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Abstract—Commercialization of 1200-V silicon carbide (SiC)
MOSFET has enabled power electronic design with improved ef-
ficiency as well as increased power density. High-voltage spikes
induced in applications such as solenoid control, solid-state trans-
former, boost converter, and flyback converter can drive the MOS-
FET into avalanche mode operation due to high di/dt coupled with
parasitic inductance. Avalanche mode operation is characterized
by high-power dissipation within the device due to the high voltage
and current crossover. This study focuses on the evaluation of two
commercially available SiC MOSFETs from different manufactur-
ers, each rated for 1200 V with an ON-state resistance of 80 m{2,
during unclamped inductive switching (UIS) mode operation. To
determine device reliability, a decoupled UIS testbed was developed
to evaluate the avalanche energy robustness at 22°C and 125°C
during two specific conditions: high current and low energy, and
low current and high energy. The SiC MOSFETs were evaluated
using a load inductance of 1.42, 5.1, 10.5, and 15.8 mH to under-
stand the effect of current and avalanche energy on device failure.
To correlate the experimental results with the failure mechanism,
estimated junction temperature and static device characteristics
are presented; additionally, MOSFETSs were decapsulated to ex-
amine the failure sites on the semiconductor die.

Index Terms—Avalanche breakdown, failure analysis,
MOSFETs, power semiconductor devices, semiconductor device
reliability, silicon carbide (SiC), unclamped inductive switching
(UIS).

1. INTRODUCTION

ILICON carbide (SiC) power semiconductor technology
S has matured from research grade devices to commercial
production. The superior semiconductor properties of SiC, as
compared to Silicon (Si), make it suitable for high-voltage
and high-current switching application under elevated am-
bient temperature condition [1]-[8]. One of the momentous
breakthroughs in SiC technology is the development of the
high-voltage MOSFET; as SiC fabrication continues to evolve,
increased power density and reduced switching and conduction
losses can be realized by the replacement of Si devices with
SiC devices [9]-[12]. SiC MOSFETs can handle high blocking
voltage and forward current while possessing the inherent
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ability to operate at high-switching frequency [13]-[17].
However, switching operation at high-current magnitude
increases electrothermal stress on the power device.

Commercial SiC MOSFETSs are available from major semi-
conductor manufacturers, however widespread acceptance of
the technology has not been adopted [18], [19]. Though a
promising technology for a wide variety of power electronic
applications, the failure modes, and reliable operating limits
under extreme operating conditions have not been fully estab-
lished for commercial devices [20], [21]. Automotive appli-
cations including solenoid control, integrated-starter-alternator,
and power supply topologies, such as dc—dc boost converter and
flyback transformer drive, are examples of applications where
the switching device experiences high-voltage spikes that can
drive it into avalanche breakdown [22]. The situation is exac-
erbated when the high rate of change of current (i.e., di/df),
encountered in high-switching frequency power electronic cir-
cuits, combines with the parasitic inductance to intensify the
induced voltage [23], [24]. Avalanche mode operation is en-
countered when switching into an unclamped inductive load,
where the energy stored in the inductor must be dissipated
in the switching device and is characterized by high-voltage
and high-current crossover that occurs during the OFF state.
Though avalanche breakdown events are unlikely during typi-
cal switching operation, due to advancements in design criteria,
occurrence of any such event can result in catastrophic device
destruction that may lead to system failure.

Research has been conducted in the past to evaluate the
avalanche ruggedness of both commercial and research grade
SiC power devices to determine device reliability during
high electrical stress incurred due to avalanche breakdown.
Hu et al. analyzed the performance of parallel connected com-
mercial 1200-V SiC MOSFETs during the avalanche mode oper-
ation [25]. A commercial 1200-V/42 A SiC MOSFET was char-
acterized under unclamped inductive switching (UIS) condition
in [26]. Alexakis et al. examined the avalanche capabilities of
SiC MOSFET, Si-based MOSFET, and Si-based IGBT; each
rated for 1200 V with similar current ratings [27]. UIS stress
testing of 1200 V normally OFF SiC JFET has been conducted
in [28]. Single and repetitive pulsed evaluation of a research
grade 1200 V normally ON SiC vertical JFET was conducted
by Pushpakaran et al. and Pushpakaran et al., respectively [29]—
[30]. In this paper, two commercially available SiC MOSFETs,
rated for 1200 V, have been compared for their avalanche per-
formance during varying current and energy conditions; the
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Fig. 1.

Simplified UIS testbed schematic.

Fig. 2. Hardware setup — the load inductor and capacitor bank are not shown.
The load inductor is placed outside the metal testing rack while the capacitor
bank is located on the rack level directly below the testbed.

devices selected had a rated ON-state resistance of 80 m{2. Re-
sults presented in this study are based on experiments carried
out using SiC MOSFETs from CREE (C2M0080120D) and
ST microelectronics (SCT30N120) to establish the avalanche
robustness of two commercially available SiC MOSFETs to
ensure device reliability during extreme electrical and thermal
conditions, which may occur in end applications. Experimental
data provided in this research not only establish maximum tol-
erable avalanche energy for each device, but also present static
device characterization demonstrating the capabilities of SiC to
withstand single-pulse avalanche events without experiencing
device degradation. Additionally, an estimated junction temper-
ature has been calculated using a simplified Z11; model for both
CREE and ST devices to better understand the possible failure
mechanism during UIS.

II. HARDWARE TEST SETUP

Avalanche ruggedness was evaluated using a decoupled UIS
testbed [29]. The decoupled UIS circuit provides two key ben-
efits: precise current and energy control, and supply isolation.
A simplified circuit schematic for the UIS testbed is shown in
Fig. 1 and the hardware setup is partially shown in Fig. 2. C1,
a capacitor bank consisting of four 860 ©F/1150 V capacitors
connected in parallel, is coupled with a 600 V/1 A dc source
to provide adequate test energy for single-pulse analysis. A Si
diode, D1 (IXYS DH60-16A), rated for 1600 V/60 A acts as
a reverse polarity protection diode. QI is a 1700-V Si IGBT
(IXYS IXBT42N170) that decouples the active test circuit from
the source when in the OFF state. D2 (GeneSiC GB20SLT12-
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247), a 1200 V/50 A SiC Schottky diode, creates a discharge
path to de-energize the load inductor after supply isolation. The
load inductor, L1, is selected tobe 1.42, 5.1, 10.5, or 15.8 mH; an
air-core geometry was used for each of the four load inductors.
QI and DUT are normally OFF; the capacitor bank is initially
charged to the testing voltage. The charging voltage of the
capacitor bank was altered based on the required peak current
magnitude and load inductor. Using a Spartan-3 FPGA as a sig-
nal generator, Q1 and DUT are simultaneously turned ON. Peak
inductor current is then determined using (1), where Igg is the
steady-state current and 7 is the effective RL time constant of
the test circuit [30]. Coil resistance of the air-core load inductor
and rated ON-state resistance of both the IGBT and DUT are
factored into the calculation to realize precise current control.
Stored inductor energy can then be determined using (2)

ipeak (t) = Iss(1—e '/7) (1

1,
E= 2L A 2)

At turn OFF, Q1 and DUT are triggered simultaneously. If
delay exists, it is crucial Q1 be triggered prior to the DUT to
decouple the capacitor bank. Avalanche mode operation occurs
as both QI and DUT are in the OFF state. During this process,
the DUT is stressed and avalanche energy can be calculated
using measurements of drain to source voltage, Vpg, and drain
to source current, Ipg, in (3), where the avalanche time duration
is to minus ;. Avalanche time, ¢ v, can be calculated using (4),
where the avalanche time is shown to be proportional to the load
inductance; Ipg is the measured peak drain to source current and
Vi i 1s the measured peak drain to source voltage assuming the
MOSFET voltage is constant during avalanche mode operation
(22]

to

FE = VDs(t) . IDs(t) - dt 3)

ty

Ips
Vo “
Measurement of Vg and Ipg was obtained using a Keysight
10076C passive probe and Stangenes pulse current transformer.
The external gate resistance was 10 €2; turn ON and turn OFF
gate voltages were 20 and —5 'V, respectively. It should be noted
the C2M0080120D has an internal gate resistance of 4.6 {2 and
the SCT30N120 has an internal gate resistance of 5 2 [31], [32].
Data were collected using a Tektronix DPO2024B Oscilloscope.
The static characteristics of each DUT were measured prior
to UIS stress testing using an Agilent BISO5A Curve Tracer.
Threshold voltage, Vry, was measured at Ipg equal to 1 and
5 mA for the SCT30N120 and C2MO0080120D, respectively;
the gate to source voltage, Vg, was set equal to Vpg. Forward
I-V characteristic curves were acquired for Vg between 10
and 20 V in 5-V steps; breakdown characteristics were mea-
sured with Vg equal to O V and a current compliance limit of
100 pA.

tay = to—t; = L -

III. UNCLAMPED INDUCTIVE SWITCHING

Drain to source voltage, Vpg, and drain to source current, Ipg,
were measured for the DUT during UIS testing and device power
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Fig. 3. Drain to source voltage and current (top), and power dissipation and

avalanche energy (bottom) waveforms for 1200-V CREE MOSFET during
single-pulse unclamped inductive switching with 5.1-mH load inductor.

was then calculated by multiplying Vpg and Ipg waveforms.
Energy dissipated within the device during the avalanche regime
was calculated by integrating the power dissipation waveform
with respect to the avalanche time duration. Load inductance
was varied between the minimum, 1.42 mH, and maximum,
15.8 mH, to allow for the devices to be tested under varying
avalanche current and avalanche time conditions.

Measured waveforms for the CREE MOSFET, during
avalanche energy testing, are shown in Fig. 3. Results in
Fig. 3 were measured at 22 °C and obtained using a DUT turn
ON pulse width of 213 us, which corresponded to a peak drain
current of 20.1 A with a 5.1-mH load inductor. During the
avalanche regime, which lasted for 56 ps, the energy stored in
the inductor discharges through the MOSFET while clamping
Vbs to 1896 V. Under these conditions, the dissipated avalanche
energy was measured to be 1 J, while the peak power dissipation
was observed to be 35.3 kW.

Using a fixed load inductance, each device was tested to its
failure point; this was achieved by gradually increasing the drain
current, thus increasing avalanche energy. A typical single-pulse
failure for the CREE device is shown in Fig. 4, where the load
inductance was 5.1 mH and a pulse width of 219 us resulted in
a peak drain current of 20.8 A. During the avalanche regime,
the voltage across the MOSFET reached a peak magnitude of
1900 V followed by a decrease in drain current. The avalanche
regime lasted for 32.7 us, followed by a sudden collapse in drain
to source voltage that can be observed at ¢ =~ 252 us in Fig. 4.
The waveforms clearly indicate complete device failure due to
the loss of blocking voltage capability and the formation of a
conductive path between drain and source electrodes.

Measured waveforms for the ST MOSFET during avalanche
energy testing are shown in Fig. 5. Results in Fig. 5 were ob-
tained using a DUT turn ON pulse width of 219 us which
corresponded to a peak drain current of 20.8 A with a 5.1-mH
load inductor. During the avalanche regime, which lasted for
71 us, the energy stored in the inductor discharges through the
MOSFET while clamping Vpg to 1538 V. Under these con-
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Fig. 4. Drain to source voltage and drain current waveforms pertaining to
CREE MOSFET failure during single-pulse unclamped inductive switching at
22 °C with a 5.1-mH load inductor.
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Fig. 5. Drain to source voltage and current (top), and power dissipation and

avalanche energy (bottom), waveforms for the 1200-V ST MOSFET during
single-pulse unclamped inductive switching with 5.1-mH load inductor.

ditions, the dissipated avalanche energy was measured to be
1.07 J, while the peak power dissipation was observed to be
30.1 kW. A typical single-pulse failure for the ST device is
shown in Fig. 6, where the load inductance was 5.1 mH and a
pulse width of 275 ps resulted in a peak drain current of 25.8 A.
During the avalanche regime, the voltage across the MOSFET
reached a peak magnitude of 1564 V followed by a decrease
in drain current. The avalanche regime lasted for 44 us, fol-
lowed by a sudden collapse in drain to source voltage that can
be observed at t = 320 ps in Fig. 6. As with the CREE device,
the measured waveforms indicate complete device failure due
to formation of a conductive path between drain and source
electrodes.

IV. AVALANCHE ENERGY TOLERANCE

Single-pulse measurements were obtained at both 22 °C and
125 °C for each of the selected four load inductances; results
shown in Fig. 7 represent measurements of the CREE device
and those of Fig. 8 represent the ST device. Fig. 7 shows that the
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Fig. 6. Drain to source voltage and current waveforms pertaining to ST MOS-
FET failure during single-pulse unclamped inductive switching at 22 °C with a
5.1-mH load inductor.
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Fig. 7. Avalanche energy shown with respect to Ing for the CREE device

measured at 22 °C and 125 °C. The peak of each curve, shown for each load
inductor, represents the maximum tolerable avalanche energy.
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represents the maximum tolerable avalanche energy.
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Fig. 9. Measured peak power dissipation with respect to Ipg. Data points

represent the maximum power dissipation measured at the maximum avalanche
tolerance for each of the four load inductors tested. Solid lines represent data
obtained at 22 °C, and dashed lines represent data obtained at 125 °C.

maximum measured tolerable avalanche energy for the CREE
device, at 22°C, is 0.75 J resulting from a peak drain current
of 32.3 A with a 1.42-mH load inductor. Also shown in Fig. 7,
during longer avalanche time, the maximum measured tolerable
avalanche energy for the CREE device, at 22°C, is 1.25 J re-
sulting from a peak drain current of 12.6 A with a 15.8-mH load
inductor. Under both test conditions, high avalanche current and
longer avalanche time, the avalanche energy tolerance for the
CREE device was measured to decrease when the device’s case
temperature was increased to 125 °C.

In Fig. 8, the maximum measured tolerable avalanche energy
for the ST device is shown to be higher than that of the CREE
device under all test conditions. During high peak avalanche
current, the maximum tolerable avalanche energy of the ST
device, at 22 °C, was measured to be 1.1 J resulting from a peak
avalanche current of 39.4 A with a 1.42-mH load inductance;
this represents a 0.35 J increase in that measured for the CREE
device. During longer avalanche time, the avalanche tolerance
of the ST device was measured to be 2 J, at 22 °C, where the peak
drain current was 16.5 A using a 15.8-mH load inductor. Under
this test condition, the ST device yielded an avalanche tolerance
0.75 J greater than that of the CREE device. When the device’s
case temperature was increased to 125 °C, the ST device was
also shown to exhibit a decrease in avalanche tolerance.

When tested using smaller load inductance (i.e., 1.42 mH),
the avalanche time duration is lower due to the higher Ipg re-
quired to generate sufficient avalanche energy, thereby, increas-
ing the peak power dissipation. Observing (4), it is shown that
avalanche time is inversely proportional to the breakdown volt-
age, measured at Ipg, and therefore short avalanche duration
leads to higher peak power dissipation with-in the device. A
better understanding of the relationship between Ipg and peak
power dissipation is shown graphically in Fig. 9. In Fig. 9, the
maximum power dissipation, measured with each load inductor,
is shown with respect to Ipg for measurements obtained at 22 °C
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and 125 °C; each data point represents peak power dissipation
measured at the maximum tolerable avalanche energy shown in
Figs. 7 and 8 for the CREE and ST devices, respectively.

Even though the avalanche tolerance of the ST device was
shown to be higher than the CREE device, the peak power dissi-
pation just prior to failure is shown to increase only marginally
in comparison to the avalanche energy tolerance. Avalanche en-
ergy tolerance increase, when measured with a load inductance
of 15.8 mH, was 60% or 0.75 J for the ST device over the CREE
device; however the peak power dissipation increased only 18%,
or 4 kW at 22°C. When measured with a load inductance of
1.42 mH at 22 °C, the increase in avalanche tolerance was 47%,
or 0.35 J, yet peak power dissipation increased only 3%, or
1.7 kW.

V. COMPARISON OF STATIC CHARACTERISTICS

After the initial static characterization, UIS measurements
were obtained for Ipg values of 10, 20, 30, and 36 A, at
22 °C using a 1.42-mH load inductor; the 36-A measurement
was obtained only for the ST device. Ipg values were selected
as a percentage of the maximum tolerable avalanche energy; for
example, 30 A corresponds to 90% of the maximum measured
avalanche tolerance of the CREE device, however 90% for the
ST device occurs at 36 A. Between each UIS measurement, the
initial characterization (i.e., Vy, forward IV, blocking voltage)
was repeated for all test devices. A signficant variation in de-
vice performance would indicate damage to the device likely oc-
cured as aresult of UIS induced energy dissipation. Results from
the intial characterization and post UIS stressing are shown in
Fig. 10 for the CREE device and Fig. 11 for the ST device.
Vru is shown with respect to a normalized x-axis representing
the ratio of tested avalanche energy to the maximum tolerable
presented in Fig. 7, for the CREE device, and Fig. 8 for the ST
device; additionally, the intial measurement is shown at zero on
the normalized axis.

Measurement results obtained after UIS stressing for the
CREE device, Fig. 10, exhibited negligible deviation in device
performance when compared with the initial measurements. The
intial Vppr measured was 3.03 V; after measurement at approxi-
mately 90% the maximum energy tolerance, the measured Vg
was 3.04 V. Therefore, intially and after UIS, the measured Vg
remained with-in values specified in [31]. Additionally, neg-
ligible change in forward IV charactersitics or blocking volt-
age of the device was measured. Likewise, for the ST device,
Fig. 11, no significant change in device performance was mea-
sured after UIS. Initially, Vg was 3.35 V and measured to
decrease to 3.15 V after measurement; though a larger devia-
tion is obtained for ST device, this value remains with-in values
specified in [32]. Variations observed during the measurement
of Vry, atlow Ipg values, could be attributed to the randomness
in the surface charge distribution across the gate oxide interface
as discussed in [33]. However, it is shown in both Figs. 10 and
11 that neither device exhibited a change in performance for
forward or reverse mode operation as a result of Vg changes.
These results validate the robustness of both CREE and ST
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Fig. 10.  Comparison on inital measurements of Vp (top), forward I'V char-

acteristics (middle), and breakdown voltage (bottom), to those obtained after
measurement at approximately 90% the maximum tolerable avalanche energy
for the CREE device. Test parameters are indiciated for each measurement; in
the middle and bottom plots, initial measurements are indicated with solid lines
and those after UIS in bold dashes lines.

devices to withstand single-pulse avalanche events without any
observable degredation in device performance up to 90% of
tolerable measured avalanche energy.

VI. AVALANCHE MODE FAILURE

In general, avalanche mode failure of a power MOSFET is
caused by two factors, which are briefly discussed: turn ON of
the parasitic BIT in the MOSFET structure and the attainment
of intrinsic temperature limit. A simplified DMOSFET half-cell
structure, shown in Fig. 12, indicates the presence of a parasitic
NPN BIJT formed at the junctions between the source, P-base,
and drift regions as emitter, base, and collector, respectively.
The turn ON of this BJT results in MOSFET latch-up, which
can lead to catastrophic device failure.

The parasitic BJT turn ON is dependent on the voltage drop
across the base-emitter junction (i.e., P-base and source), which
in-turn is determined by the voltage drop across the resistor Rp
shown in Fig. 12. Since Rp is a function of the P-base resis-
tivity, it is directly affected by the p-type doping concentration
used during device fabrication. In a SiC MOSFET, advanced
fabrication techniques, including retrograde P-Base doping,
have enabled low p-type doping near the surface, which is
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Fig. 12.  Simplified vertical DMOSFET half-cell structure.

beneficial in achieving low threshold voltage and higher doping
at the P-Base/Drift region interface to suppress the BJT turn
ON by lowering the resistivity. Moreover, the higher built-in
potential of SiC P-N junction (Vy,; (SiC) ~ 3V as compared
to Vi, (Si) &~ 0.7V) and an extremely weak current gain for
the parasitic BJT make the BJT turn ON event highly unlikely
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unless there is high current flow through the P-base region or
substantial increase in the resistivity due to intense localized
heating.

Intrinsic temperature limit of a semiconductor material can be
defined as the temperature at which the intrinsic carrier concen-
tration becomes greater than or equal to the background doping
concentration. Avalanche mode power dissipation in the MOS-
FET can cause the lattice temperature to increase beyond the
intrinsic limit, at which point the device would lose its drain to
source blocking capability thereby leading to thermal runaway
and eventually device failure. Due to the wider bandgap of SiC,
the intrinsic carrier concentration is extremely low which en-
ables the material to sustain its semiconductor properties even
at elevated temperature. Based on the information provided in
[34], a lattice temperature close to 1270 °C is required for 4H-
SiC to attain an intrinsic carrier concentration of 10'® cm™.
However, device failure could occur prior to exceeding the in-
trinsic temperature limit due to metallization, dielectric, and
interface degradation/failure; e.g., the melting temperature for
copper doped aluminum, which is one of the material of choice
for power device top metal, is around 660 °C [35]. Though both
aforementioned mechanisms are a result of localized heat dis-
sipation within the device, which leads to thermal runaway due
to mesoplasma formation, bond pad, contact, and/or dielectric
degradation/failure can occur prior to SiC undergoing intrinsic
failure [36].

VII. AVALANCHE ROBUSTNESS

It can be observed from the results shown in Figs. 7 and
8 that under the same test conditions, the ST MOSFET was
able to withstand higher avalanche current as compared to its
CREE counterpart. In this section, junction temperature and
avalanche time duration are considered to analyze the difference
in avalanche tolerance between both devices.

A. Junction Temperature Estimate

Single-pulse junction-to-case thermal impedance, Zry, pro-
vided in [31] and [32], was used for the approximation of av-
erage junction temperature, Ty gsT, using (5). In (5), Zry is a
function of the measured avalanche time, ¢ v ; Pay is the DUT
average power dissipation during the avalanche regime; Tc sy
is the case temperature. P,y is derived from the results shown
in Fig. 9, for peak power dissipation, where average power is
half the peak value assuming the power dissipation waveform
is a reverse sawtooth pulse. Junction temperature estimates are
based on the assumption that energy dissipated in the DUT is
adiabatic, thereby contributing entirely to the junction temper-
ature increase [34]; additionally, temperatures are estimated up
to the measured tolerable avalanche energy

Ty st (tav) = Zru(tav) - Pav + Tcase- ©)

Using P,y and the respective Zpp value, average junc-
tion temperature estimates for the CREE device are shown in
Fig. 13 for load inductances of 1.42, 5.1, and 15.8 mH, at 22°C
and 125 °C. In the case of 1.42-mH load inductance, high cur-
rent, and low energy, the estimated average junction tempera-
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Fig. 13.  Estimated average junction temperature for the CREE device with
respect to Ips. Estmations are shown for a case temperature of 22 °C, in solid
lines, and at 125°C, in dashed lines, for measurements obtained with load
inductances of 1.42, 5.1, and 15.8 mH.
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Fig. 14.  Estimated average junction temperature for the ST device with respect
to Ipg. Estmations are shown for a case temperature of 22 °C, in solid lines, and
at 125 °C, in dashed lines, for measurements obtained with load inductances of
1.42,5.1, and 15.8 mH.

ture, for 22 °C and 125 °C case temperatures, was 456 °C and
512°C, respectively. When measured with the 15.8-mH load
inductance, or low current and high energy, estimated junction
temperature for both case temperatures is shown to be 474 °C
and 527 °C, respectively. Averaging results from the aforemen-
tioned test cases, for all load inductances and case temperatures,
yielded an average junction temperature of 494 + 26 °C.

The estimated average junction temperature for the ST de-
vice is shown in Fig. 14 for load inductances of 1.42, 5.1,
and 15.8 mH, at 22°C and 125°C. The aforesaid tempera-
ture estimation process was repeated for the ST device, which
yielded results suggesting the ST device failed at slightly higher
junction temperature. With a load inductance of 1.42 mH, at
case temperatures of 22°C and 125°C, the estimated junc-
tion temperatures were 531 °C and 567 °C, respectively. With a
15.8-mH load inductance, the estimation was 511 °C and 527 °C,
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Fig. 15.  Estimated peak junction temperature with respect to /g normalized.

Ipg is normalized, in each case, to the peak Ipg measured at the maximum
tolerable avalanche energy for each test inductor and case temperature.

respectively. Averaging results from the aforementioned test
cases, for all load inductances and case temperatures, yielded
an average junction temperature of 526 + 22 °C.

Additionally, the peak junction temperature was estimated
to further understand the correlation between junction tempera-
ture and failure mechanism. Peak junction temperature estimates
were calculated in a similar manner as described for the average
junction temperature; however, the average power dissipation
was replaced with the peak power dissipation in (5). Results for
the estimated peak junction temperature are shown in Fig. 15
with respect to Ipg normalized. The normalizing constant used
for Ipg is the maximum Ipg value corresponding to the max-
imum tolerable avalanche energy; the normalization constant
varies for each curve shown and values can be obtained from
Figs. 7 and 8. These results are shown in Fig. 15 for 1.42 and
15.8 mH, at case temperatures of 22 °C and 125°C. At a spe-
cific normalized Ipg, the temperature of the ST device is shown
to be higher in most cases; the overall peak power dissipation
in the ST device is higher than that of the CREE device and
would likely generate higher junction temperatures. Estimated
peak junction temperature for the CREE and ST devices, for all
test conditions, yielded an average of 900 £ 48 °C and 978 +
40 °C, respectively.

B. Impact of Avalanche Time

Assuming both devices are operating at equivalent peak
power, the ratio of avalanche energy tolerance to avalanche
time duration would be approximately equal for both devices;
this relationship is shown in (6). Therefore, during UIS, the ST
device benefits significantly from a lower Vg, which increases
the avalanche time duration as well as the avalanche energy
tolerance due to higher Ipg. Avalanche time duration is shown,
for all test cases, with respect to Ipg for both CREE and ST de-
vices at case temperatures of 22 °C and 125 °C in Fig. 16; curves
shown represent the maximum reliable single-pulse UIS oper-
ating condition with respect to Ipg and the resulting avalanche
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Fig. 16. Measured avalanche time for both CREE and ST devices. Both axes

are represented in log scale and curves are shown for 22 °C, in solid lines, and
at 125 °C, in dashes lines. Raw data points are shown with a respective best fit
curve.

TABLE |
ON-STATE RESISTANCE AND BREAKDOWN VOLTAGE FOR CREE AND
ST DEVICES
C2M0080120D  SCT30N120
Device Parameter Mean o Mean o
Rox (Ips = 20 A) [mQ] 83.6 4.1 63.4 13.9
Breakdown (Ips = 100 A) [kV] 1.67 0.02 1.37 0.05

time. Both raw data and curve fit data are shown in Fig. 16

Egr
tav_ ST  tAV_CREE

EcreE

(6)

To validate the breakdown voltage reduction of the ST device,
a large sample set of devices were measured prior to UIS. The
sample size is 45 for the CREE device and 35 for the ST device.
ON-state resistance and breakdown voltages for CREE and ST
devices are shown in Table I. Table I represents ST devices
characterized in this study have a lower Vppr and ON-state
resistance than that of the CREE devices, which leads to a
higher avalanche energy tolerance.

Though the ON-state resistance of the ST devices character-
ized in this study were shown to be lower than the CREE devices,
no direct correlation can be realized between lower ON-state re-
sistance and avalanche tolerance. However, the lower ON-state
resistance and breakdown voltage of the ST devices suggest that
the effective N-drift region, shown in Fig. 12, may be more heav-
ily doped in case of the ST device. Doping in the N-drift region
strongly contributes to a devices’ ON-state resistance and break-
down voltage. Breakdown voltage, however, is also strongly a
function of the device geometry and fabrication methods uti-
lized; therefore, these assumptions are made neglecting design
variations that may exist between CREE and ST devices to affect
these parameters.
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Fig. 17. (a) Decapsulated CREE device and (b) ST device. Images of devices
failing during high avalanche current conditions using a 1.42-mH load inductor.

VIII. DEVICE FAILURE

Failed devices, post decapsulation, are shown in Figs. 17
and 18 for both CREE and ST devices. Die area of the CREE
device was measured to be 0.104 cm?, while the die area of
the ST device was found to be 0.146 cm?. Devices shown in
Fig. 17 represent images of MOSFETs which failed during
higher peak avalanche current operation, where the load in-
ductor was 1.42 mH.

The CREE device, shown in Fig. 17(a), has slight damage to
the right corners of the device which is thought to have been
caused during brute force decapsulation of the device pack-
age; additionally, the solder joint of the bond wire is shown
to be intact with the source contact metallization and the wire
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Fig. 18.  (a) Decapsulated CREE device and (b) ST device. Images of devices
failing during high avalanche energy conditions using a 15.8-mH load inductor.

was detached at the joint upon package removal. Both devices,
shown in Fig. 17, show failures that are highly localized in the
vicinity of the source/gate metallization within the device. De-
vices shown in Fig. 18 represent devices which failed during
longer avalanche times, where the load inductor is 15.8 mH.
In both cases, failure is localized at the source terminal of the
device. For the CREE device, shown in Fig. 18(a), the failure is
in close proximity to one of the bond wires; for the ST device,
shown in Fig. 18(b), the failure occurs at the left edge of the
source metallization.

Observation of the failure sites shown in Figs. 17 and 18 re-
veals metallization failure; however, few observable differences
between failure at high current and low energy, and low current
and high energy can otherwise be inferred. Although failure lo-
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cations are shown to vary, it is concluded that the mechanism
of failure is equivalent for all cases and due to the formation of
mesoplasma. Upon formation, mesoplasma would likely dam-
age a smaller region of the device due to thermal runaway. Such
an observable failure is shown in each case regardless of the
test conditions leading to failure. In this research, a decoupled
voltage source UIS circuit was utilized allowing the device fail-
ure to be observed without incurring additional device damage,
which may be possible in a nondecoupled UIS circuit. There-
fore, from these results it can be concluded that each device
failed upon breaching a critical temperature limit for that spe-
cific device. The processing tolerances for each device plays
some role in the variation of this critical temperature, but it has
been shown that both devices failed with-in a small temperature
window, which remained fairly consistent between CREE and
ST devices.

IX. CONCLUSION

Single-pulse avalanche ruggedness was evaluated for com-
mercial 1200-V SiC MOSFETs from two manufacturers: CREE
and ST; devices were selected based on equivalent device spec-
ifications such as rated blocking voltage and ON-state resis-
tance. A decoupled UIS circuit was utilized with load inductors
of 1.42, 5.1, 10.5, and 15.8 mH to provide a full scope of test
conditions at 22°C and 125 °C. Each device was tested with
increasing magnitude of avalanche current in order to creep up
to the device’s failure point. Using a 1.42-mH load inductor,
the CREE device was measured up to Ipg = 32.3 A resulting
in an avalanche energy of 0.75 J, whereas the ST device was
measured up to 1.1 J at 39.4 A. Additionally, with a 15.8-mH
load inductor, the CREE device was measured up to 1.25J
with Ipg = 12.6 A, while the ST device was measured up to
2 J with Ipg = 16.5 A. Under both operating conditions, high
avalanche current and longer avalanche time, the ST device was
determined to be more tolerant during avalanche mode opera-
tion; however, the CREE device performed at the level specified
within the manufacturer device datasheet.

Static device characteristics were measured prior to ULS mea-
surement and additionally throughout UIS testing. Comparison
of these results yielded no observable degradation for either
CREE or ST devices tested in this research. The two common
failure mechanisms during UIS, BJT latch-up and intrinsic tem-
perature limit, were discussed; however, due to the inherent
properties of wide-bandgap SiC semiconductor it is unlikely
either mechanism is directly responsible for device failures pre-
sented. During UIS, high power dissipation in the DUT leads to
extremely elevated junction temperatures, which would likely
lead to the failure/degradation of metallization, dielectric and/or
interface. Estimation of average junction temperature yielded
results well below the intrinsic limit of SiC; however, estima-
tion of peak junction temperature yielded results well above the
failure limit of aluminum contacts often utilized for source/gate
contact metallization. The peak junction temperature for the
CREE device was estimated to be 900 + 48 °C, while for the ST
device it was estimated to be 978 &= 40 °C which is well beyond
the 660 °C melting point of aluminum in both cases; though the
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estimated average junction temperature was below aluminum’s
melting point, for both devices, localized heating could result
in temperatures close to, or beyond, the estimated peak junction
temperature. Decapsulation of the device package revealed the
failure sites on the semiconductor die, which corroborates the
aforementioned failure mechanism.
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