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Abstract —This paper focuses on the enhancement of the robustness level of SiC MOSFET during short-circuit conditions. In this
study, two approaches allowing to ensure safe “Fail-To-Open” (FTO) mode in planar power SiC MOSFET devices under short-
circuit operation are presented. These approaches are based on direct depolarization of the gate source voltage and its estimation
from the calculation of the critical dissipated power (W/mm2) between FTO and classical unsafe thermal runaway. They allow to
determine the maximum value of the gate source voltage to preserve a FTO mode under a drain source voltage close to the nominal
value i.e Vgrmin / 2. The boundary of the power density between FTO and “Fail-To-Short” (FTS) is introduced. A complete
experimentation of the two failure modes in competition that may appear during short-circuit (SC) test of 1.2 kV SiC MOSFETS is
presented. Finally, the penalty of the gate source voltage depolarization on the on-state resistance (Rasen)) is investigated in order

to evaluate the techniques efficiency.

1. Introduction

Wide bandgap semiconductor materials like Silicon Carbide
(SiC) stands in the centre of attention for designing new power
semiconductor devices thanks to their better intrinsic properties
than Silicon (Si) [1]. SiC has interesting physical properties such
as high electric field and high thermal conductivity that makes
ability to ensure superior performances in high power
applications (temperature, switching frequency, efficiency) [2].
SiC MOSFET are an effective technology solution to design
high performance electrical-power switches that provides lower
switching losses and high power density [3,4]. Beside the
switching performance, SiC MOSFETs robustness in the
industrial field is a major feature that must be considered for
power conversion systems [5]. Indeed, SiC MOSFET capability
in withstanding stressful conditions, such as short-circuit (SC)
operation, is the main obstacle of the expansion of these devices
to industrial applications.

Literature highlights several studies investigating the SC
capability of SiC MOSFETS [6-9]. According to the literature,
SiC MOSFETs may present, under short circuit operation, a
competition between two failure modes. The first one is called
drain-source Fail-To-Short (FTS) failure characterized by a
drain-source short and leads to a permanent damage of the
device. The second one is named drain-source Fail-To-Open
(FTO) failure caused by a hard gate —source short-circuit path
which Vg < Vg (threshold voltage) is applied.

The FTS mode is issued from a thermal runaway and/or the
parasitic BJT latch-up inducing the local destruction of the die
and the creation of a metallic path between drain and source. In
the FTO mode, fusion and diffusion of the Al top metal through
gate-cracks are observed [10]. This failure is related to the
extreme heat in short-circuit between the poly silicon gate and
the Al source. This metallic path can be located either on top of

the chip between the gate fingers and the source pad below the
passivation layer, and/or through the ILD (Inter-Layer
Dielectric) across metallized cracks [11]. This is due to a very
low coefficient of thermal expansion of the oxide compared to
those of Al and SiO.. In the latter case, the short-circuit between
the gate and source electrodes can lead to a permanent FTO
mode if Vg < Vg Or a partial FTO mode if Vgs > Vgsin. In any
case, FTO is clearly a more secure failure mode and is suitable
for safety applications. In the literature [12], to preserve the FTO
mode, a drain source voltage (Vgs) depolarization method was
used to reduce the power density crossing the chip in order to
avoid thermal runaway. Obviously, this approach directly
reduces the switching power capability to the same power semi-
conductor device.

This paper focuses on the faculty to obtain a FTO failure
mode using the two above approaches based on direct
depolarization of the gate source voltage (Vgs) by reducing the
buffer voltage (Vuutter). These approaches aim to determine the
maximum value of Vg allowing a FTO mode to be maintained
at a voltage Vg close to the nominal value i.e Varmin/2
(eg.600 V for 1.2 kV rating). The short circuit characterizations
are performed on commercially available power SiC MOSFETS.
The device performance and robustness are investigated under
single pulse short circuit, for various Vputer bias conditions and
at room temperature T = 25 °C. This paper is organized as
follow: first, the device under test and test protocol are
presented. Then, the experimental results of Vg depolarization
approach, the Vg estimation method and the penalty of these
approaches on Rysen) are discussed.

2. Device under test and test protocol

2.1 Device under test



Table 1. Electrical characteristics of power device under test

Device C2M0080120D
Total chip Surface (mm?) 104

Vdss(V) 1200

Io @ 25 °C (A) 36
Vgsnom(on/off) (V) -5/20

Rds(on) (mQ) @ Vgsnom 80

@ Tcase:25°C

Pt —1
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Fig. 1. Schematic of Type 1 short-circuit test [11].

In this work, short circuit tests are carried out on 1200 V planar
SiC MOSFETs manufactured by Cree (C2M0080120D) [13].
Main electrical characteristics are presented in Table 1.

2.1 Protocol of short circuit test

Commercially power SiC MOSFET are examined under type
1 short circuit test. The test setup is presented in Fig.1. The
characterization of the Device Under Test (DUT) under type 1
short-circuit test is performed by placing the DUT in the Low
Side (LS) position and the High Side (HS) device is replaced by
astrap bar. A circuit breaker based on Si IGBT mounted in series
is used to protect the DUT from any damage after short-circuit
failure. An adjustable gate drive was developed in order to drive
the various DUT. The turn-on voltage (Vuufrer(on)) Can be adjusted
from 9 V to 21.5 V and the turn-off voltage (Vuufrerotr)) Can be
adjusted from 0 V to -6 V. The control signal for the driver is
provided by an FPGA allowing to adjust the desired short-circuit
duration through a touch screen. The FTO and / or FTS failure
mode occurs by applying successive short circuit tests with
increasing short circuit duration (Ts) by 1us at each test. The
DC bus voltage (Vbc) or Vs is provided by a DC voltage supply
(0 V-600 V). Vs is gradually applied until the desired value is
reached. A gate resistance (Rg) fixed to 47 Q was used for this
study for local measurement of gate leakage and permits a slow
turn-off to avoid overvoltage without the use of a Soft Shut
Down (SSD).

3. Experimental results and discussion

3.1. Failure mode and Gate voltage depolarization
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Fig. 3. Results of short circuit tests carried out on the

C2M0080120D devices using a direct depolarization of Vgs. (FTO:

fail-to-open, FTS : fail-to-short).
increase inside the device, and more precisely by its growth rate.
In [14], the authors explain the appearance of these failure
modes and its dependence on device temperature. This approach
presented in Fig. 2.

From Fig. 2a, the FTS mode occurs when the junction

temperature rises quickly and reaches a thermal runaway
temperature (Trnw) in a time that does not allow the gate
degradation delay time to be reached. If the device temperature

remains between the degradation temperature (Tpeg) and the
runaway temperature for sufficient time, the device should
reached in an FTO type defect (Fig. 3b). This implies that in
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Table 2. Summary of short circuit tests performed on C2M0080120D 80m€ / 1200V devices using a direct depolarization of Vs

DUT #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Vs (V) 300 333 363 400 500 450 500 550 600 600
Vs (V) 15 15 15 15 15 14 13 12 12 11.2
Failure FTO FTO FTO FTO FTS FTO FTO FTO FTS FTS

mode
Tsc (Us) 40 28 25 21 16 20 21 18 13 19
Esc (J) 0.80 0.97 0.93 0.90 0.81 0.82 0.82 0.64 0.63 0.79

P(W/mmg2) 1918 3316 3589 4102 4936 3948 3757 3418 4640 4014

order to obtain the FTO failure, the temperature within the chip
should not rise too quickly. According to equation (1) [15], there
are two ways to decrease junction temperature in a short-
circuited chip: decrease Vs or decrease the density of saturation
current by Vs depolarization.

2.Vds-Jsa
Aijax(t) = #\/E

P 1)
where p is the density of SiC, c is the specific heat of SiC, a is
the thermal diffusivity of SiC and t is the SC time.

In our study, to preserve a FTO under a Vg value close to the
nominal voltage, an approach based on the direct depolarization
of Vg is investigated. Short circuit tests are carried out by setting
the gate source polarization value at 15 V and starting with a
voltage Vgs of 300 V. Many commercial SiC MOSFET
components have a FTO mode at a reduced Vgs. This voltage is
the starting point of the study. If the test induces a secure failure
mode FTO at this value of Vg, then the Vs voltage is gradually
increased by one step (between 33V and 100V). On the other
hand, if the test induces a FTS, then Vs is reduced with a step
of 1V. Fig.3 summarizes the results of short circuit tests carried
out on the C2M0080120D devices under various polarization
conditions of Vgs using a direct depolarization of Vg. Table 2
presents for each DUT:

- the failure mode (FTO or FTS)

- the maximum short circuit duration Tsc,

- the maximum energy Esc = lgsmoy - Vs - TSC,

- the dissipated power per unit area P = lgsmoy Vs /

(surface of the chip).

It can be observed that direct polarization of Vg method
shows a promising results in terms of T that exceeds 10us
(standard for IGBT device), and the appearance of FTO mode
under a Vgs close to the nominal value. From Fig. 3, three critical
regions must be defined in order to choose an optimum short
circuit bias conditions. The first region (1) appears for very low
drain voltages where the device is in strong derating in Vgs. In
this region, the device robustness is more assured by FTO mode,
however its performance is penalized in terms of the converter
efficiency and its cost. In the second zone (2), the device is
placed under high Vg and V¢ which reduce its robustness and
leads to its degradation (appearance of a strong drain leakage
and gate leakage currents) or to its failure with a FTO mode

followed by a FTS or directly an FTS mode. For the third region
(3), the device is placed under a small gate polarization (strong
depolarization in V), which generates an increase in Rgson) and
consequently losses in higher conduction. On the other hand,
with a Vs too close to Vg makes the device more sensitive to
electron trapping effect at SiC/SiO; interface and Vgsm drift [16-
17]. Also, due to the variability of local Vg from one local
MOSFET cell to another, a too low Vg can lead to a high current
density inhomogeneity of the chip surface in the channel
regions. Fig. 4 depicts the waveforms of the various voltages and
currents obtained for the short circuit test performed on DUT#8
under Vyuirer =12 V and Vgs = 550 V. From the Fig. 4, a delayed
FTO with 5us from the short circuit duration applied (Ts=18 Js)
is observed. Before the appearance of the FTO mode, a gate
leakage current (lg) of 12 mA is measured, although the
polarization is reduced to 12 V, to around 2/3 of the Ts. During
the short-circuit event, lgs slope variation can be noticed which
results in the appearance of the drain leakage current very clear
at turn-off. This drain leakage is always clearly visible from
500 V.

Using the direct depolarization method of Vg is not always
promising for keeping FTO a value of Vs closer to the nominal
value. In Fig. 5, the short circuit characterization of DUT#10
under Viuster = 11.2V and Vgs = 600V, shows the appearance of
the FTS failure mode which leads to catastrophic damage of the
device. This failure mode appears after 4 ps from the applied
short circuit duration (Tsc = 19 ps). Fig. 5 illustrates the
waveforms of the various resulting voltages and currents. The
appearance of FTS failure mode is linked to the increase of the
drain leakage current compared to the results obtained under the
Vg = 550 V. On the other hand, the gate leakage current
(Igsmax= 10 mA) is less pronounced compared to the previous test
(Igsmax = 12 mA at Viusrer = 12V) due to the lower applied value
of Vutfer.

3.2. Gate source voltage estimation methodology

To complete the direct depolarization method of Vg, a
second approach is developed to estimate the Vg value
permitting to keep the appearance of FTO failure. This approach
allows to investigate the critical dissipated power (W/mm?)
boundary between FTO and FTS modes, responsible for the the
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device failure. The method is based on the results of two single
pulse short circuit events. The first one leads to a FTO mode,
and the second one induces a FTS mode.

The results of SC tests on DUT#8 and DUT#10 are analyzed for
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Fig. 5. Experimental waveforms during short CIrCUIt of the
DUT#10 (V=600 V; Vhuferoniofp=111,2 V/=5 V; Tcase=25 °C;
Rec=47 Q).

such purpose. The first short circuit event performed on DUT#8,
under Vg¢=550 V and V=12 V, shows a dissipated power of
Prro=3418 W/mm? leading to appearance of FTO failure. While
the second event carried out on DUT#10, under V4=600 V and
Vg=11.2 V, presents a dissipated power of Prrs=4014 W/mm?
leading to appearance of FTS failure. The dissipated power is
expressed by equation (2).

P = Vy -Idsmoy (2)

In small signal of Vg variation, the lgmoy Current can be
presented by equation (3).

Idsmoy = K. (‘4]5 - Vgsth)2 (3)

where Kpv (A/V?) is a constant that represents transconductance

parameter in Low Voltage (LV) of V.

For Vg values higher than the threshold voltage Vgsin (Vgs >>
Vgsth), the operating device can be placed in the large signal of
saturation zone (i.e proportionality relation). Therefore,
equation (3) can be expressed by equation (4).

Table 3. Short circuit test results using a Vgs estimation method

DUT #11 #12
Vas(V) 600 600
Vs(V) 10 10
Tsc (us) 24 23
Pmes(W/mm2) 3440 3549
Pest(W/mm?2) 3418 3418

2 T
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Fig. 6. Experlmental waveforms during short circuit of the DUT#11

(Vas=600 V; Vuteroniofy=+10 V/=5 V;

Tease=25 °C; Rc=47 Q).
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Fig. 7. Evolution of Vs as a function of Vgs according to iso-power

(P) criterion and FTO failure mode.

Idsmoy = Kyy. (Vgs

- Vgsth) (4)

where Kpy is a constant that represents transconductance
parameter in High Voltage (HV) of V.
Consequently, the dissipated power P is related to Vg

voltage through equation (5).
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P = Vys . Kpy. (Vqs - Vgsth) (5)

For DUT#8 that presents a FTO mode under V=550V,
V=12 V, Vgn =2.61 V and Pgro=3418 w/mm?, the
transconductance Kuy is calculated as:

Prro

—2———=0.661 AV.mm?> (6)
Vas -(Vgs_Vgsth)

Kyy = Kpro =

From this result, we found that the Vg estimated (Vgs es)
estimated at V¢s=600 V, using the same Pero value and is equal
to 11.22 V. However, it has been demonstrated that this value of
Vgs_es induces a FTS mode on DUT#10. The Ky, is a posteriori
calculated for (Pers= 4014 w/mm2) and V=600 V.

4014
600.(11.22—2.61)

KHV = KFTS = = 0.779 IA/Vrnm2 (7)
Then, Vgses IS estimated more precisely for a test under

V=600V with a dissipated power leading to a FTO (Pero0) and
the calculated Kers coefficient:

P
Vgs_es = 1o _ 4 Vgsthglo 4 (8)

VasxKFTs

This method allows to find the Vs interval which ensures a
FTO mode at V=600 V:

10V < Vg <1122V 9)

To validate this method of Vg estimation from the dissipated
power density, the short-circuit test is performed under the
voltage Voufrer = 10 V and Vgs = 600 V on two DUTS in order to
evaluate the repetitiveness of the proposed approach. Table 3
presents the short circuit test duration (Ts), the measured
dissipated power (Pmes) compared to the estimated dissipated
power (Pes) that confirm the validity of the new approach for the
two DUTSs. Fig. 6 illustrates the waveforms results of short
circuit test performed on DUT#11. It can be observed that the
secure failure mode FTO appears after 6 ps from the applied
short-circuit duration (Ts. = 24 us). The gate leakage current
(Igsmax = 2.5 mA) is less pronounced compared to the previous
test (Igsmax :12 mA a.t Vbuffer = 12 V and Igsmax = 10 mA a.t
Vwier = 11.2 V) given the low value of the applied voltage
(Muuiter=10 V). The drain leakage is high because Vs has a high
value of 600 V. However, this leakage current remains the same
magnitude as for the test for 550V preserving the FTO failure.
This observation proves that the applied power density over the
duration T is preserved to give the same failure mode.

By associating the two approach results presented
previously, it can be identified that the damaged devices in FTO
mode follows a quasi linear Vg — Vgs characteristics (Fig. 7)
which becomes improvable at high voltage close to 600 V due
to the appearance of a drain leakage causing a delayed FTO/FTS
sequence. This trend allows the prediction of Vg that leads to

the appearance of a FTO.
4. Penalty of the Vgs depolarization on the Raswn) resistance
The impact of Vg depolarization approaches on Rgson)

resistance must be investigated. Fig. 8 presents the Rugseon)
resistance evolution as a function of the Vg voltage at two
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Fig. 8. Rusen) as a function of Vgs at two temperatures 25 °C and
150°C for C2M0080120D device.

temperatures 25 °C and 150 °C. These results were obtained
from the datasheet. It can be observed that relative variation of
Ras(ony against Vgs voltage is +247% at 25 °C and only +44% at
150 °C. Moreover, if we consider that the conduction losses only
account 50% of the total losses, thus the Vg depolarization will
represent an acceptable impact on Rgseny @ 150 °C with a 22%
ratio. The reduction of the Rgson) penalty at Tj = 150 °C is
physically related to the mobility behavior affected by Coulomb
scattering [18]. Indeed, the mobility in the channel is governed
at low polarization by Coulomb scattering mechanism which
becomes dominant compared to the others mechanisms in
particular surface acoustic scattering for the JFET and drift
regions. The Coulomb mobility has a positive thermal sensitivity
coefficient for a Tcase range between 25 °C and 200 °C.
Therefore, the channel resistance decreases when the case
temperature of the chip in operation increases.

However, the other resistances of JFET and drifts regions
increase with the temperature rise. Consequently, a
compensation effect appears and becomes more effective as Vs
is reduced. At a given Vg, there is an optimum case temperature
which gives the lowest total value of Rgsn) corresponding to a
state of thermal effects compensation between the resistive
terms.

5. Conclusion

In this paper, planar gate structure SiC MOSFETS robustness
has been experimentally evaluated under short circuit operation.
The obtained results confirm the existence of two failure modes
(FTO and FTS) for thirteen devices (80mQ/1.2kV, 2" Gen).
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Two approaches based on direct depolarization of V¢ are
developed to ensure a secure failure mode FTO at Vs close to
the nominal value i.e Vgrmin/2. The direct depolarization
approach shows promising results in terms of short circuit
duration (Ts) that exceeds 10 us, and the appearance of FTO
mode taking into account a maximum power density around
3.5 kw.mm™. This critical value is identified as the power
density boundary between FTO and FTS modes. For these
devices, the Vg estimated from the dissipated power
calculations leads to a FTO appearance at V=600 V. The study
of Rus(on) resistance evolution as a function of Vs, shows that Vs
depolarization impacts Rasn) in acceptable way at 150 °C. This
approaches have been validated on other current rating devices
(25mQ/1.2kV) and for voltage rating devices (45mQ/1.7kV)
from the same manufacturer. However, the trench gate-structure
evaluated did not show satisfying results for V4 depolarization
approach. The results may provide useful indicators for
converter design and fault protection conditions of SiC power
MOSFETS with planar structure.
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