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Abstract—Gate leakage current and constant-voltage time-
dependent dielectric breakdown (TDDB) measurements at room
temperature and elevated temperatures of commercially available
large-area 1.2 kV 4H-SiC power MOSFETs are performed to
investigate their gate oxide reliability and better understand
their failure modes. It is shown that Fowler-Nordheim (F-N)
tunneling current is the dominant mechanism contributing to the
gate leakage current. Despite anomalous gate leakage current
behaviors that could be caused by interface states densities
(Dit) and near interface oxide traps, leakage currents at normal
operating condition (VG = 20 V at 28◦C) are less than 100 pA
for all vendors. Extrapolation from TDDB measurements shows
that the predicted lifetimes when VG = 20 V at both 28◦C and
175◦C are far longer than the targeted 10 years.

Index Terms—Silicon Carbide (SiC), MOSFETs, oxide relia-
bility, Folwer-Nordheim, TDDB, failure time

I. INTRODUCTION

There has been considerable interests in the investigation of
the gate oxide reliability for small-area SiC MOS capacitors
and DMOSFETs during the past 20 years [1], [2]. A recent
study published by CREE presented the gate oxide reliability
measurements for on-wafer large-area SiC MOS capacitors
[3]. It described the extrapolated gate oxide lifetime at gate
voltage of 15 V being larger than 108 hours at 175◦C. Ion
implantation followed by high temperature anneal is normally
utilized in SiC power MOSFETs fabrication. The ion im-
plantation process creates damage in the SiC crystal [4] and
consequently affect the gate oxide reliability and ruggedness.
Therefore, for large-area SiC power MOSFETs that are now
becoming commercially available, a comprehensive study of
the gate oxide reliability is needed for the next growth markets
such as electric vehicles (EVs) and plug-in hybrid electric
vehicles (PHEVs).

Table I shows the general information of the tested com-
mercial power MOSFETs in this work. Gate leakage current
and constant-voltage stress TDDB measurements were con-
ducted in these commercial devices at both room and elevated
temperatures.

TABLE I
TESTED 1.2 KV COMMERCIAL DEVICES

Vendors Type Current Typical Typical
Rating Vth RDS,on

C DMOSFET 12 A 9.5 V 600 mΩ
D T-MOSFET 17 A 5.5 V 200 mΩ
E’ DMOSFET 10 A 4 V 380 mΩ

II. EXPERIMENTAL METHOD

A. Gate Leakage Current Measurements

Fig. 1 shows the diagram of the proposed setup for gate
leakage current measurement. A packaged commercial MOS-
FET was placed into the test fixture (N1295A) with its source
and drain shorted to ground. A positive gate voltage sweep was
applied through the high power SMU of curve tracer (B1505A)
to the gate electrode at 28◦C, 175◦C and 280◦C and the
gate leakage current was measured until the gate oxide breaks
down. When measuring at higher temperatures, the packaged
devices were placed on top of a hot plate with an insulating
pad.

Fig. 2 (a) shows the gate leakage measurement for vendor E’
at different temperatures. The gate voltage is swept from 0 V to
breakdown voltage, and the gate leakage current compliance
is set at 100 mA to protect the curve tracer. For 28◦C and
175◦C, the measurement results of less than 30 V are not
actual leakage current but the noise floor of the measurement
setup. Also, it is suspected that the leakage current increase
at 280◦C is due to shunt paths through the plastic package.
The packages of all these commercial devices are only rated
at 175◦C. Therefore, it is reasonable to assume that increasing
leakage current at low gate oxide electric field is due to
package degradation at 280◦C.

It has been previously reported that at high gate oxide
electric field, Fowler-Nordheim (F-N) tunneling mechanism
is the dominant contribution to gate leakage current [1]. F-N
tunneling can be expressed as:

JFN (T ) = A(T )E2
ox exp

(−B(T )

Eox

)
(1)
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Fig. 1. Illustration of the experimental setup for measuring Fowler-Nordheim
tunneling current.

Fig. 2. (a) Gate current-voltage characteristics for Vendor E’ at 28◦C, 175◦C
and 280◦C and (b) F-N tunneling plots for Vendor E’ at 28◦C, 175◦C and
280◦C.

where JFN (T ) is the tunneling current density, Eox is the gate
oxide electric field, A(T ) and B(T ) are temperature dependent
coefficients. Equation (1) can be rearranged into a linear form
as:

ln(JFN (T )/E2
ox) = −B(T )/Eox + ln(A(T )). (2)

This is often referred as F-N plot. F-N plots at three tempera-
tures for vendor E’ are shown in Fig. 2 (b) assuming that the
oxide thickness is 50 nm. It demonstrates linear relationships
for over four decades of changes for all three temperatures.
It shows that F-N tunneling is the dominant mechanism
contributing to gate leakage under all three temperatures.

B. TDDB Measurements

Fig. 3 illustrates the proposed TDDB measurement setup. To
investigate TDDB, 10 devices were tested at each gate oxide
voltage to obtain an accurate prediction of the failure times due
to the statistical nature of dielectric breakdown. During the
measurement, 10 devices were placed in parallel on a PCB
test board while all their source and drain electrodes were
connected to ground. A constant gate voltage was applied to
all 10 gate electrodes. A fuse and a resistor were placed in
series with each MOSFET to limit the current flow during
breakdown. A 10-channel digital multi-meter (DMM6500)
was used to monitor the voltage drop across the resistors.
When a MOSFET broke down, multi-meter displayed sudden

Fig. 3. Illustration of experimental setup for Time-Dependent Dielectric
Breakdown (TDDB).

Fig. 4. Example of extracting t63% failure time with vendor E’ TDDB
measurement at VG=45 V.

voltage change across the resistor and the time was recorded
as the failure time of that MOSFET.

Studies have shown that Weibull distribution can be used
to successfully fit TDDB experimental data [2],[3]. The cu-
mulative density function (CDF) of a two parameter Weibull
distribution has the form of:

F (t) = 1− exp(−(
t

η
)β) (3)

This can be rearranged into:

ln(−ln(1− F (t))) = βln(t)− βln(η) (4)

where, β and η are the slope parameter and characteristic
lifetime of the Weibull distribution. A plot of ln(−ln(1 −
F (t))) as a function of time in log scale is often referred
as Weibull plot. β can be extracted from the slope of the
Weibull plot. When t = η, the cumulative percentage of failure
F (t) = 1 − exp(−(ηη )

β) = 1 − 1/e = 63.2%, and the y-axis
of Weibull plot ln(−ln(1 − F (t))) = βln(η) − βln(η) = 0.
Therefore, η is the time at which 63% of the devices will fail
and it equals to the time when the y-axis is zero on the Weibull
plot.

Fig. 4 (a) shows the Weibull plot of ten measured TDDB
failure times of vendor E’. The ten measured failure times are
sorted with increasing order and the cumulative percentage
of the these failure times are calculated using the median-
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rank method as shown in eq. (5) to minimize systematic error
caused by limited sample size [5], [6],

F (i) =
i+ 0.3

n− 0.4
(5)

where i is the ith sorted failure time and n is the sample size.
From Fig. 4 (a) at VG = 45V , β = 12 and η = 0.35 hours
can be extracted. With these two parameters, the CDF at any
given time can be constructed as shown by the dashed line
in Fig. 4 (b). The constructed CDF agrees well with the ten
measured failure times.

III. RESULTS AND DISCUSSION

A. Gate Leakage Measurement Results

Figs. 6-8 show the gate leakage current measurements at
28◦C, 175◦C and 280◦C for all three vendors. It can be
observed in Fig. 6 that for vendor E’, the leakage current
maintained the same level from 28◦C to 175◦C and then
increased from 175◦C to 280◦C. The breakdown voltage
decreases as temperature is increased. These can be explained
by reduction of effective barrier height and re-emission of
electrons that are trapped at the interface at elevated tem-
peratures as shown by process B in Fig. 5. Due to electron
emission from the interface, threshold of the device under test
(DUT) will decrease. Therefore, for a constant gate bias, the
voltage drop across the gate oxide will increase and enhance
F-N tunneling. Assuming that the critical electric field for
dielectric breakdown stays constant at different temperatures,
reduced gate voltage is needed to reach dielectric breakdown.
Therefore, the breakdown voltage reduced from 28◦C to
280◦C.

Vendors C and D exhibit different gate leakage current
behaviors as shown in Figs. 7 and 8. When the gate bias
approached a certain voltage (crossover point), the leakage
current at higher temperature decreased and became less
than the leakage current at lower temperature. The behavior
before the crossover point are similar to vendor E’. So the
reduction of effective barrier height and electron re-emission
from the interface traps are still taking place. However, with
the presence of near interface oxide traps, more electrons can
be injected into these oxide traps at elevated temperatures as
shown by process C in Fig. 5. It can be shown from Gauss’s

Fig. 5. Energy band diagram of a SiC MOSFET showing F-N tunneling (A),
re-emission of electron from interface traps (B) and electron injection into the
near interface oxide traps (C).

Law that this process can relax the oxide electric field near
the interface thus increase the barrier width and suppress F-N
tunneling [7]. Furthermore, with the injected electrons into the
oxide traps, the threshold voltages of the DUTs will increase.
Therefore, in contrast to vendor E’, the breakdown voltages
of vendors C and D increased with elevated temperatures.
These measurements show that the leakage current behavior at
elevated temperatures is strongly related to interface traps and
near interface oxide traps and it can be used as an indication
of the quality of gate oxide.

Fig. 6. Current-voltage characteristics for Vendor E’ at three different
temperatures (28◦C, 175◦C and 280◦C )

Fig. 7. Current-voltage characteristics for Vendor C at three different
temperatures (28◦C, 175◦C and 280◦C )

Fig. 8. Current-voltage characteristics for Vendor D at three different
temperatures (28◦C, 175◦C and 280◦C )
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B. TDDB Measurement Results

A total of 80 commercial devices from vendor E’ were
characterized with constant-voltage TDDB measurements at
28◦C and 175◦C. At each temperature, four different gate
voltages were applied. These gate voltages were selected so
that the failure times are of the order of 10 minutes, 1 hour,
10 hours and 100 hours, respectively at 28◦C. The Weibull
distributions for both temperatures are shown in Figs. 9 and
10. When approximating the linear regression lines for the
Weibull distribution, data points that fall significantly outside
of the rest of the distribution were ignored. Despite the effort,
variations of the slope parameter β can still be observed for
both 28◦C and 175◦C. According to the percolation theory of
dielectric breakdown, the slope parameter β is proportional to
the oxide thickness and inverse of active area [8]. Therefore,
the mismatch of oxide thickness might contribute to the
variations of β. Percolation theory assumes that there is no
pre-existing gate oxide defects. In practice, gate oxide defects
exist before the stress is applied. These defects can introduce
different failure modes and modify β values. Another potential
cause for β variation is the threshold voltage difference for
the commercial devices. For a given gate bias, with different
threshold voltages, the gate oxide electric field will vary
thus resulting in different failure times. Threshold voltage
variations also indicate potentially different interface states and
oxide defects distributions. This might cause the failure mode
to change between devices and thus creating variations of the
β values.

From the two distributions presented in Figs. 9 and 10, the
63% failure times (t63%) and slope parameter β at different
gate voltages can be extracted. t63% as a function of applied
gate voltages at both 28◦C and 175◦C are plotted in Fig.
11. Assume that log(t63%) is linearly proportional to VG as
predicted by thermal-chemical E-model [9], the failure time
at VG = 20 V can be extracted by extrapolating back to the
normal condition with a linear regression line. Once β and
t63% are extracted, the failure time at any given cumulative
percentage of failure can be derived from Eq. (4) and it is
given by:

tF% = t63%exp
{ 1

β
ln(−ln(1− F ))

}
. (6)

Failure times for other cumulative percentage of failures
such as 1ppm (t1ppm) are often used in automotive industry.
t1ppm at 175◦C as a function of applied gate bias are also
calculated and shown by the blue up-word triangles in Fig.
11. Extrapolation back to VG = 20 V predicts t1ppm at 175◦C
to be larger than 106 hours.

Fig. 9. Weibull distribution of vendor E’ for four different gate voltages at
28◦C.

Fig. 10. Weibull distribution of vendor E’ for four different gate voltages at
175◦C.

Fig. 11. Failure times, t63% and t1ppm, as a function of applied gate bias
for vendor E’ at 28◦C and 175◦C.
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IV. CONCLUSION

Gate leakage current and time-dependent dielectric break-
down measurements were performed on commercial 1.2 kV
4H-SiC Power MOSFETs from several vendors. Gate leakage
currents at normal operating condition (28◦C and 20 V gate
bias) showed values less than the noise floor (100 pA) for all
three vendors. Anomalous gate leakage current behaviors that
might be caused by high interface state density and near inter-
face oxide trap were observed for vendors C and D. Therefore,
the community should keep working on improving the oxide
quality. TDDB measurement for vendor E’ demonstrated that
the predicted lifetime through extrapolation assuming a linear
field-dependent model for 1ppm (t1ppm) at 175◦C is still larger
than 106 hours.
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