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Abstract—Silicon-Carbide (SiC) MOSFETs, due to material
properties, are designed with smaller thickness in the gate ox-
ide and a higher electric field compared to Si MOSFETs. Conse-
quently, the SiC MOSFETs have a worse reliability which causes
higher leakage currents during instantaneous abnormal operat-
ing conditions. This paper investigates the reliability issues of the
SiC MOSFET gate oxide under standard short-circuit test condi-
tions. In this paper, 1200-V SiC MOSFETs are newly modeled, and
also their short-circuit sustainability (tolerance) have been studied
at different drain–source and gate–source voltages. A hardware
tester circuit was designed and developed to test the devices under
such extreme circuit conditions. Then, the gate reliability of SiC
MOSFET devices have been compared to that of Si power devices of
similar ratings. The results reveal a higher reduction in the instan-
taneous gate–source voltage of SiC MOSFETs compared to that of
Si devices under the same operating conditions. The gate–voltage
reduction phenomenon results from the higher leakage currents
through the gate. Furthermore, it was found that the gate–source
voltage reduction during the test depends on the gate structures.
The gate voltage reduction of SiC MOSFETs with planar gate is
higher than that of MOSFETs with shield planar gate. As the pulse
duration increases in short-circuit tests, the leakage current in the
gate-source of SiC devices increases. The results show that even
though the SiC MOSFETs are very capable of processing long
pulses and high power in the drain–source, the gate–source side is
highly degraded by these pulses in the test. Moreover, whenever a
small number of the short-circuit tests are applied, the gate struc-
ture of SiC MOSFETs becomes broken while the drain–source is
still able to block the dc-link voltage. The paper concludes that the
short-circuit reliability of the gate was found to be worse compared
with commercial Si devices with similar rating.

Index Terms—Gate leakage current, gate oxide reliability, SiC
MOSFET, short-circuit test.

I. INTRODUCTION

THE development of power semiconductor devices has al-
ways been a driving force for power electronic fields. For

a long time, silicon-based power devices have dominated the
power electronics semiconductor market and power system ap-
plications. Furthermore, silicon (Si) devices are widely used in
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Fig. 1. Loss comparisons between Si IGBT and SiC MOSFET.

the field of home appliance applications, power supplies, and
information technology equipment. Therefore, the cost of Si
MOSFETs has already stabilized with high operational relia-
bility. However, market demands of higher voltage, power, and
efficiency of emerging power electronic systems have been faced
with performance limitation of Si material properties. SiC tech-
nology proposes a solution for many of the issues by superior
material properties with regards to Si. After years of research on
device physics and manufacturing technology, silicon-carbide
(SiC) semiconductor devices for high-power applications have
become commercially available as switching discrete devices
such as Thyristors, JFETs, and MOSFETs [1]. The demand is
strongly growing for these devices in high-voltage and high-
temperature applications [2], [3]. SiC material offers a num-
ber of advantages compared to Si: SiC has ten times higher
dielectric-breakdown field strength, three times the band gap,
and three times the thermal conductivity [4]. These properties
make SiC an attractive material that can far exceed the perfor-
mance of their Si counterparts.

The main advantage of SiC is associated with the high elec-
tric field rating of the gate oxide. The high critical electric-field
strength can be used to design very fast switching devices with
much lower power losses than Si-based devices, for both con-
duction and switching losses, as shown in Fig. 1 [5]–[7]. Among
the many papers discussing the switching characteristics under
the maximum current and voltage stresses of SiC MOSFETs,
some have dealt with high-frequency inverter circuits that em-
ploy SiC power devices to improve the efficiency and power
capacity.

However, the reliability of SiC MOSFETs has not been veri-
fied fully under extreme operating conditions such as long time
testing with higher temperatures, overload conditions, and short-
circuit operations. Among these characteristics, short-circuit
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capability of high-power switches is critical for fault protec-
tion and device failure prevention. The short-circuit test is a
reliability standard test mandatory for high-power devices such
as IGBTs [8]–[16]. This phenomenon happens in every switch-
ing converter or inverter during transient operating modes. The
test allows data about capability of SiC MOSFETs under short-
circuit operation to be obtained. These data provide key in-
formation about how to design the gate driver circuit for SiC
MOSFET, which can limit the effects of short circuit on the de-
vices and provide protection for the power circuit. Furthermore,
in order to improve the reliability of the switching characteris-
tics of SiC MOSFET, extreme operation should be discussed,
such as overload turn-off, high-temperature operations, short-
circuit conditions. These characterizations should be analyzed
to assess realistic design limits, safety margins, and to highlight
technology improvement requirements [10], [17].

Xing et al. [8] and [9] have discussed the effects on the cur-
rent waveforms during short-circuit operation. Krishnaswami
et al. [10]–[12] have presented gate oxide reliability assess-
ment of SiC MOSFET under high-temperature operation. These
papers have discussed the thermal effects on the gate oxide
reliability, especially for long-time operation in normal con-
ditions. However, the reduction in gate–source voltage during
the short-circuit operation has never been presented in detail in
these papers.

In this paper, the reduction on the gate–source voltage will
be investigated during short-circuit condition for both SiC and
Si power MOSFETs. A gate oxide reliability assessment for a
“planar” SiC MOSFET structure under short-circuit operation
will also be presented and compared to a “shield planar” SiC
MOSFET structure.

The remainder of this study is organized as follows. Section II
provides some background about the differences in physical
structures and the operating principles between Si and SiC de-
vices. It also presents the advantages and challenges of fabri-
cation technology in SiC MOSFET, compared to Si devices. In
addition, a comparison between gate oxide construction of pla-
nar SiC MOSFET and that of the shield planar will be proposed.
The design process of the short-circuit tester and the operating
principle will be presented in Section III. Section IV presents a
theoretical study of SiC MOSFETs under short-circuit operation
in PSIM simulation. Section V shows experimental results and
some discussions about the effect on gate–source voltage under
short-circuit conditions. These results will be compared to Si
power devices. In addition, experimental results under short-
circuit tests from two kinds of SiC MOSFET are presented.
Finally, conclusions are given in Section VI.

II. BACKGROUND

A. Comparison of Planar SiC MOSFET With Si MOSFET

The electric field developed in the gate oxide is related to the
electric field in the underlying semiconductor by Gauss’s Law
[18]–[22]

Eoxide =
εsemi

εoxide
Esemi ∼= 3Esemi (1)

Fig. 2. Threshold voltage of SiC MOSFET compared to Si MOSFET (includes
the impact of N+ Polysilicon gate and an oxide fixed charge of 2 × 1011 cm−2).

where εsemi and εoxide are the dielectric constants of the semi-
conductor and the oxide, respectively, while Esemi is the elec-
tric field in the semiconductor. According to (1), the electric
field in the oxide layer in case of silicon material is always
in the reliability limit as silicon has maximum electric field of
3 × 105 V/cm. However, for silicon carbide devices, the max-
imum electric field is around ten times stronger than that of
silicon-based devices. Therefore, the oxide could reach easily its
reliability limits.

In planar MOSFET, when a drain–source voltage is applied,
the maximum electric field occurs at the P-base/N-drift junction.
The depletion width through the P-base region is related to the
maximum electric field by

Wp =
εsemiEm

qNA
(2)

where NA : doping concentration in P-base region, Em : maxi-
mum electric field, and εsemi : the dielectric constant. From (1),
the doping concentration and P-base thickness are designed to
prevent a P-base reach-through breakdown which is the cause
of high-leakage currents on the gate. The threshold voltage is
designed to keep the channel resistance as small as possible. Re-
lationship of the gate oxide thickness with the threshold voltage
and P-base doping concentration is presented in Fig. 2 [18]. For
Si devices, for a P-base doping concentration of 1017 cm−3, the
threshold voltage is about 3 V, and the depletion width in the
P-base region is less than 0.5 μm. As a result, a channel length
less than 0.5 μm could be achieved without encountering reach-
through breakdown limitations. Whereas, in case of 4H-SiC,
to keep the P-base depletion width less than 1 μm, the doping
concentration is around 3 × 1017 cm−3 when the electric field
through the semiconductor approaches its critical value. With
these conditions, the threshold voltage would reach as high as
20 V. However, the desirable value of the threshold voltage is
around 6 V, so the gate oxide thickness is designed thinner.
The thin layer can cause a reliability problem on the gate, es-
pecially when an extreme operating mode is applied such as a
short circuit.
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Fig. 3. Structures of Si and SiC MOSFETs (a) Planar MOSFET structure
(b) Shield planar MOSFET structure.

B. Short-Circuit Operation

The short-circuit test, a standard regulation for the reliability
of high-power devices, is performed with a positive voltage
applied to the gate of the device under test (DUT). In order to
make the tester circuit operate under the short-circuit conditions,
the inductor should be set to very low value (see Fig. 5). Then, the
MOSFET drain–source current reaches a very high value due to
the high dI/dt ratios during the short-circuit test time, even just
several microseconds. Almost spontaneously, the drain–source
voltage drops down due to the potential through the inductance
and recovers again to the input source voltage quickly. As a
result, the temperature rising inside the device becomes quite
severe due to the large power dissipation. As the temperature
increases, the impedance inside the device also rise quickly,
causing thermally negative feedback which acts to reduce the
drain-to-source current.

C. Shield Planar MOSFET Structure

From the previous discussion, when a high-powered MOS-
FET drain–source voltage is applied, a gate-leakage reach-
through phenomenon might happen, causing a gate reliability
problem for the planar SiC MOSFET. The reach-through in
MOSFETs can be reduced by shielding the channel against the
high electric field developed in the drift region. The shielding is
accomplished by the formation of either a P-type region under
the channel or by creating a high-resistivity conduction barrier
under the channel, which cannot be observed in planar Si MOS-
FET and planar SiC MOSFET, as referred in Fig 3(b). While
Fig. 3(a) shows a planar MOSFET structure that represents both
Si MOSFET and SiC MOSFET, which were discussed in Section
II-A [18]. A potential barrier is formed when the JFET region
becomes depleted with the applied drain bias. This barrier pre-
vents the strong electric field from extending the effective area
up to the gate oxide region. If the doping concentration of the
shielding region is high, the reach-through breakdown problem
discussed in the previous section can be limited.

Fig. 4. Summary of the gate-oxide breakdown mechanism in short-circuit
test.

D. Problem of Gate–Source Leakage Current During
the Short-Circuit Operation

As aforementioned in Section II-A, the gate oxide thickness
of SiC MOSFETs is thinner than that of typical Si MOSFETs.
Furthermore, the electric field through the gate oxide is higher
compared to typical silicon devices. During the short-circuit test,
the device endures the whole dc source voltage with an excessive
short-circuit current. Such increase in drain-to-source voltage
leads to a high electric field at the P-base/N-drift region causing
an increase in the depletion layer thickness in the P-base re-
gion. As a result, a reach-through phenomenon seems to happen
causing a large leakage current to flow from the gate-to-source.
The higher electric field inside and the smaller thickness of
the gate oxide causes the leakage current to increase. The ex-
cessive increase in temperature during short-circuit operation
would also increase the leakage current. Therefore, even with
a small short-circuit pulse, the produced gate leakage current
during the short-circuit operation will significantly reduce the
reliability of the gate and the device. This paper proves that
the reliability of the gate is affected by the operating condi-
tion, and also after a small number of short-circuit tests, the
gate can be broken. According to the operating principles of the
gate structure, the shield planar MOSFET is supposed to have
a better performance and a higher reliability than conventional
planar MOSFETs.

E. Summary of the Gate Reliability Degradation Mechanism

Summary of the breakdown mechanism investigated in this
paper is presented in Fig. 4. The physical descriptions discussed
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Fig. 5. High power clamped inductive load tester for a semiconductor power
devices under test.

Fig. 6. Experimental setup.

in previous sections apply to the part from the beginning of the
figure to the “gate–source leakage current.” The remaining part
will be mentioned in detail in following sections.

III. DESCRIPTION OF THE EXPERIMENTAL SETUP

A. Construction of Tester

For the short-circuit test, a high-power clamped inductive
load tester is used. Fig. 5 shows the high-power clamped induc-
tive load tester for SiC semiconductor power devices. A 3.3-kV
transformer is connected to the main grid through a variable ac
voltage (VARIAC) to provide the ac power to the dc capacitor
(C in Fig. 5). The VARIAC is used to manually control the
voltage level. A high-power rectifier is connected to the sec-
ondary high-voltage terminal of the transformer to provide the
required dc voltage level on the capacitor bank of 850 μF with a
1.6-kV rating. A TI28335 DSP controller is used to control the
gate driver PWM signal. A protection switch is used to separate
the power stage of the tester circuit from the electrical grid to
prevent the circuit damage during the failure. An experimental
setup photograph of the proposed tester is shown in Fig. 6.

B. Operation Principle of the Tester

The short-circuit test can cause the failure of the power semi-
conductor devices, especially when the circuit operates at high
voltage, high current [1]. In fact, the test can induce a thermal
failure on the DUT by the heat inside the devices during the
short-circuit operation. Also, the devices can blow up due to
overrating conditions in breakdown mode.

The test needs a preliminary procedure with the protection
switch turn-on for charging-up the input capacitor. After a drain
voltage is applied, the protection switch is turned OFF. Then, the
gate driver provides a single pulse signal and the DUT turns ON
with conducting a current in the loop of capacitor (C)—inductor
(L)—DUT. After few microseconds of the pulsewidth, the DUT
turns OFF [23], [24]. Actually, the inductance is very small less
than 1 μH, thus the DUT suffers nearly short-circuit conduction
between Vdc and the ground. Then, the input capacitor sustains
the dc voltage against the huge short-circuit current as a charge
buffer.

IV. MODELING AND SIMULATION OF SIC MOSFET

A. Modeling of Gate Drive Circuit

Fig. 7 shows the equivalent circuit of a general SiC MOSFET
gate driver with small parasitic components. The gate drive IC
is connected to 18-V dc power supply. A single pulse is given to
drive the IC for the short-circuit test. This signal is delivered to
the gate of SiC MOSFET. In this figure, the key measurement
points for simulation are shown as IGS and VGS for the gate
current and the voltage, respectively.

B. Modeling of the Tester for SiC MOSFET Under
Short-Circuit Operation

In this section, input impedance model at the gate oxide is
proposed to study the effect of the short-circuit operation on
the gate of SiC MOSFETs, which is supposed to be less re-
liable than that of Si MOSFET from the analysis in previous
sections. When the short circuit happens, it makes negative ef-
fects on the isolation of the gate oxide of the SiC MOSFET due
to the extreme conditions. Actually, the hardware experiments
show that the short-circuit condition causes a large gate–source
leakage current, leading to the breakdown of the gate isolation.
Fig. 8 shows the circuit diagram of the short-circuit tester with
a proposed SiC MOSFET model. The gate drive circuit shown
in Fig. 7 is used to provide the single pulse signal. In the SiC
MOSFET model, the input impedance part is divided into two
parameters of CGS , which means the gate isolation of the in-
put resistance and the gate–source leakage current mentioned in
Section II-C.

An equation is derived to model the effects of short-circuit
bias on the input impedance of the device from the hardware
test results (see figures in Section V). The gate–source voltage
equation during the test is expressed as a function of the gate
current as

vGS = −(53.64 V/A)ileak + 18 V (3)



NGUYEN et al.: GATE OXIDE RELIABILITY ISSUES OF SIC MOSFETS UNDER SHORT-CIRCUIT OPERATION 2449

Fig. 7. Circuit model of the gate driver.

Fig. 8. Circuit diagram of the short-circuit tester with a proposed circuit model of the SiC MOSFET (DUT).

where ileak is the leakage current flow through the input re-
sistance, which presents the gate leakage effect and vGS is
the value of gate–source voltage, affected by ileak . From the
equation, it can be seen that the gate impedance has a negative
value, which means that the voltage and current are positive
feedback to each other. This means that if a current disturbance
triggers the voltage drop at the gate, then the voltage drop also
induces a higher gate current, accelerating the effects of each
other. For a new model, an extra drain–source resistance R is
modeled to represent the drain–source current variation from
the thermal effects during the test, exactly matching to the ex-
perimental results (see IDS in Fig. 12), the value of R is set to
2.5 Ω.

C. Simulation Results

As proposed in above sections, the reach-through phe-
nomenon can occur when a high-drain–source voltage is applied
to the SiC MOSFET devices with a thin gate-oxide layer. Hence,
the gate oxide can cause reliability issues when it operates un-
der high-voltage stresses. The phenomenon is reflected in the
input-impedance part of Fig. 8 as the input resistance is shunt-
connected with CGS . From the model, when a high-drain–source

Fig. 9. Current flow through the input resistance simulated from the proposed
circuit model.

voltage is applied, a gradually increasing current flow through
input resistance of DUT, as shown in Fig. 9 (measured by IGS
in Fig. 7), is observed.

Fig. 9 shows the leakage current waveform conducting the
input resistance of DUT (IGS in Fig. 7). The current has a re-
lationship with the gate–source voltage through the negative
impedance characteristic [see (3)]. With the conduction time,
the leakage current increases at the input resistance, causing a
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Fig. 10. Gate–source voltage reduction of SiC MOSFET in PSIM.

Fig. 11. Gate–source current of SiC MOSFET in PSIM.

significant voltage drop in the gate–source voltage, as shown
in Fig. 10. This is an extraordinary phenomenon, which is sup-
posed to be gate-isolation degradation, hardly seen in the tests of
commercial Si MOSFETs. Using the leakage current in Fig. 9,
the total gate–source current can be predicted through PSIM
simulation, as shown in Fig. 11. Actually, the gate–source leak-
age current explains well the theoretical analysis discussed in
Section II, and also it matches exactly with the hardware results
given in following sections.

V. EXPERIMENTAL RESULTS AND DISCUSSION

Three kinds of samples of a commercially available planar
SiC MOSFET (CMF10120D) rated at 1200 V/24 A, a shield
planar SiC MOSFET (SCT2080KE) rated at 1200 V/35 A, and
a Si MOSFET (IXTK22N100L) rated at 1000 V/22 A were
tested and compared under a variable 500-V dc-link voltage
during short-circuit operation. The variation parameters for the
tests are input dc voltage Vdc (equal to drain-to-source voltage
Vds), gate-to-source voltage VGS , and the pulsewidth of the
single pulse. The test is carried out through the experimental
tests by applying a single pulse and then the device was left for
several minutes—hours, required to complete the heat sinking,
before applying the next pulse. The pulsewidth is longer than
the reliability standard range to accelerate the degradation.

Fig. 12. Effect of VGS for planar SiC MOSFET under short-circuit operation.

A. Comparison of the Reduction on the Gate–Source Voltage
Between Planar Si and Planar SiC MOSFETs

Fig. 12 shows the drain–source voltage and current wave-
forms during the short-circuit operation for SiC MOSFET in
the cases of VGS = 15 V and VGS = 18 V, VDS = 500 V, the
pulsewidth = 15μs. According to discussion in Section II, when
a short circuit happens, the drain current continuously increases
and reaches the peak value about 150 A with VGS = 15 V at
4.3 μs, then it begins to reduce smoothly afterward. In spite of
the large short current, the dc voltage (VDS ) is maintained suc-
cessfully by the charge buffer of the input capacitor. At higher
gate voltage VGS = 18 V, the electric field under the gate ox-
ide becomes stronger due to the higher electron–hole density
in the channel, leading to an extension of the depletion layer.
As a result, the peak current value increases and equals to 195
A at 3.7 μs from the rising edge of the single pulse. At VGS =
18 V, the gate–source VGS reduction is clearly observed during
a time span from 10 μs to the falling edge. That is supposed to
be caused by the negative resistance from the leakage current at
the gate oxide (see (3)). The waveform agrees well with that of
the SiC MOSFET model in Fig. 10.

Fig. 13 shows the gate–source voltage waveforms of a planar
Si and a planar SiC MOSFETs during the short-circuit operation
with variation of VGS . The pulsewidth is 15 μs. In case of
Si MOSFET, the gate–source voltage sustains its initial value
during the entire pulsewidth, even with the variation of VGS
from 15 to 18 V. In case of a planar SiC MOSFET, whereas, a
gradual reduction on the gate–source voltage happens during the
conduction. From the hardware results, it can also be seen that
the increase of the gate–source bias leads to the clear failure of
the constant gate voltage. One of the main factors intermediating
between the parameter VGS and the negative resistance effects is
the heat generation inside the planar SiC MOSFET. As discussed
in previous section, when the gate–source voltage increases, the
drain–source current also increases as shown in Fig. 12, which
causes the power dissipation increase inside the device. From
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Fig. 13. Gate–source voltages of a Si and a planar SiC MOSFETs during the
short-circuit test.

Fig. 14. Gate–source voltage waveforms of a Si and a planar SiC MOSFETs
under the test with different pulsewidths.

the temperature rising, the leakage current effect becomes more
serious, and then the negative input impedance reduces the gate–
source voltage in case of the planar SiC MOSFET. This effect
will be analyzed more in detail in following sections.

Fig. 14 presents the waveforms when the single pulsewidth
increased to 20 μs. The operating condition is VDS = 500 V,
VGS = 18 V, Rg = 30 Ω. The reduction in gate–source voltage
happens only in case of SiC MOSFET, not in Si, the same as the
previous result. From the test, it can be seen that the reduction on
VGS starts at 10 μs and continuously decreases until the falling
edge. Compared to the 15 μs pulsewidth, the 20 μs pulse has a
more serious voltage reduction to from 16.6-V VGS to 15.4 V.
As a result, the increase of the short-circuit state induces more
serious voltage reduction as expected.

Fig. 15 presents the effects of drain–source voltage on the
reduction of gate–source voltage for the case of planar SiC
MOSFET under short-circuit operation. In this test, the short

Fig. 15. Effects of VDS on gate–source voltage of a Si and a planar SiC
MOSFETs during the short-circuit test.

circuit is performed with a variation of VDS at the gate–source
voltage VGS = 18 V, Rg = 30 Ω, and single pulsewidth equal
to 15 μs. When the drain–source voltage decreases from VDS =
500 V to VDS = 400 V, the reduction in gate–source voltage
becomes slightly relieved from 16.6 V VGS to 17.6 V. This
phenomenon is caused by the reduction of the power dissipation
with change of the drain–source voltage. The thermal stress
reduction from the small dissipation attenuates the negative-
impedance effect as aforementioned in spite of the same value
of the peak drain–source current in the cases.

As for the comparison between Si and SiC MOSFETs, since
the gate oxide of SiC MOSFET is thinner than Si, the reach-
through phenomenon happens more seriously when the same
drain–source voltage is applied, causing a greater gate–source
leakage current. This current affects the reliability of the gate,
significantly presenting a reduction of the gate–source voltage
through the negative impedance. In Si MOSFET, the reduction
in gate–source voltage is negligible even when the value of
drain–source voltage is changed under short-circuit operation.

B. Comparison the Reduction on Gate–Source Voltage
Between “Planar” SiC and “Shield Planar” SiC MOSFETs

From the previous results, it is known that planar SiC MOS-
FETs have a negative resistance effect from the smaller gate
thickness which would affect gate reliability. A further investi-
gation for this phenomenon is performed with a shield planar
SiC MOSFET in this section.

Fig. 16 presents the reduction in gate–source voltage of a pla-
nar SiC MOSFET compared to a shield planar SiC MOSFET.
The operating condition is VDS = 500 V, VGS = 18 V, Rg =
30 Ω, and the pulsewidth = 15 μs. As a result, the voltage re-
duction of the planar SiC and the shield planar SiC MOSFETs
equals to 1.4 and 0.4 V, respectively, under the same condi-
tions. The reduction in gate–source voltage of the shield planar
SiC MOSFET is lower than the planar SiC MOSFET. This
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Fig. 16. Reduction in gate–source voltage for planar SiC MOSFET and Shield
planar SiC MOSFET.

phenomenon happens due to the difference in the structure of
the gate oxide of SiC MOSFETs, as per previous discussion
in Section II-D. The shield planar SiC MOSFET has a shield-
ing gate oxide layer, which makes the gate of shield planar
more reliable than that of the planar SiC MOSFET. In addition,
the shielding structure can limit the reach-through phenomenon
which substantially causes the leakage current and more seri-
ous gate–source voltage reduction for planar SiC MOSFETs.
Due to the reach-through limitation of the shielded MOSFET,
the leakage current can affect the gate reduction less than the
case of planar SiC MOSFETs.

However, since the shield planar SiC device also has a thinner
gate oxide layer than that of Si devices, it can be concluded that
the reduction in gate–source voltage still remains from the inher-
ent gate structure (thickness) of shield planar SiC MOSFETs,
even though the effect is attenuated much. As per previous dis-
cussion, the reduction in the gate–source voltage is triggered
by the effect of the heat accumulated inside SiC MOSFETs.
Thus, from all the statements and results above, it can be sum-
marized that SiC MOSFETs have a vulnerable gate structure to
the thermal effects resulting from the short-circuit test.

A further experimental result is shown in Fig. 17, which is
obtained with the variation of VDS . Still the reduction at 400-V
bias remains as much as that of 500-V case in the shield planar
MOSFET.

C. Device Degradation

There have been several papers discussing the reliability is-
sues of the SiC MOSFETs [24], [25] under normal operating
conditions. They introduce many degradation mechanisms un-
der the normal condition, such as tunneling into and through gate
oxide, stacking faults mechanism, so on. This paper proposes
degradation phenomenon of SiC MOSFETs under short-circuit
operation.

Permanent device degradation can be observed after several
short-circuit tests. Fig. 18 exhibits the gate voltage character-
istics of a planar SiC MOSFET during multiple short-circuit
tests. The DUT is switched up to 500-V dc voltage with 18-V

Fig. 17. Comparison of the effect of the bias VDS on the reduction of gate–
source voltage between a planar SiC MOSFET and a shield planar SiC MOSFET.

Fig. 18. Gate–source voltage characteristic of planar SiC MOSFET during
multiple short-circuit tests, VDS = 500 V.

gate bias voltage and single pulsewidth equal to 15 μs. From the
figure, it can be seen that the gate–source voltage slightly de-
creases after 50 short-circuit tests. For the first short-circuit test,
the gate–source voltage drops to 16.6 V, and after the 50th short-
circuit test the gate–source voltage drops to 16.4 V. Since the
reduction in gate–source voltage is caused by the gate leakage
current, the voltage reduction is closely related to gate oxide
defects. After a number of short-circuit tests, the degradation
becomes clear at the gate of the SiC device by the accumula-
tion of defects. This permanent degradation can be explained by
tunneling into and through gate oxide as mentioned above. As
mentioned in previous sections, the SiC MOSFETs are designed
with small gate oxide thickness and that causes high electric field
across the oxide. When a positive bias is applied to the gate, due
to the small oxide thickness, which results in a small width
of the potential barrier, the electrons at the strongly inverted
surface can tunnel into or through the SiO2 layer. As a result,
the gate oxide tunneling leakage current appears. The tunneling
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Fig. 19. Comparison of the VDS − IDS characteristic curves before and after
the short-circuit test (VGS = 20 V, 20 times short-circuit tests with 8 μs pulse).
(a) Planar SiC MOSFET. (b) Si MOSFET.

mechanism between substrate and gate polysilicon can be di-
vided into two parts, namely: Fowler–Nordheim tunneling and
direct tunneling. More explanation for these two kinds of tunnel-
ing is proposed in [26]. The resulting leakage current affects the
isolation of the gate oxide causing the gate degradation during
short-circuit operation.

A further experiment was performed to investigate the effect
of short-circuit operation on the normal operating characteris-
tics. The drain–source voltage and current (V–I) curves of the
SiC MOSFET have been sketched before and after the short-
circuit tests [27], [28]. The experimental test results are shown in
Fig. 19. This figure contains the drain–source resistance varia-
tion of the planar SiC and Si MOSFET before and after 20 times
short-circuit tests. It can be seen that the variation of the Si
MOSFETs are negligible, whereas the planar SiC MOSFET has
a significant change in the V–I characteristics such as almost
twice the resistance after a number of the short-circuit tests. The
results show that planar SiC MOSFETs have a weaker short-
circuit ruggedness compared to Si MOSFETs. The resistance
increment can work as a positive feedback to the reliability of
SiC MOSFETs through a thermal effect that have the higher
resistance as the temperature increases.

A further experiment was done with a number of short-circuit
tests for the gate reliability check. The result is shown in Fig. 20.
This figure shows the gate–source voltage waveform of the pla-
nar SiC MOSFET before (blue curve) and after 50 times short-
circuit tests (red curve). The key feature of the test is that the
gate of SiC MOSFET operates with no dc bias on the drain–
source, meaning a free running of the device away from any
power (thermal) stress. It can be seen that, before the short-
circuit tests, the gate–source voltage reaches 18 V fully (blue

Fig. 20. Comparison of the gate of a planar SiC MOSFET before and after
short-circuit tests without the input voltage.

Fig. 21. DC current waveform at the gate of a planar SiC MOSFET sample
having an experience of multiple short tests.

curve). Then, after several short-circuit tests, the plateau of the
gate–source voltage sinks down to 16.4 V (red curve). The
result means that the reliability of the gate structure of the de-
vice suffers a permanent change under the test. The influence
can lead the destructive breakdown of MOSFET easily because
the short-circuit condition occurs frequently in high-frequency
switching operation of the switching power conversion
circuits.

Finally, a hardware measurement with an aged device with
a 50 times short-circuit test was attempted to directly detect
the gate current. As shown in Fig. 21, a dc current injected
into the gate is measured even under free-running with zero
dc link voltage (VDS = 0 V). As aforementioned, the gate of
SiC MOSFET cannot reach fully 18 V due to the degradation.
The result shows that a dc current of 25 mA permanently flows
through the gate. This means that the gate isolation has already
been partially damaged, and the gate is already broken.
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VI. CONCLUSION

Commercially available 1200-V/24-A planar SiC MOSFETs
were tested for a short-circuit operation. The test results were
compared to 1000-V/22-A Si MOSFET. Furthermore, another
SiC MOSFET (Shield planar SiC MOSFET) was tested and
compared to planar SiC MOSFET under extreme short-circuit
conditions to accelerate the degradation. A proposed model
and the simulation results of planar SiC MOSFETs were pre-
sented. These results have provided important information for
the reliability estimation of SiC MOSFETs under the short-
circuit condition. The experimental results have also shown
a gradual reduction in VGS in both cases of a planar and
shield planar SiC MOSFETs, which is not shown with Si de-
vices. This phenomenon is caused by the gate leakage cur-
rent due to the smaller gate thicknesses of SiC MOSFETs,
and then triggered by the high-power dissipation from the
short-circuit condition, which results in lower reliability of the
gate oxide.

In this study, a planar SiC MOSFET can withstand a short-
circuit time of 15 μs at VGS = 18 V. After 30 repeated events
of the short-circuit test, the device starts to degrade. When the
single pulse is increased up to 20 μs, the gate of planar SiC
MOSFET was totally broken by only one further short-circuit
test. However, for a case of shield planar SiC MOSFETs, the
gate was still alive with the same testing conditions. These
different results are caused by the differences in gate oxide
or doping structure of two kinds of SiC MOSFET. These re-
sults have shown that the gate reliability of SiC MOSFETs
is not as good as that of Si MOSFETs, and also shown that
some more methodology is necessary in fabrication technolo-
gies or in the driving circuit technology for the gate reliability
improvement of SiC power devices. In future work, a num-
ber of devices will be tested to further investigate the aver-
age number of short-circuit tests before a permanent gate side
breakdown occurs.

REFERENCES

[1] C. Abbate, G. Busatto, and F. Iannuzzo, “Unclamped repetitive stress on
1200 V normally-off SiC JFETs,” Microelectron. Rel., vol. 52, no. 9/10,
pp. 2420–2425, Sep./Oct. 2012.

[2] W. Zhou, X. Zhong, and K. Sheng, “High temperature stability and the per-
formance degradation of SiC MOSFETs,” IEEE Trans. Power Electron.,
vol. 29, no. 5, pp. 2329–2337, May 2014.

[3] X. Zhong, X. Wu, W. Zhou, and K. Sheng, “An all-SiC high-frequency
boost DC–DC converter operating at 320 °C junction temperature,” IEEE
Trans. Power Electron., vol. 29, no. 10, pp. 5091–5096, Oct. 2014.

[4] W. Guannan, Y.-C. Liang, and G. S. Samudra, “Realistic simulation on
reverse characteristics of SiC/GaN p-n junctions for high power semicon-
ductor devices,” in Proc. IEEE 8th Int. Conf. Power Electron. ECCE Asia,
May/Jun. 2011, pp. 1464–1468.

[5] ROHM Semiconductor Company, 1200 V SiC MOSFETs [Online]. Avail-
able: http://www.rohm.com/web/global/sic-mosfet

[6] A. Merkert, T. Krone, and A. Merten, “Characterization and scalable mod-
eling of power semiconductors for optimized design of traction inverters
with Si- and SiC-devices,” IEEE Trans. Power Electron., vol. 29, no. 5,
pp. 2238–2245, May 2014.

[7] P. Ranstad, H.-P. Nee, J. Linner, and D. Peftitsis, “An experimental eval-
uation of SiC switches in soft-switching converters,” IEEE Trans. Power
Electron., vol. 29, no. 5, pp. 2527–2538, May 2014.

[8] X. Huang, G. Wang, Y. Li, A. O. Huang, and B. Baliga Jayant, “Short-
circuit capability of 1200 V SiC MOSFET and JFET for fault protection,”
in Proc. IEEE 28th Annu. Appl. Power Electron. Conf. Expo., Mar. 17–21,
2013, pp. 197–200.

[9] A. Castellazzi, T. Funaki, T. Kimoto, and T. Hikihara, “Short-circuit tests
on SiC power MOSFETs,” in Proc. IEEE 10th Int. Conf. Power Electron.
Drive Syst., Apr. 22–25, 2013, pp. 1297–1300.

[10] S. Krishnaswami, M. Das, B. Hull, S.-H. Ryu, J. Scofield, A. Agar-
wal, and J. Palmour, “Gate oxide reliability of 4H-SiC MOS de-
vices,” in Proc. 43rd Annu. Int Rel. Phys. Symp., Apr. 17–21, 2005,
pp. 592–593.

[11] T. Santini, M. Sebastien, M. Florent, L.-V. Phung, and B. Allard, “Gate
oxide reliability assessment of a SiC MOSFET for high temperature aero-
nautic applications,” in Proc. IEEE ECCE Asia Downunder, Jun. 3–6,
2013, pp. 385–391.

[12] L. C. Yu, G. T. Dunne, K. S. Matocha, K. P. Cheung, J. S. Suehle,
and S., Kuang, “Reliability issues of SiC MOSFETs: A technology for
high-temperature environments,” IEEE Trans. Device Mater. Rel., vol. 10,
no. 4, pp. 418–426, Dec. 2010.

[13] W. Hermansson, F. Chimento, and T. Jonsson, “Robustness evaluation
of high voltage Press Pack IGBT modules in enhanced short circuit
test,” in Proc.IEEE. Energy Convers. Congr. Expo., Sep. 12–16, 2010,
pp. 92–99.

[14] X. Zhuxian and F. Wang, “Experimental investigation of Si IGBT short
circuit capability at 200 °C,” in Proc. IEEE 28th Annu. Appl. Power
Electron. Conf. Expo., Feb. 5–9, 2012, pp. 162–168.

[15] M. J. Barnes, E. Blackmore, G. D. Wait, J. Lemire-Elmore, B. Rablah,
G. Leyh, M. N. Nguyen, and C. Pappas, “Analysis of high-power IGBT
short circuit failures,” IEEE Trans. Plasma Sci., vol. 33, no. 4, pp. 1252–
1261, Aug. 2005.

[16] R. Pagano, Y. Chen, K. Smedley, S. Musumeci, and A. Raciti, “Short cir-
cuit analysis and protection of power module IGBTs.” in Proc. IEEE
28th Appl. Power Electron. Conf. Expo., Mar. 6–10, 2005, vol. 2,
pp. 777–783.

[17] W. Keiji, N. Shin-ichi, and O. Hiromichi, “Design and implementation of
a non-destructive test circuit for SiC-MOSFETs,” in Proc. 7th Int. Power
Electron. Motion Control Conf., Jun. 2–5, 2012, vol. 1, pp. 10–15.

[18] B. Jayant Baliga. (2005). Silicon Carbide Power Devices. 1st ed. Singa-
pore: World Scientific [Online]. Available: https://www.worldscientific.
com

[19] Y.-C. Yeo, T.-J. King, and C. Hu, “MOSFET gate leakage modeling and
selection guide for alternative gate dielectrics based on leakage consid-
erations,” IEEE Trans. Electron Devices, vol. 50, no. 4, pp. 1027–1035,
Apr. 2003.

[20] K. Y. Cheong, S. Dimitrijev, and Jisheng Han, “Investigation of ultralow
leakage in MOS capacitors on 4H SiC,” IEEE Trans. Electron Devices,
vol. 51, no. 9, pp. 1361–1365, Sep. 2004.

[21] K. Roy, S. Mukhopadhyay, and H. Mahmoodi-Meimand, “Leak-
age current mechanisms and leakage reduction techniques in deep-
submicrometer CMOS circuits,” Proc. IEEE, vol. 91, no. 2, pp. 305–327,
Feb. 2003.

[22] G. Busatto, C. Abbate, F. Iannuzzo, and P. Cristofaro, “Instable mech-
anisms during unclamped operation of high power IGBT modules,”
Microelectron. Rel., vol. 49, no. 9–11, pp. 1363–1369, Sep.–Nov.
2009.

[23] A. Ahmed, A. Castellazzi, L. Coulbeck, and M. C. Johnson, “Circuit
design and experimental test of a high power IGBT non-destructive tester,”
Microelectron. Rel., vol. 52, no. 11, pp. 2609–2616, Nov. 2012.

[24] A. Agarwal, H. Fatima, S. Haney, and R. Sei-Hyung, “A new degradation
mechanism in high-voltage SiC power MOSFETs,” IEEE Electron Device
Lett., vol. 28, no. 7, pp. 587–589, Jul. 2007.

[25] R. Singh and Allen R. Hefner, “Reliability of SiC MOS devices,” Solid-
State Electron., vol. 48, no. 10/11, pp. 1717–1720, Oct./Nov. 2004.

[26] K. Roy, S. Mukhopadhyay, and H. Mahmoodi-Meimand, “Leak-
age current mechanisms and leakage reduction techniques in deep-
submicrometer CMOS circuit,” Proc. IEEE, vol. 91, no. 2, pp. 305–327,
Feb. 2003.

[27] M. Mudholkar, S. Ahmed, M. Nance Ericson, S. Shane Frank, C. L.
Britton, Jr., and H. Alan Mantooth, “Datasheet driven silicon carbide
power MOSFET model,” IEEE Trans. Power Electron., vol. 29, no. 5,
pp. 2220–2228, May 2014.

[28] G. Cao and H.-J. Kim, “A novel circuit for characteristics measurement
of SiC transistors,” J. Elect. Eng. Technol., vol. 9, no. 4, pp. 1332–1342,
Jul. 2014.



NGUYEN et al.: GATE OXIDE RELIABILITY ISSUES OF SIC MOSFETS UNDER SHORT-CIRCUIT OPERATION 2455

Thanh-That Nguyen received the B.Sc. degree from
the Department of Physics and Engineering Physics,
University of Science (Vietnam National University-
HoChiMinh City) in 2010. He also received the M.S
degree in electrical engineering from Soongsil Uni-
versity, Seoul, Korea, in 2014.

His research interests include structure and char-
acterizations of power semiconductor devices, apply
to high power, high voltage applications.

Ashraf Ahmed (M’09) received the B.Sc. and M.Sc.
degrees in electrical engineering from Assiut Univer-
sity, Assiut, Egypt, and Cairo University, Giza, Egypt,
in 1999 and 2005, respectively. He received the Ph.D.
degree from University of Durham, Durham, U.K.,
in 2011, in the field of renewable energy control and
power electronics.

He is currently an Assistant Professor at Soongsil
University, Seoul, Korea. His research interests in-
clude the analysis and design of switching power
converters for renewable energy applications.

T. V. Thang (M’14) received the B.S. degree from the
University of Transport and Communication, Hanoi,
Vietnam, in 2007, and the M.S. degree from the De-
partment of Electrical Engineering, Soongsil Univer-
sity, Seoul, Korea, in 2013. He is currently working
toward the Ph.D. degree at the Power Electronics Lab-
oratory, Soongsil University, Seoul, Korea.

His research interests include the modeling, anal-
ysis and control of power converter.

Joung-Hu Park (S’02–M’06–SM’13) received the B.S., M.S., and Ph.D. de-
grees from the Department of Electrical Engineering and Computer Science,
Seoul National University, Seoul, Korea, in 1999, 2001, and 2006, respectively.

He is currently an Assistant Professor at Soongsil University, Seoul, Korea.
His current research interests include the analysis of high-frequency switching
converters and renewable energy applications.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


