off
characteristics, even after 1MGy of irradiation. Therefore, it
is inferred that SiC MOSFETs generally have higher
radiation tolerances than Si MOSFETs [17].

Figure 8 shows the dependence of the normalized
channel mobility (normalized by the initial, non-irradiated
value) on the irradiation dose for MOSFETs with 35 and
60 nm thick oxides. The channel mobility was calculated as
dId/dVg at Vd¼ 1V. The normalized mobility at 60 nm
hardly changed after irradiation up to 1MGy, suggesting
that interface traps between the gate oxide and SiC, that act
as scattering centers for carriers in the channel, did not
significantly increase in the low-dose region. However, after
1MGy of irradiation, the normalized mobility increased,
implying that the number of interface states decreased. In
contrast, the channel mobility for 35 nm steadily increased.
Therefore, for thinner oxides, the interface is more stable
and more resistant to irradiation.

Figure 9 shows the dependence of swing on irradiation
dose for MOSFETs with oxide thicknesses of 35 and 60 nm.

For 35 nm, the swing immediately decreased at 0.5 kGy, but
the swing for bothMOSFETs remained relatively unchanged
until approximately 400 kGy. Therefore, the interfaces of
both MOSFETs were relatively stable below 400 kGy, but
deteriorated at higher doses.

It has been reported for Si MOSFET with SiO2 gate
oxides that, as in SiC MOSFETs, a higher radiation
tolerance is obtained with a thinner oxide because the
thinner oxide suppresses carrier trapping [17]. Figure 10
shows the dose dependence of the voltage shift due to the
charges trapped in the oxide and in the interface state, for
different gate oxide thicknesses. As shown in the figure, our
results also revealed that thinner oxides in SiC MOSFETs
suppress the generation of positive charges in the oxide and
improve the radiation tolerance.

Figure 11 shows the total dose dependence of the voltage
shift due to charges trapped in the oxide and in the interface
state for gate oxide thicknesses of 35 and 60 nm. In general,
the threshold voltage of a SiCMOSFET changes like a linear
function [24]. Accordingly,we calculated the slope of a linear
fit of the threshold voltage. This slope was�0.82V/MGy for

Figure 6 Id–Vg curves in the subthreshold region for an
SiCMOSFET (sample E), before and after gamma-ray irradiation
up to 7MGy.

Figure 7 Threshold voltage of SiC MOSFETs as a function of
gamma-ray dose. Triangles and squares indicate results obtained
for 35- and 60-nm-thick oxides, respectively.

Figure 8 Normalized channel mobility of SiC MOSFETs as a
function of gamma-ray dose. Triangles and squares indicate results
obtained for 35- and 60-nm-thick oxides, respectively. The channel
mobility was calculated as dId/dVg (Vd¼ 1V). The channel mobility
values shown were normalized by the initial (non-irradiated)
value.

Figure 9 Swing of SiC MOSFETs as a function of gamma-ray
dose. Triangles and squares indicate results obtained for 35 and
60 nm thick oxides, respectively. The swing was calculated for the
range Id¼ 10�3

–10�4A.
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35 nm and�1.50V/MGy for 60 nm. The ratio (1.82) is close
to the ratio of oxide thicknesses 60/35 (1.74), indicating that
the difference in oxide thickness directly corresponds to the
degradation rate of the threshold voltage.

3.3 Nitrogen concentration Figure 12 shows the
threshold voltage shift DVth on irradiation dose for different
nitridation conditions (sample D and E). As shown in Fig. 12,
DVth for both MOSFETs shifted to the negative voltage side
after irradiation. Although DVth for both MOSFETs did
change slightly up to 100 kGy, DVth for a 100%
N2O concentration decreased significantly above 100 kGy.
Thus, the lower nitrogen concentration sample had a higher
radiation tolerance. We suppose that excess nitrogen near/at
the interface weakened the bonding network.

Figure 13 shows the dependence of normalized channel
mobility on irradiation dose for N2O concentrations of 100
and10%.Up to400 kGy, bothmobilitieswere unchanged, but
after 400 kGy irradiation, the mobility in the 10% samples
began to increase. Moreover, when the dose reached
approximately 1MGy, the mobility for 100% also increased.

Figure 14 shows the dependence of swing on irradiation
dose for N2O concentrations of 100 and 10%. Although the

swing for both MOSFETs changed very little up to 400 kGy,
the 10% N2O MOSFET had a lower (better) value for all
doses than the 100%N2OMOSFET. To reduce the interface
state, the lower nitrogen concentration should be selected. In
general, the behavior of the swing is consistent with that of
the channel mobility. However, the channel mobility is also
affected by the threshold voltage. Therefore, the fact that the
dose dependence of the swing was slightly different from
that of the channel mobility may be due to the difference in
dose dependence of Vth.

It has been considered that nitridation treatment could
remove residual carbon from the SiO2/SiC interface and
reduce the interface trap density [18]. Moreover, a nitrogen
atom with a lone pair of electrons acts as a negative charge,
leading to a high threshold voltage. However, the initial
value of threshold voltage for the higher N2O concentration
(100%) sample was larger (2.85V) than that for the lower
concentration (10%) sample (1.90V). This demonstrates
that the sample treated with a higher concentration of
N2O had a larger margin leading up to the normally-on state.
However, after irradiation of 1MGy, the sample treated with
a higher concentration generated more positive charges in
the gate oxide and deteriorated more quickly. We believe

Figure 13 Normalized channel mobility of SiC MOSFETs as a
function of gamma-ray dose. Triangles and squares indicate
N2O concentrations of 100 and 10%, respectively. Channelmobility
was calculated as dVg/dId (Vd¼ 1V). The channel mobility values
shown were normalized by their initial values.

Figure 10 Total dose dependence of the voltage shift due to
charges trapped in the oxide and interface state. Triangles and
squares denote gate thicknesses of 35 and 60 nm, respectively.
Filled and unfilled symbols indicate values for charges trapped in
the interface state and in the oxide, respectively.

Figure 11 Threshold voltage of SiC MOSFETs as a function of
gamma-ray dose. Triangles and squares indicate results obtained from
oxide thicknessesof35nmand60nm,respectively.Theredline isafitof
the threshold voltage shift of 35nm, and the green line is a fit for 60nm.

Figure 12 Threshold voltage shift of SiCMOSFETs as a function of
gamma-ray dose. Triangles and squares indicate N2O concentrations
of 100 and 10%, respectively.
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that this is because nitrogen in the oxide generates hole-
trapping defects that capture holes generated by gamma-
rays. Figure 15 shows the total dose dependence of the
voltage shift due to charges trapped in the oxide and in the
interface state for N2O concentrations of 100 and 10%. It is
clear that the trap densities for both the oxide and the
interface were lower in the case of low N2O concentration.
Therefore, from the point of view of radiation tolerance,
there is an advantage for samples treated with lower
N2O concentrations (Fig. 15).

3.4 P-well implantation Figure 16 shows the
dependence of DVth on irradiation dose for 2-step and
3-step p-well MOSFETs (Samples A and B, respectively).
Although DVth for the 2-step p-well decreased by 1V at
0.5 kGy, both DVth curves had a similar dependence on total
dose. Therefore, it is presumed that in terms of threshold
voltage, the 3-step p-well MOSFET had a higher gamma-
ray resistance than the 2-step.

Figure 17 shows the dependence of normalized channel
mobility on irradiation dose for 2- and 3-step p-well SiC
MOSFETs. The normalized channel mobility for the 2-step

p-well increased with increasing dose. It is probable that,
because the 2-step p-well MOSFET had a higher donor
concentration at the surface, a higher electron density was
obtained in the channel region. It is also possible that using
fewer implantation steps might reduce the defects generated
by impurities and/or irradiation.

Figure 18 shows the dependence of swing on irradiation
dose for 2-step and 3-step p-well SiC MOSFETs. As the
swing of the 3-step p-well MOSFET did not change at all
after irradiation, the interface state density could have been
unchanged. In contrast, the swing for the 2-step p-well
MOSFET initially decreased but then increased at 400 kGy.
The decreased swing in the low-dose region is responsible
for annealing the interface state. The MOSFETs with fewer
p-well implantation steps had somewhat better interface
characteristics after gamma-ray irradiation.

The results obtained from this study can be explained by
considering that a higher surface concentration of acceptor
impurities forms more defects at the surface. This causes
deterioration of the interface characteristics. On the other
hand, as shown in Fig. 1, a higher surface concentration
suppresses the negative shift of the threshold voltage.
Although there is a trade-off between the threshold voltage

Figure 14 Swing of SiC MOSFETs as a function of gamma-ray
dose. Triangles and squares indicate N2O concentrations of 100
and 10%, respectively. The swing was calculated in the range of
Id¼ 10�3

–10�4A.

Figure 15 Total dose dependence of voltage shift due to charges
trapped in the oxide and interface state. Triangles and squares
indicate N2O concentrations of 100 and 10%, respectively. Filled
and unfilled symbols indicate values for charges trapped in the
interface state and in the oxide, respectively.

Figure 16 Threshold voltage shift of SiCMOSFETs as a function
of gamma-ray dose. Triangles and squares indicate 3-step and
2-step p-wells, respectively.

Figure 17 Normalized channel mobility of SiC MOSFETs as a
function of gamma-ray dose. Triangles and squares indicate 3-step
and 2-step p-well implantations, respectively. The channel mobility
was calculated as dId/dVg (Vd¼ 1V). The channel mobility values
shown were normalized by their initial value.
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shift and interface characteristics, the sample with more
implantation steps, that is, a higher acceptor concentration at
the substrate surface, had a wider margin leading up to the
normally-on state and a higher radiation tolerance.

4 Conclusions To develop highly radiation tolerant
power devices, gamma-ray radiation responses of vertical
4H-SiC MOSFETs with various device structures were
investigated. We compared MOSFETs with different gate
oxide thicknesses, nitridation processes, and numbers of
p-well implantation steps to obtain an optimum device
structure in terms of radiation tolerance. We found that
radiation tolerant SiC MOSFETs can be obtained with
thinner gate oxides, lower nitrogen concentrations in the
nitridation process, and higher acceptor concentrations at
the p-well surface.
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