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Gamma-ray irradiation into vertical type n-channel hexagonal
(4H)-silicon carbide (SiC) metal-oxide-semiconductor field
effect transistors (MOSFETs) was performed under various
gate biases. The threshold voltage for the MOSFETs irradiated
with a constant positive gate bias showed a large negative shift,
and the shift slightly recovered above 100 kGy. For MOSFETs
with non- and a negative constant biases, no significant change
in threshold voltage, Vi, was observed up to 400kGy. By

1 Introduction High radiation resistant devices are
required for decommissioning of the TEPCO Fukushima
Daiichi nuclear power plant. Silicon carbide (SiC) is
expected as a semiconductor material applied to electronic
devices used in such an extremely high radiation
environment, owing to its high radiation resistance [1-12]
as well as excellent characteristics as power devices [13,
14]. With respect to radiation hardness, Sellina and Vaitkus
suggested that SiC and GaN are promising candidates as
radiation hard semiconductor dectectors [6]. Dixit et al.
reported radiation response of nitrided and non-nitrided
Si0,/4H-SiC MOS Capacitors [7]. Tanaka et al. demon-
strated 10MGy tolerance of 4H-SiC buried gate static
induction transistors (BGSITs) [9]. Zhang et al. reported that
the effect of X-ray irradiation and post irradiation annealing
on p- and n-type 4H-SiC MOS capacitors depended on
values of bias applied to gate during irradiation [10].
Although electronic devices with the normally-off charac-
teristic are preferable for the power electronics applications,

Wiley Online Library

changing the gate bias from positive bias to either negative or
non-bias, the Vjy, significantly recovered from the large
negative voltage shift induced by 50kGy irradiation with
positive gate bias after only 10kGy irradiation with either
negative or zero bias. It indicates that the positive charges
generated in the gate oxide near the oxide—SiC interface due to
irradiation were removed or recombined instantly by the
irradiation under zero or negative biases.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

it is difficult to fabricate BGSITs with the normally-off
characteristic. metal-oxide-semiconductor field effect tran-
sistors (MOSFETs) can easily realize the normally off and
low power-loss characteristics, hence, we have investigated
the radiation resistance of SiC MOSFETs [15-18]. In our
previous study, the radiation response of 4H-SiC MOSFETs
up to 1.2 MGy and their annealing effects up to 360 °C were
reported [15, 16]. Akturk et al. reported that 4H-SiC
MOSFETs irradiated with gamma-rays under gate voltage
of 18V showed the threshold voltage (Vy,) shift of the
negative voltage side, though in their experiments the total
dose of gamma-ray was restricted to several tens of
kGy [12].

Recently, we found that the radiation degradation of
electrical characteristic of SiC-MOSFET was suppressed
when SiC-MOSFETs installed in a motor-driver circuit
were irradiated with gamma-rays under switching opera-
tion [18]. It suggests that the charges generated in gate oxide
or/and SiC-oxide interface due to irradiation were removed

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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or recombined under switching condition. In the previous
case of Si MOS device, it is reported that the threshold
voltage rebounded by applying variable bias to the gate
electrode during irradiation [19]. In this study, the relation
between bias condition and gamma-ray irradiation response
of 4H-SiC MOSFETs was investigated by applying a
constant or variable bias to gate electrode during irradiation.

2 Experimental Vertical type n-channel 4H-SiC
MOSFETs with the blocking voltage of 1200V and the
rated current of 20 A were used in this study. The gate
oxides with the thickness of 45nm were grown by dry
oxidation and subsequent nitridation treatment. The
MOSFETs were mounted in “TO3P” packages. Gamma-
ray irradiation were performed using ®°Co sources at dose
rates of 1-10kGy(SiO»)h™' up to 2.5MGy at room
temperature (RT) in a N, atmosphere at Takasaki Advanced
Radiation Research Institute, QST [20]. Constant bias of
+4.5V (ie., LOMVcem ™), 0V, or —4.5V was applied to
the gate electrode of each MOSFET (the source and drain
were grounded). The drain current (Ip)—gate voltage (V)
characteristics of the MOSFETs were measured before and
after gamma-ray irradiation using a semiconductor parame-
ter analyzer (Agilent 4156B) and a power device analyzer
(Agilent B1505A) at RT. The value of Vy, was estimated
from the value at the intersection between the Vg axis and
the line extrapolated from the square root of Iy in the
saturation region.

Next, gamma-ray irradiation in the cases of variable gate
bias was also carried out. The MOSFETs initially biased
with +4.5V were irradiated at a dose rate of 10 kGy(SiO,)
h™" up to 50kGy at RT in a N, atmosphere. After that, the
samples were aged at RT for 470h under non-biased
condition to observe stability of the electrical character-
istics. Subsequently, these samples were irradiated again
with no or negative bias (0 or —4.5V, respectively). The
bias conditions are summarized in Table 1.

3 Results and discussion

3.1 Constant gate bias condition Figures 1-3
show the typical Ip—Vg curves in the subthreshold region
for SiC MOSFETs irradiated with constant positive gate bias
(+4.5 V), non-bias (0 V), and negative gate bias (—4.5 V). Itis
seen from the figures that the initial (0 kGy) values of Vy;, are
scattered among samples by at most 0.4 V. Although we think
that this scattering within this range is allowable to investigate
the radiation response of SiC MOSFETs, we adopt the
increment of threshold voltage AV}, instead of Vy, in order to

Table 1 Gate bias conditions.

gate bias voltage

notation 0-50kGy W/O irradiation 50-100kGy
+/0 bias +4.5V 0V for 470 h 0V (Ground)
+bias +4.5V —4.5V

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 I, versus Vg curves in the subthreshold region for SiC
MOSFET with positive bias before and after irradiation.
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Figure 2 I, versus Vg curves in the subthreshold region for SiC
MOSFET with non-bias before and after irradiation.

minimize the uncertainty as low as possible. The value of AVy,
is determined by subtracting the threshold voltage of non-
irradiated sample from that of irradiated sample. As
previously shown in Ref. [16], AV, can cancel out the effect
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Figure 3 I, versus Vg curves in the subthreshold region for SiC
MOSFET with negative bias before and after irradiation.
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of the initial Vy, value. In addition, since applied biases of
+4.5V were quite larger than the scattering of initial Vy,, itis
considered that the gate voltage Vi was applied by the same
manner to these samples.

The Ip—Vg curves for MOSFETs with positive bias
largely shifted to negative voltage side with total dose of
gamma-rays. Increases in leakage current with increasing
doses were also observed for all the samples. In addition to
these experiments, we measured /Ip—Vg curves for an un-
irradiated sample biased with the same positive gate voltage
without irradiation (not shown here). The curve hardly
shifted to negative voltage side even after biasing of 24 h.
Therefore, the large negative shift of In—V curve is induced
only by the irradiation under positively biased condition.

Figure 4 shows the shift of Vi, from the non-irradiated
value (AVy,) as a function of absorbed dose. The circles,
squares, and triangle symbols indicate the observed values
obtained from the MOSFETs with positive, non-, and
negative biases, respectively. A large negative shift due to
irradiation was seen in the case of positive bias, and the shift
recovered at above 100kGy. For irradiation with non- and
negative gate biases, no significant change in Vi was
observed up to 800 kGy. However, at above 800 kGy, the AVy,
for irradiation with non-bias decreased although that for
negative bias showed a little reduction. In previous studies on
gamma-ray irradiation effects for Si MOSFETs [21-23], it is
reported that holes of electron-hole pairs generated by
gamma-ray irradiation in the gate oxide are trapped at intrinsic
defects of the oxide near the Si/SiO, interface, leading to the
negative shift of Ip—Vg characteristic of MOSFET [24]. If
holes are pushed to the Si/SiO; interface side by positive bias,
alarge Vy, shift is observed. On the other hand, the Vy, shift is
suppressed by negative bias since holes are swept away from
the interface [25]. The results obtained for SiC MOSFETsS in
this study can be interpreted in terms of the same manner
although defects located near the SiC—SiO; interface might be
different from that near the Si—SiO, interface.
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Figure 4 Dependence of AV, on absorbed dose for SiC
MOSFETs with positive, non-, and negative biases.
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Figure 5 Dependence of S-factor on absorbed dose for SiC
MOSFETs with positive, non-, and negative biases. The values of
subthreshold swing were estimated from the changes of Vg in Ip
between 10™* and 107> A.

Figure 5 shows the subthreshold swing (S-factor) as a
function of absorbed dose. In this study, the values of S-
factor were estimated from the changes of Vg in Ip between
10~* and 1073 A, because the subthreshold current below
10~* A was significantly increased by gamma-ray irradia-
tion. The large increase in S-factor for MOSFETs with
positive bias is observed at above 100 kGy. For MOSFETSs
with non- and negative gate biases, no significant increase in
S-factor was observed. Since the S-factor is presumably
proportional to the density of interface traps, this result
suggests that interface traps increases due to irradiation from
100kGy and the electron trapping is remarkably enhanced
by the irradiation with positive bias.

Figure 6 shows increase of trap density in oxide against
the non-irradiated value (AN) as a function of absorbed
dose. We calculated oxide and interface trapped charges by
the following formulae [4, 26]:
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Figure 6 Dose dependence of trap densities in oxide and at

interface for SiC MOSFETs irradiated with positive, non-, and
negative biases.
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Ip = V2Cy, (qNA %) (Nn—;)zexp(ﬁqﬁs)/\/ﬁ_(ﬂs ,

Avth = AVox + Avih
ANox = AVxCox/q,

ANy = AV Cox/q,

where, C,,, is w(W/2L), N4 is the channel doping, L; is
Debye length given by [e/(BgNa)] 172 ¢, the band bending at
the surface, n; is the intrinsic carrier concentration and S is
equal to g/kgT, where g and kg are the electron charge and
the Boltzmann constant, respectively, and Cox is oxide
capacitance per area equal to eox/fox, and eox, and fox are
the dielectric constant and the thickness of gate oxide,
respectively, and the subscripts “ox” and “it” mean the
corresponding values for oxide and interface, respectively.

For MOSFETs with no and negative gate biases, no
significant increase was aroused. For the positive-biased
sample, the amount of trapped holes in oxide increased with
increasing dose. The positive charge of holes shifted threshold
voltage to negative voltage side. Whereas, interface trapped
charge increased above 100kGy. We consider that the
negative charge trapped at the interface compensates the
positive charge trapped in oxide, and, as a result, the recovery
of threshold voltage Vy, above 100 kGy appears.

Figure 7 shows normalized channel mobilities of SiC
MOSFETs as a function of absorbed dose. The values of
normalized channel mobility are the ratios of channel
mobility (i) to the initial (non-irradiated) value (tcno),
where the values of 1, were obtained from the maximum in
the range of Vg > Vy,. In general, channel mobility depends
on Vg and is estimated from the following equation:

olp, Z
Vo ZMCHCOX(VG — V), (5)
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Figure 7 Dependence of the pucp/itchyo for SiC MOSFETS
irradiated with positive, non-, and negative biases.
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where Z and L are gate width and gate length, respectively.
No significant change in the normalized mobility is
observed with increasing dose for all the cases of biases.
In contrast, the S-factor in the case of positive bias increased
from 100kGy, which corresponds to the reduction of
channel mobility in general. Since channel mobility is
deteriorated complexly by interface state density near the
conduction band edge [27], the value of Vy, and so on, the
negative effect due to the irradiation on channel mobility (e.
g., increase in interface state density) might be compensated
by some positive effect.

3.2 Variable gate bias condition Figures 8 shows
the Ip—Vg curves in the subthreshold region for SiC
MOSFETs irradiated with variable biases from +4.5to 0V
and from +4.5 to —4.5'V, respectively (hereafter, +/0 bias
and =+bias, respectively). Here, the duration of +bias was
the irradiation time corresponding to total dose of 50kGy.
For both bias cases, the Ip—Vg curves of MOSFETSs with
initial gate bias of +4.5V significantly shifted to negative
voltage side as mentioned above. On the contrary, after
changing the bias to zero or negative, the Ip—Vg curves
immediately recovered to positive voltage side though the
leakage current slightly increased.

Figure 9 shows AVy, for SiC MOSFETSs with +/0 bias
and =+bias as a function of dose up to 100 kGy. As observed
in Fig. 4 (constant bias condition), the AVy, during positive
bias applied shifts extremely to the negative voltage side.
Figure 10 shows AVy, as a function of aging time at RT after
50 kGy irradiation with positive bias. As shown in Fig. 10,

--- Gate Voltage:+4.5V ---
+/0  +/-
—_— 0kGy
—_— - 50kGy
- 50kGy (after 500h at RT)
--- Gate Voltage Changed:0V or -4.5V ---
+0  +/-
—— - 60kGy
—— ———--70kGy
— 100kGy
10" ——
- 7/
10° /

< 10°

= 10 100kGy

Q0?4 ST A

g R U ne

S 10" - L

— ~~~.| 0kGy
1077 -
-15
10 T T T |
-16 -12 -8 4 4
Gate Voltage[V]

Figure 8 ID versus VG curves in the subthreshold region for SiC
MOSFET with +/0 and =+ bias before and after irradiation.
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Figure 9 Dependence of AVy, on absorbed dose for SiC
MOSFETs with +/0 bias, & bias, and results of Section 3.1.
(*The detail is shown in Fig. 10.)

AVy, recovered by about 3 V after RT aging. While, further
irradiation of SiC MOSFETs with changing the bias to zero
or negative, the AVy, drastically recovered only by 10kGy
irradiation for 1h. For the +/0 and =+bias conditions, each
the recovery of AVy, is comparable to the value in the case of
constant bias condition. Namely, the recovery of AV, in the
case of *bias was slightly smaller than in the case of +/0
bias by 0.6 V. No further significant change in AVy, was
observed for either 4+/0 or £bias until 100 kGy.

We carried out additional irradiation of 10kGy (total
dose: 110kGy) under zero bias with respect to the
MOSEFETs irradiated with Zbias condition (denotes
+/—/0). Similarly, the 4-/0 biased sample was also irradiated
for comparison (denoted +/0/0). Figure 11 shows AV, for
SiC MOSFET as a function of dose between 50 and
110kGy. At 110kGy, AVy, for the +/—/0 biased sample is
the same as that for +/0/0 biased sample, which is beyond
the value in case of constant negative bias and is close to that
in the case of constant non-bias. These results suggest that

+/0 Bias
¢ +/-Bias

-6 | ] 1 | ]
100 200 300 400 500
Time[h]

(=)

Figure 10 The recovery of Vi, by 470h of room temperature
aging.
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Figure 11 Dependence of AVy for SiC MOSFET irradiated
additional irradiation 10 kGy.

irradiation under zero bias is more efficient than that under
negative bias in order to recover the Vy,.

Figure 12 shows the S-factor as a function of absorbed
dose between 0 and 110 kGy. As shown in the figure, the S-
factors instantly decreased after the bias is switched from
positive to non-/negative bias. This means that electrons
trapped at the interface states were smoothly detrapped by
the irradiation with non-/negative bias, similarly to V. The
figure also shows that the values of S-factor both for the +/0/
0 and +/—/0 biased samples were almost the same values
with each other and were larger than that for constant non-
biased samples over all the total dose region measured. This
suggests that the degree of recovery due to the irradiation is
not different regardless of negative bias or non-bias,
although that of AVy, is slightly different.

Figure 13 shows trap density in oxide and at interface
for SiC MOSFETs irradiated with +/0/0 and +/—/0 bias

Gate Voltage Change Gate Voltage Change

0.6 + !
Lo e ® * 3
05 o 6 D
S04 : 5
= | :
2,03} i : '
§ +/0/0 Bias '
E 02 ¢ +/-/0 Bias ‘ -
A ---Constant gate bias condition--- -
O Non-Bias :
0.1 . :
0.0k L L L I j I ! I I l I
0 10 20 30 40 50 60 70 80 90 100 110
Total dose[kGy(SiOz)]

Figure 12 Dependence of S-factor on absorbed doses for SiC
MOSFETs with 4-/0/0, +/—/0, and non-bias conditions. The values
of S-factor were estimated from the changes of Vg in I between
10™* and 10> A.
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Figure 13 Dose dependence of trap densities in oxide and at
interface for SiC MOSFETS irradiated with +/0/0 and +/—/0 bias
conditions. (*The recovery of AN by 470h of room temperature

aging.)

conditions. It is observed that AN, of both samples
remarkably decreases after changing the bias from positive
to zero or negative. In contrast, decrement of AN; is
relatively small. This indicates significant recovery of AVy,
when switching the bias is originated from annihilation of
trapped holes in oxide.

4 Conclusions Vertical type 4H-SiC MOSFETS were
irradiated with gamma-rays under various gate bias
conditions. The threshold voltage Vy, for the MOSFETSs
irradiated with constant positive gate bias showed a large
negative shift, and the shift recovered above 100 kGy, which
is probably due to the electron traps at the interface states
formed by the irradiation. In addition, it was found that RT
aging has a small effect for the recovery from the large Vy,
shift due to the irradiation with positive bias. For MOSFETs
with constant non- and negative gate biases, no significant
change in AV, was observed up to 800 kGy. Based on the
results, the reason for the negative shift due to irradiation is
interpreted as the accumulation of holes near the SiC/SiO,
interface as in the analogy for Si MOSFET. On the other
hand, the subthreshold swings (S-factors) for the MOSFET
with positive bias showed a large increase from 100kGy
although that for negative or non-bias showed a small
increase from 800kGy. Therefore, the irradiation with
positive bias also has an effect for enhancing the electron
trapping at the interface state.

Under variable gate bias condition, the AV}, remarkably
shifted toward positive voltage side due to only 10kGy
irradiation after varying the gate bias from positive to either
negative or zero. This indicates that holes generated by the
irradiation are removed or recombined under zero/negative
bias condition. In addition, the S-factor and interface trapped
charge also recovered by further irradiation with positive/
non-bias, similarly with Vi;,. This suggests that the electrons

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

trapped at the SiC—oxide interface were smoothly detrapped
by the irradiation with positive/non-bias. In conclusion, the
remarkable degradation of electrical characteristics due to
irradiation with positive gate bias can be instantly improved
when the gate bias is switched to negative/zero, indicating
the high radiation resistance of SiC MOSFETs if they are
operated in switching bias condition such as an inverter
application.
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