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A Deep Insight Into the Degradation of 1.2-kV
4H-S1C MOSFETs Under Repetitive Unclamped
Inductive Switching Stresses

Xintian Zhou — , Hongyuan Su, Ruifeng Yue, Gang Dai

Abstract—In this paper, the long-term reliability of commer-
cial 1.2-kV 4H-SiC MOFSETs under repetitive unclamped inductive
switching stresses is evaluated experimentally. The degradation of
device characteristics, including the threshold voltage V), drain
leakage current 1., and on-state resistance R, ,, is observed after
80k avalanche cycles. The regular charge pumping (CP) measure-
ments reveal that the failure mechanism characterized by the hot
holes injection and trapping into the gate oxide above the channel
and JFET region may occur during the aging experiments, which is
further ascertained by the succeeding electrothermal simulations
and should be responsible for the degradation of V;;, and . Af-
ter decapping the failed devices, the bond wires lift off due to ther-
mal fatigue is discovered and regarded as the main reason for the
degradation of R, . The poststress high-temperature treatment is
also carried out as an approach to indirectly corroborate the afore-
mentioned failure mechanisms. Moreover, the impact of different
test conditions on the degradation rate of electrical characteris-
tics is discussed to thereby find ways to relieve these degeneration
phenomena.

Index Terms—4H-SiC MOSFETs, bond wires lift-off, electrical
parameters degradation, hot holes, repetitive unclamped inductive
switching (UIS).

NOMENCLATURE

Vs MOSFET drain—source voltage (V).

Ias MOSFET drain—source current (A).

Vs MOSFET gate—source voltage (V).

Vy.on High level of the gate pulse to switch on the
MOSFET (V).

Vg oft Low level of the gate pulse to switch OFF the
MOSFET (V).

R, MOSFET external gate resistance (£2).
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I, MOSFET gate current (A).

Ttase The device case temperature (K).

Vin MOSFET threshold voltage (V), measured at Vs =
Vs, Ias = SmA, T,.se = 300 K.

Iyss MOSFET drain leakage current (mA), measured at
Ves = 0V, Vgg = 1200 V, Tise = 300 K.

Ry MOSFET drain—source on-state resistance (mS2),
measured at Vys = 20V, Igs = 20 A, Tiuge =
300 K.

Iy MOSFET gate—source leakage current (nA), measured
atVgg = 0V, Vg = 20V, Tise = 300 K.

Iep Charge pumping current (A).

Vi Pulse base level in the charge pumping test (V).

Vi Pulse amplitude in the charge pumping test (V).

Vibr)pss  MOSFET avalanche breakdown voltage (V).

I MOSFET avalanche current (A).

ton Gate pulse duration (us).

tav MOSFET avalanche time (us).

FE.. Avalanche energy sustained by the MOSFET (J).

L Load inductance in the UIS test circuit (mH).

Vbp Bus voltage in the UIS test circuit (V).

1. INTRODUCTION

ILICON carbide (SiC) has been proven to be a promising
S candidate for the next generation semiconductor material.
Because of their superior properties, SiC devices can be used
for higher temperature, higher switching frequency, and higher
power density applications [1], [2]. Especially, with the develop-
ment of material fabrication process technology in recent years,
SiC MOSFETs have been commercially available in large quan-
tities from different manufacturers. Nevertheless, before they
could completely replace silicon (Si) counterparts, robustness
and reliability remain a main issue [3], [4] for the devices under
anumber of extreme operational conditions, such as overcurrent
[5]-[7], overtemperature [8]-[12], short circuit [13]-[15], and
unclamped inductive switching (UIS) [16]-[21].

In UIS test, the MOSFET is usually connected to an inductance
without antiparallel free-wheeling diode to commutate the loop
current when switching OFF the device. As a consequence of
this, the device has to absorb all the energy previously stored in
the inductance during the operation stage. The MOSFET, there-
fore, will be driven into the avalanche mode as long as the
stored energy is sufficiently high, resulting in a gradual increase
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in the junction temperature of the device [22]. Generally, a
rugged device can withstand a certain amount of avalanche en-
ergy for a limited time prior to catastrophic device destruction
caused by the activation of parasitic transistor or the thermally
driven failure. Although the UIS measurement is regularly used
for assessing the avalanche capability of the device in indus-
trial field, avalanche mode operation is encountered frequently
in automotive applications as well, like the fuel injector coil
circuit, antilock braking module, etc. For this reason, detailed
investigations of the avalanche ruggedness of the devices are
particularly important in order to improve the system stability
and reliability.

Many recent papers have investigated the avalanche capabil-
ity and failure mechanism of commercial discrete SiC MOSFETS
[16]-[19] and MOSFET power modules [20] under harsh single
pulse UIS stress. As for the repetitive UIS tests, the electri-
cal parameters degradation of the device was first reported by
Yang et al. [17], yet lack of theoretical research. Liu et al. at-
tributed the degradation to the hot holes injection and trapping
into the gate oxide above the JFET region [21], while the num-
ber of avalanche cycles employed in the tests was insufficient
(only 30k cycles were considered), which may cover up some
degradation phenomena and lead to an incomprehensive conclu-
sion. In this paper, the aging experiments have been conducted
by imposing the repetitive UIS stress up to 80k cycles to the
commercially available SiC MOSFETs manufactured by CREE
(C2M0080120D [23]) to evaluate their long-term reliability.
The sample size of 3 is chosen to generalize the experimental
results. The degradation of device electrical parameters, includ-
ing the threshold voltage (V4},), drain leakage current (/445), and
on-state resistance ([7,,), has been explored in detail. A better
understanding of the aging mechanism is gained by the sub-
sequent three-terminal charge pumping (CP) tests, technology
computer-aided design (TCAD) simulations, devices decapsu-
lation, and poststress high-temperature treatment. Additionally,
contrast experiments have also been performed to reveal the
impact of different test conditions on the degradation rate of
electrical characteristics in the aging experiments.

II. EXPERIMENTS SETUP

The UIS experiments are performed on ITC55X00B testers,
as the test bed shown in Fig. 1. The touch screen allows for eas-
ier parameter selections and inputs, whereas the outputs will be
displayed on the computer. The operating voltage of the heat-
ing plate tied to the device under test (DUT) is provided by
the transformer, whose working is commanded by the temper-
ature controller according to detecting if the case of the DUT
reaches the required temperature. The simplified decoupled cir-
cuit schematic and ideal output waveforms for the device are
shown in Fig. 2 [24]. At first, a continuity check of all three
leads of the DUT and a device leakage test at zero gate bias
are conducted before the avalanche energy is applied to the
unclamped inductive load. Once the check is passed, the high-
speed switch S will be closed, leading the bus voltage Vpp to
be applied to the inductance. The pulse generator is activated to
turn ON the DUT through the gate resistance R, simultaneously.
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Fig. 1. Photograph of test platform.
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Fig. 2. Simplified UIS test circuit (left), and ideal output waveforms for the

studied MOSFET (right).

Thereafter, the drain—source current of the device Iy, starts to
increase as a function of L and Vpp, which is given by

dl/dt = Vop /L. (1

Then, the gate pulse duration for charging the inductance can
be derived as follows for a user specified avalanche current:
L
ton Vop < Loy 2
As the peak current level is reached, the gate drive to the DUT
is removed together with the applied power source by opening
the high-speed switch. All the energy stored in the inductance
will be dumped directly into the DUT by the current path sus-
tained by a free-wheeling diode and drives it into avalanche
mode. The drain—source current will hence decrease at a rate
given by

dlas/dt = Viprypss/L- (3)

Accordingly, the avalanche time and energy dissipated by the
DUT can be derived by (4) and (5), respectively

L
tay = 57— X Ly 4)
Vibr)pss
1
szngx@W (3)

Compared with the conventional UIS test circuit [21], the
same avalanche energy can be obtained regardless of the value
of Vpp using decoupled circuit, which can be seen from the
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Fig. 3. Output waveforms for the studied SiC MOSFET under single pulse

UIS test.

preceding analysis. It means that higher Vpp can save much
more test time without influencing the actual device experimen-
tal conditions in any way. In addition, the error introduced by
the power source can be eliminated, especially in the case of
testing low-voltage devices.

III. MEASUREMENTS AND DISCUSSIONS
A. Single Pulse UIS Tests

Fig. 3 shows the typical measured waveforms as functions
of time for the SiC MOSFET from CREE under single pulse
UIS test. To achieve an avalanche current of 16 A (80% of the
device rated maximum current), the gate pulse duration is set
to 2445 ps by ITC55X00B testers with a 6-mH load inductance
and 50-V bus voltage, which corresponds to avalanche energy
of 0.768 J (76.8% of the device rated capability). The measured
avalanche breakdown voltage is 1738.5 V, and the avalanche
time is 51 us. The safe turn OFF of the DUT can be observed
from the figure due to the relatively low UIS stress applied to the
device. It should be noted that the inductance charge time and
discharge time obtained from the testers are not in accordance
with the calculation results using the aforementioned equations
strictly. This is due to the losses caused by the loop resistance,
solid-state switching, and the forward conduction losses of the
device. As a result, the energy the DUT dissipates is actually
less than the energy that is stored in the inductance.

B. Repetitive UIS Tests

The repetitive UIS tests are carried out on a sample set of SiC
MOSFETs with the same stress as the single pulse test illustrated
above. According to our previous experiments, the interval of
500 ms between pulses is long enough to prevent the device from
catastrophic destruction after continuous 80k cycles. Hence, the
heat accumulation inside the device during the tests is thought
to be limited and will not influence the research results. The
electrical parameters, including Vi, Iqss, Ron, and Iy, are
measured (test methods are included in the nomenclature sec-
tion) when the device is cooled down after every 10k avalanche
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Fig. 4. Variations of Viy,, Iqgs, Ron, and Iy of the sample set of devices

with the increase of avalanche cycles.

cycles. Consequently, the sample set of devices shows the uni-
form degradation tendencies in terms of Viy,, Iy, and Ry, as
shown in Fig. 4. A big deviation from their initial values for the
three parameters can be observed, which demonstrates that the
cumulative deterioration is taking place inside the device. As il-
lustrated in the figure, V4, shows a reduction of 27% on average
after 80k cycles. Whereas, /455 increases by almost five orders of
magnitude as well as R,,, with an average increase of 111 m{2.
With respect to Iy, no significant degradation occurs over the
testing period yet. It should be noted that the degradation phe-
nomena observed are quite different from those discovered in
[21] except the increase of I35 due to the more avalanche cycles
employed in this paper to evaluate the long-term reliability of
the device. Further discussion is needed to reveal this degrada-
tion mechanism, since the static characteristics of the device do
make great influence on the stability of the systems in power
electronic applications.

C. Damage Region Determination

A MOSFET device is usually divided into two regions. The
active region sitting in the middle of the die conducts the cur-
rent in the forward operating mode, whereas the surrounding
junction termination region is designed to enhance the device
blocking ability during reverse mode. In fact, it is difficult to
determine the degradation regions or the main region resulting
in the degradation due to the similar degeneration phenomena
induced by them, such as the increase of 444 [15], [25]. That
drive the device into catastrophic destruction with a harsh stress
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Fig. 5. Drain current characteristics resulting from different failure mecha-

nisms during the UIS tests.

and, then, check the location of the failure site, however, seems
a plausible way to realize the discrimination [26]. Accordingly,
failure experiments caused by two different mechanisms are
carried out. As the drain current waveforms shown in Fig. 5,
the single pulse overstress failure takes place when the device
suffers from the avalanche energy beyond its rated capability
and the repetitive pulses overheat failure is due to the shortened
time interval between pulses (5 ms is used here). The decapsu-
lated devices under these two failure mechanisms are displayed
in Fig. 6. It can be discerned that both cases show the failures
that are localized at the source terminal in close proximity to the
bond wires, implying that the active region mainly contributes to
the degradation of the device rather than the termination region
during the aging experiments. Moreover, the bubbles can also
be observed on the insulating polyamide in Fig. 6(b), which is
put down to the heat accumulation [27].

D. CP Measurements

CP measurements have already become one of the most ef-
fective and reliable technique to detect the distributions of inter-
face traps and hot-carrier injection (HCI) inside the device [28],
which are the critical concerns for the device after high-stress
tests. In terms of the power MOSFETSs with three ports (there are
no contacts connected to the substrate), the conventional CP test
method, however, is no longer applicable. In the modified three-
terminal CP biasing scheme [29], the source is grounded and the
CP current is measured at the drain while pulsing the gate with
an increasing base level (V}) and constant pulse amplitude (V)
signal. The channel region is switched between inversion and
accumulation under the successive function of gate pulse. When
the surface is pulsed into inversion, the interface traps will be
populated with the electrons coming from the source and drain.
When the surface is in the state of accumulation, the populating
electrons will recombine with channel holes, leading to the CP
current collected by the drain. As a result, the threshold and
flatland (Vf,) voltages are the main parameters to define the
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range of CP current in conjunction with the value of V,,, namely
Vin =V, <V, < V. In fact, the charges in the channel region
(p-type) are pumped along with the JFET region (n-type) during
the CP experiments on account of the fact that both of them are
covered by the gate oxide in a power MOSFET structure. Whereas,
because of their different threshold and flatband voltages, there
must be two CP signals detected (oneis Vi,; — V, <V, < Vi,
and the other is Vi, — V), <V, < Vi) as long as the sweep-
ing range of base level is set appropriate, as shown in the left
part of Fig. 7. Moreover, it appears that the CP method is only
suitable for detecting the degradation regions under the metal
electrodes, that is, the active region here. As for the case of
termination region, it is no longer applicable.

Fig. 8 shows the typical CP results of the investigated device
at regular intervals. The measurements are carried out with a
gate pulse frequency of 5 MHz and pulse amplitude of 5 V. The
rising time and falling time are both set to 10 ns. And the base
level varies from —10 to 4 V. The black curve shown in Fig. 8 is
the CP current of fresh device, which reveals two different CP
signals obviously. From the foregoing, such a conclusion can be
drawn that the CP signal at low base level stems from the JFET
region, whereas the CP signal at high base level arises from the
channel region. It should be noted that unlike the CP current of
the channel region, the populating electrons in the JFET region
have to be supplied by the drain all the time due to the non-
inverted channel, thus, resulting in a much lower CP current,
as shown by the black curve. From the red curve, which is the
CP result measured after 20k avalanche cycles, it can be seen
that the CP signal of the JFET region shows a shift toward the
negative direction, whereas a new CP signal emerges that can
be regarded as the movement of the signal from partial channel
region. Subsequently, the continuous left shift of the emerging
signal can be observed until the end of the aging experiments.
As for the signal of JFET region, it has already disappeared due
to the motion when after 40k cycles of repetitive UIS tests, as
exhibited by the blue curve. The negative shift of the CP curve
indicates the threshold and flatband voltages of the JFET region
and a part of the channel region start to decrease as demonstrated
in the right part of Fig. 7. It follows that the holes injection and
trapping into the gate oxide above the corresponding regions
are taking place during the aging experiments [15], based on
the fact that the trapped holes can induce negative charges in-
side the semiconductor to move toward the surface, which are
the main factors responsible for these changes. Furthermore,
it is worthwhile pointing out that there is no interface traps
generation during the tests due to the almost unchanged peak
CP current of the two regions [30]. For a better understanding
of this failure mechanism, the following TCAD electrothermal
simulations will be carried out using Sentaurus.

E. TCAD Simulations

A planar SiC MOSFET structure is reproduced with TCAD
Synopsys Suite to analyze what happens inside the device dur-
ing the UIS stress tests, as shown in Fig. 9. It should be noted that
the calibrated structure does not represent the actual device in
the experiments while taken as a more general case study here.
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Fig. 8. Three-terminal CP measurements after every 20k avalanche cycles.

Referring to the literature data and design criteria to define the
doping and dimension parameters is to make the static charac-
teristics of this simulated device more reasonable. Meanwhile,
mixed mode simulation is conducted to generate the circuit de-
scription, as shown in Fig. 2, whose function is to reproduce the
same UIS stress applied to the device. In view of the temperature
rise of the device during the tests, the thermodynamic model is
included together with a small thermal resistance connected to
the drain contact, representing that of the soldering pad and
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Fig. 9. Schematic cross section of the simulated MOSFET.

the plastic package. With appropriate boundary conditions and
models selected in the simulation, the simulated behaviors of
the device can be found in Fig. 10 after solving a series of phys-
ical and circuit equations by Sentaurus. And the local enlarged
drawing of the output curves is shown in the upper part.

In order to gain more insight into the entire procedure of the
single pulse UIS test, we divide it into three phases to discuss
in detail, respectively.

1) Phase 1 (Conduction Mode): The turn ON of the MOSFET
is initiated by closing the high-speed switch S while pulsing
the gate. The drain—source current starts to rise at a specific
rate determined by the peripheral circuit. Although the current
density flowing through the channel is becoming increasingly
high, the carriers cannot get enough energy required for being
hot carriers due to the low-voltage drop across the device in on-
state, which results in a nearly unexpanded depletion layer and
low impact ionization (I.I.) generation rate inside the device.
Hence, it can be concluded that the HCI will not happen in
this conduction operation mode, which is defined as the current
increase part of the output curves, as shown in Fig. 10.

2) Phase 2 (Miller Plateau): The gate-source voltage Vi
does not completely drop to zero in order to discharge the reverse
transfer capacitance Cyq of the MOSFET during this phase, even
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Fig. 10.  Simulation results of the device under the same UIS stress test as the

experiments, and the local enlarged drawing is shown in the upper part.

if the gate pulse V; has already been switched OFF, as shown in
the local enlarged drawing in Fig. 10. It means that the channel
has not been turned OFF thoroughly and it is still the main
conductive path to transport the high density current. Since the
gate current [, cannot discharge the gate-source capacitance
C,s anymore because of the unchanged Vi, it flows entirely
through C,q. Therefore, the drain—source voltage V increases
at a given rate by [31]

Cﬂ/vds o Ig

- vas - ‘/g,off

dt 7ng - Ry x Cyq '

At this moment, Vj; is low, and both of Vs and Iy, are high,
all of which seem likely to contribute to the occurrence of HCI
events. In addition, the junction temperature of the device starts
to rise from now on due to the gradually increased power dissi-
pation. Fig. 11 shows the distributions of the I.I. generation rate
and perpendicular electric field along the SiC/SiO; interface
during this miller plateau stage, respectively. As described in
Fig. 11(a), two comparable peak I.I. generation rates can be ob-
served close to the surface of semiconductor. One is located on
both sides of the middle of JFET region, and the other appears
in the channel region near the Pwell/JFET junction. As a result,
a noticeable number of electron—hole pairs will be generated by
the drastic impact and ionization of carriers in these areas. Con-
cerning the distribution of perpendicular electric field, as shown
in Fig. 11(b), basically identical situation can be found except
that the peak electric field occurs in the middle of JFET region
as well as the whole channel region under the combined action
of gate and drain voltages. On account of the poor quality of
SiC/SiOs interface and small valence band offset between SiC
and SiO,, the hot holes among the electron-hole pairs afore-
mentioned are easily surmounting the SiC/SiO barrier to enter
the gate oxide by the high positive electric field (direction is
from the drain pointing to the gate), yet the hot electrons will
be swept into the drain side. Generally, one part of the injected
holes can break the Si—O bonds to constitute the interface traps;
the other part of injected holes, however, are captured by the
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Fig. 11.  Distributions of (a) L.I. generation rate and (b) perpendicular electric
field along the SiC/SiOs interface during the miller plateau phase.

traps in the SiO; and form the trapped charges. The increased
interface states will primarily lead to the increased R,, as a
result of reduced carrier mobility, whereas the trapped holes are
apt to induce the shift in the electrical parameters by chang-
ing the electric field distribution inside the device. Because no
interface states generation is observed according to the CP mea-
surements, conclusions can be drawn that the hot holes injection
and trapping into the gate oxide above the area near Pwell/JFET
junction and on both sides of the middle of JFET region may be
the main failure mechanism at the stage of miller plateau.

3) Phase 3 (Avalanche Mode): The third phase is defined
as the avalanche mode, which is encountered when Vs com-
pletely reduces to zero, and Vg stays at the level of avalanche
breakdown voltage, as depicted in the local enlarged drawing
in Fig. 10. The channel has been shut down right now, and the
high 144 is sustained by the avalanche current of body diode.
The catastrophic device destruction could take place easily if
the avalanche current is strong enough to activate the latchup of
parasitic transistor during this phase. Likewise, the distributions
of the LI. generation rate and perpendicular electric field along
the SiC/SiO, interface are extracted, as shown in Fig. 12. It
can be discerned that the peak L.I. generation rate only appears
on both sides of the middle of JFET region, whereas the peak
perpendicular electric field merely concentrates in the middle
of JFET region. Compared with the previous case, the L.I. gen-
eration rate and electric field in the channel region are nowhere
near as large as those of the JFET region after losing the role of
gate voltage on the device. Therefore, the hot holes trapping into
the gate oxide above both sides of the middle of JFET region,
as discussed before, is very likely to happen at this stage. In ad-
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Fig. 12.  Distributions of (a) L.I. generation rate and (b) perpendicular electric

field along the SiC/SiOsz interface during the avalanche mode phase.

dition, it is worthwhile pointing out that the peak L.I. generation
rate during avalanche mode is nearly eight orders of magnitude
larger than that during miller plateau, indicating a more severe
oxide charges trapping problem. By comparison, the number
of charges injected into the gate oxide above the JFET region
is negligible in the second stage. However, the holes injection
taking place in the channel region, which is deemed to be the
most probable cause of the threshold voltage shift, cannot be
neglected in spite of the same low L.I. generation rate in there.
As a result, the degradation of V4), is imperceptible and can
be easily ignored if the aging experiments are carried out with
insufficient number of avalanche cycles [21].

To sum up, throughout the entire UIS test process, the degra-
dation due to the holes trapping into the gate oxide above a
part of channel region (near Pwell/JFET junction) is only dis-
covered during the miller plateau phase, while the degradation
related to the gate oxide above the JFET region mainly occurs
in the avalanche mode phase. These simulation results show
high coherence and correspondence with the CP measurements
as a result of cumulative degeneration during the repetitive UIS
stress tests.

The trapped holes in the gate oxide above a part of channel
region will attract negative charges to move toward the surface
of the semiconductor, leading to a reduced background doping
concentration in here. This implies that the effective channel
length will become shorter than that of the fresh device. In ad-
dition, things will get worse as the repetitive UIS experiments
continue. It seems to achieve the same result as the short-channel
effect, which may give rise to the reduction of V}j,, the increase
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of I4ss, and the decrease of R,,, [32]. With respect to the trapped
holes in the gate oxide above both sides of the middle of JFET re-
gion, the failure mechanism has been discussed in [21] at length.
On the one hand, the presence of trapped holes will change the
potential distribution near the Pwell/JFET junction and enhance
the local electric field strength when the device is in the off-state,
resulting in the increase of /444, on the other hand, contrary to
the situation in the channel region, the negative charges induced
by the trapped holes will increase the background doping con-
centration of the JFET region and reduce the specific resistance
of the conduction path, leading to the decrease of R,,. Due to
that this part of injected holes are away from the channel re-
gion, they do not make any contribution to the threshold voltage
degradation. Besides, the oxide trapped holes would lead to the
increase of I, as well. But as the experimental results shown
in Fig. 4, no obvious change of I,4 can be observed. This is
because although V4, shows a 27% decrease on average, the
decrement is actually limited (around 0.6 V). Hence, the addi-
tional electric field pointing to the channel area induced by the
oxide holes is negligible when compared with the high gate bias
(Ves = 20 V) used in I, measurement, resulting in a seem-
ingly stable I,. It is noted that all the degradation phenomena
occurring in the repetitive UIS stress tests can be well explained
by the injected hot holes aside from the increase of R,,,, which
seems contradictory to the results accounted for by this failure
mechanism. Further probe trials, thus, will be carried out to
investigate the on-state resistance degradation in the next part.

F. Decapsulation

Decapsulation of fresh devices and failure devices after repet-
itive UIS stress tests has been performed to understand what hap-
pens at die level. The bond wires and bond joints are shown to be
intact along with the contact metallization from the internal view
of fresh devices, as exhibited in Fig. 13(a) and (b). Nevertheless,
an apparent aging phenomenon on the bond wire contacts can be
observed with regard to the failed ones. The thermomechanical
stress induced by the repetitive UIS tests easily enhances the
thermal fatigue of metallic material, resulting in the bond wires
lift-off. As shown in Fig. 13(c), the gate and source bond wires
are lifted off, leaving behind the melted holes on their footprints
as a consequence of the local melting of the bond ends. While
Fig. 13(d) shows the lift-off patterns after the wire bonds lift off
from the source contact, which are the residues of bond wire
material. The bond contact resistance as a component of R,
hence, is increasing due to the degradation at the interface be-
tween bond wires and chip metallization [33], [34]. Combining
with the previous discussions, it is tempting to conclude that
the effect of injected hot holes on the on-state resistance of the
studied devices is far more than offset by that of the bond wires
degradation, leading to the increase in R, finally.

G. High-Temperature Treatment

The poststress high-temperature treatment has also been done
to indirectly validate the existence of hot holes injection in
the gate oxide on account of that the high-temperature mea-
surements could provide adequate activation energy to help the
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Fig. 13.  (a) and (b) Decapsulated fresh devices and (c) and (d) failure devices after repetitive UIS stress tests.

trapped holes release. The degradation of device performance
arising from HCI, therefore, will be gradually recovered with
prolonged heat treatment time [15], [21], [26]. The normalized
Vin and I, represent the ratio of test data to their respective
values of fresh devices, which can basically reach one after
200 °C high-temperature treatment on the failure devices for 30
min, as shown in Fig. 14. Whereas, a slight increase in R,,, can
be observed in the bottom plot. This is mainly because the hot
holes inducing the decrease of R, can be released by the high
temperature while this treatment almost has no influence on the
recovery of bond wires degradation. As a result, the effect of
hot holes injection once overshadowed by that of the failure at
die level is gradually reflected and verified by the slight increase
of Ry, .

IV. CONTRAST TESTS

Contrast tests have also been carried out to investigate the
effect of different UIS test conditions on the degradation rate
of electrical parameters in the aging experiments. Adjusting 12,
and V, .¢ to show the dependence on the duration of miller
plateau (referring to (6)) is not included in this paper because of
the embedded gate driver in the test equipment. The test condi-
tions for different cases are summarized in Table I with the single
pulse avalanche test result under each condition being displayed.
The condition employed in Section III is named Case 1 and
treated as a reference here. The test parameters adjustment in
Case 2 is to reduce ¢, by half on the basis of the circuit analysis
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Fig. 14.  Variations of normalized Vi, I4ss, and R,y as functions of high-

temperature treatment time.

in Section II. Moreover, in order to clearly study the impact of
Ttase, the case temperature of the devices in Case 3 and Case 4
is increased to 350 and 400 K, respectively.

Another three sample sets, total nine devices, are used to con-
duct the repetitive UIS experiments under the other three test
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TABLE I
DIFFERENT UIS TEST CONDITIONS FOR CONTRAST

Case 1 Case 2 Case 3 Case 4
Vbp 50V 26V 50V 50V
L 6 mH 3 mH 6 mH 6 mH
Iy 16 A 16 A 16 A 16 A
Vibr)Dss 17385V 1730 V 1778 V 1807.3V
ton 2445 us - 2441 ps 2459 ps 2465 us
tav 51 ps 26 ps 50 ps 50 ps
Tease 300 K 300 K 350 K 400 K

—s— Case 1 —— Case 2 —— Case 3——Case 4

0.0+
0.2
-0.4
-0.6
-0.8-
-1.0 : T v T v T v T v T
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Fig.15.  Variations of AV}y,, Alyss,and AR,y with the increase of avalanche
cycles for the sample set of devices under repetitive UIS tests with different
stresses.

conditions. Fig. 15 shows the variations of average V;;, shift
(AVin), Igss shift (Alygs), and R,y shift (AR, ) as functions
of the number of avalanche cycles for different cases. It can
be observed that the degradation of the electrical parameters in
Case 1 is more serious than that in Case 2 and the wear out will
be worsened with the increase of Tt . For better understanding,
Fig. 16 gives the simulation results of drain current and junction
temperature under different test conditions. As can be seen from
the figure, the average drain current of the device in Case 2 is
lower due to the smaller ¢, . On the one hand, the lower average
drain current will result in fewer carriers generated by L.I., and
hence fewer injected hot holes; on the other hand, the smaller
t. means that the time for the hot holes injection and trapping
into the gate oxide is shorter. As a consequence, the electrical
parameters degradation mainly due to the HCI becomes slight,
e.g., Vin and Iys. In terms of the temperature dependence of
degradation, it is well known that the HCI effect will be gen-
erally weakened as the temperature rises due to the enhanced
phonon scattering [35]. However, as shown by Case 3 and Case
41inFig. 15, the degradation degree is accelerated at a high Tt s, -
Note that the avalanche voltage V{1, pss at which the device is
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Fig. 16.  Simulation results of drain current and junction temperature for the

device under different test conditions.

TABLE II
TEMPERATURE STRESS FACTORS

Case 1 Case 2 Case 3 Case 4
Tiow 300 K 300 K 350 K 400 K
Thig;h 624 K 457K 672 K 715 K
AT]- 324 K 157K 322K 315K
Tijm 462 K 378.5 K 511K 557.5K
T'ow : minimum junction temperature, T} g1 : Maximal

junction temperature, AT);: junction temperature swing,
T : mean junction temperature.

always clamped during UIS test increases with temperature due
to the declining ionization rates, as can be seen in Table 1. In
other words, the avalanche event must happen and the carrier
energy lost by phonon scattering will be compensated by the
higher V(;,;)pss eventually. Therefore, the HCI effect will not
be suppressed but instead exacerbated by the enhancement in
the vertical electric field at the interface. With regard to the
degradation of R, it is primarily ascribed to the thermal fa-
tigue of metallic material and, thus, can be treated as the issue
of power cycling tests [36], [37]. The temperature stress fac-
tors of the simulated temperature profiles in the bottom plot of
Fig. 16 are summarized in Table II. As the lifetime model tells,
the number of cycles to failure decreases with the increase
of AT} and Tjy,, that is to say, the faster growth of the on-
resistance.

Conclusions can be drawn from our study that the static char-
acteristics degeneration is inevitable for this type of commer-
cial 1.2-kV 4H-SiC MOSFETs under repetitive UIS stresses. In
order to alleviate the degradation of device performance, efforts
should be made in the aspects of device design and fabrica-
tion. For one thing, some novel structures have been proposed
to relieve the electric field strength and I.I. generation rate in-
side the device during the avalanche tests [21], for another, the
manufacture process needs to be further improved to enhance
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the quality of the interface between SiC and SiO-. In addition,
from the perspective of application, minimizing the duration of
miller plateau by means of either reducing I?,, or decreasing the
low level of the gate pulse V, o or reducing the load inductance
in the circuit to shorten the avalanche time and lessen the aver-
age avalanche current are another ways to maintain the device
reliability effectively. Meanwhile, the efficient cooling system
would help the device to work more ruggedly as well.

V. CONCLUSION

The avalanche ruggedness of commercial 1.2-kV 4H-SiC
MOSFETs subjected to the repetitive pulses is investigated in
this paper. ITC55X00B testers are utilized to generate the UIS
stress below the rated avalanche capability to impose on the
devices. After 80k avalanche cycles, the sample set of devices
show an almost consistent degradation tendency characterized
by the decrease of V;}, and increase of I35 and R,,. While no
significant change of I, can be found. The three-terminal CP
measurements are carried out to help detecting the distribution
change of interface traps and HCI inside the device. Results
show that the hot holes injection and trapping into the gate oxide
above the channel and JFET region may be directly responsible
for the failure phenomena. The subsequent electrothermal
simulation results demonstrate that the holes trapping into the
gate oxide above a part of channel region only happens during
the miller plateau phase, while the holes injection related to
the gate oxide above the JFET region mainly occurs in the
avalanche mode phase, based on the distributions of electric
field and L.I. generation rate along the SiC/SiO, interface. This
failure mechanism can well account for the degradation of
Vin and Ij4 except R,,. After decapping the failed devices,
the bond wires lift off due to thermal fatigue can be clearly
seen, which should be the main reason for the increased
R,,. In addition, the poststress high-temperature treatment
has been performed to indirectly confirm the aforementioned
failure mechanism as well. At last, we address the impact of
different test conditions on the degradation rate of electrical
characteristics in the aging experiments and put forward some
feasible schemes to alleviate these degeneration phenomena.
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