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Abstract

Integrating SiC power MOSFETSs is very attractive for advancing power electronic systems, yet the system reliability
with new devices remains in question. This work presents two accelerated test experiments to further investigate the
packaging and semiconductor failures of a TO-247 SiC MOSFET. First, a variation on power cycling experiments—
switching cycling—is introduced. Traditional power cycling experiments utilize conduction losses to self-heat the device
where a large temperature swing causes degradation at the packaging level. However, by decreasing the on-time such that
the device only turns on and immediately turns off, the temperature swing is decreased and the semiconductor itself is
degraded. This work shows experimental device degradation caused by continuous switching events—switching cycling,
at 90% of the device’s breakdown voltage. Second, thermal cycling experiments were conducted between -40°C and
175°C to observe degradation in the mechanical packaging of the device. Experimentally-measured changes in threshold
voltage and ON-resistance are recorded in both experiments and compared. These results also illustrate the spectrum
between device and package degradation from accelerated test methods.

1 Introduction these different ways will accelerate the progression of fail-

ure mechanisms within the packaged device that normally
The integration of wide-bandgap (WBG) materials into  require years of field operation to develop. The most com-
power semiconductor devices is a necessary step to ad-  mon failure mechanisms are within the packaging level and
vance power electronics systems to be lighter, smaller, and  include wire bond lift-off and solder delamination. These
more efficient. Silicon carbide (SiC) power metal oxide  mechanisms are most often stressed through thermal and
semiconductor field effect transistors (MOSFETs), incom-  power cycling accelerated tests [12]. High temperature gate
parison to silicon devices, have most notable advantages in ~ bias (HTGB) experiments are commonly used to stress the
electrical breakdown field, thermal conductivity, electron  oxide layer of the semiconductor device [6, 9, 13]. Recent
saturation drive velocity, and irradiation tolerance [1-3].  research has been working to connect these failure mecha-
Stevanovic et al. [3] indicate that the increase in critical nisms with various device characteristics or electrical
electric field strength from utilizing SiC will decrease the ~ measurements as precursor parameters. For solder delami-
size of insulating (or blocking) layers within transistors.  nation or wire bond lift-off, the most common precursor
This decrease in blocking layer size, in conjunction with  parameter is the device Rpsox [5, 14]. For degradation of the
higher doping concentrations, will result in lower ON-re-  oxide layer, changes in threshold voltage (Vy) is a very
sistance (Rpson) values with respect to comparable silicon ~ common precursor parameter [10, 15-17]. This work aims
devices. In addition, transistors capable of sustaining to expand on these existing accelerated aging tests by in-
higher operating temperatures (SiC can on average main-  troducing switching cycling to stress a 1200 V, 10A, TO-
tain a 25°C higher operating temperature than Si [2]) are 247 SiC MOSFET [18] under continuous switching events.

highly attractive fi lications.
18y affifactive fof matty applcations Changes in Vy; and Rpson are investigated through the two

While the material characteristics of SiC are known, and  different stress tests—thermal cycling and switching cy-
significant research has been invested into characterizing  cling. Section 2 introduces the new type of accelerated test
SiC MOSFETs for circuit applications, the degradation of  called switching cycling. An automated, clamped, induc-
these devices under various operating conditions (includ-  tive circuit test was constructed such that switching events
ing switching frequency) is not fully understood [4]. This  would stress the semiconductor device under various oper-
work aims to expand on traditional accelerated tests, with  ating conditions. Section 3 explains the second experi-
the intent of understanding the range of package and semi-  ment—a traditional thermal cycling stress experiment. Fi-
conductor device failures. This can help in designing in-  nally, overall conclusions comparing the degradation of the
situ prognostic circuits to determine the remaining useful  two devices are discussed in Section 4.

lifetime of a commercially-available device.

2 Switching Cycling

To determine lifetime of power semiconductor devices, nu-
merous traditional accelerated tests are typically used. Traditional power cycling experiments utilize self-heating
Some of the most common are thermal cycling, power cy-  effects caused by conduction losses within a device [11].
cling, and gate biasing tests [5-11]. Stressing the devicesin ~ Normally, a “control device” external to the device-under-
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test (DUT) allows current to flow, heating up the DUT until
it reaches a maximum temperature (7yqx). Upon reaching
this T}.ax, the control device turns off and the DUT is cooled
to a minimum temperature (7,»). The experiment contin-
ues until the desired number of cycles is reached or the de-
vice fails. Like thermal cycling, the most common failure
mechanisms for power cycling also includes bond wire lift-
off [19, 20], and solder delamination [21, 22].

The experiment presented in this work varies from tradi-
tional power cycling. The stress on the DUT is not con-
trolled by an external device, nor is the DUT stressed
through a large temperature swing, caused by conduction
losses. The stress is primarily generated through the
switching events. For this reason, a clamped inductive cir-
cuit (Fig. 1), normally used to investigate transistor switch-
ing characteristics, was selected as the primary stress cir-
cuit topology.

DUT

Figure 1 General clamped, inductive circuit

The clamped circuit was selected to utilize the nature of the
freewheeling diode to better control the current and stress
energy applied through the DUT. The experiment is de-
signed to stress the device through continuous switching
events, and the resulting switching losses. The switching
events are applied to understand how switching events de-
grade the semiconductor and the device package. The
switching cycling experiment is compared against a dc-
bias test that holds the same relative drain-source voltage
(Vps) but does not switch. Both experiments are conducted
at 90 percent of the breakdown voltage (Vzp). It can be seen
that switching events will increase degradation within the
same amount of time in comparison to only a high dc-bias.

2.1 [Experimental Design and Results

A test circuit was designed to continuously stress the DUT
while monitoring the Vpsand current waveforms. The test
circuit and auxiliary equipment are connected through a
general-purpose interface bus (GPIB) network and con-
trolled through MATLAB. Through this network, the cir-
cuit automatically stresses the device for a designated
amount of time/cycles and monitors Vps, drain-source cur-
rent (Ips), gate-source voltage (Vgs), and temperature. The
test equipment and GPIB network can be seen in Fig. 2.
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Figure 2 Full test circuit topology_

To demonstrate this accelerated test method and determine
what failure mechanisms are most affected by switching
events, initial experimental tests were conducted at 90 per-
cent of the Vpp, with Vpssetto 1450 V (Fig. 3). Vs was set
to +20/-5 V for switching cycling and was held at -5 V for
dc-bias testing.

100 u

80 u
< 60y
&
= 40p Vap = 1.617 kV

20 \

0
0 400 800 1.2k 1.6k
Vps(V)

Figure 3 Measured Vsp used to determine the test condi-
tions described in Table I

For switching cycling, the switching frequency was set to
4 kHz with a total on-time of 150 ns. In this way, the con-
duction channel is opened and closed quickly to minimize
self-heating effects from conduction losses. The degrada-
tion of Rpson was expected to be smaller in comparison to
the results of thermal cycling; the Vi changes were ex-
pected to be larger. Zheng [9] shows this trend, but with
minimal energy applied across the drain-source of the de-
vice.

Table I shows the selected circuit components and their
corresponding values. The gate loop and power loop were
optimized such that the main stresses applied onto the de-
vice would be from the switching event and not excessive
voltage or current overshoot, or convective heating. The
overall test platform is shown in Fig. 4.

The chosen DUTs were initially characterized in an Agilent
B1505A curve tracer. After every six hours of testing, the
devices were removed from the circuit and re-character-
ized. Figure 5 shows the Vps and Ips switching waveforms
from switching cycling. The dc-bus was set to 1450 V, and
the maximum current reached 23.5 A. A single device has
been demonstrated under each of the test conditions.
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TABLE 1
Experimental parameters and component part numbers

Parameter Numerical Quantity
Input Voltage, Vpc 1450 V (max)
Input Capacitance, Ci, 820ul
Inductor, L 11.214 uH
Shunt Resistor, Rgum 0.02558 Q
Power Diode, D1 DH40-18A
DUT C2M0280120D
ON-time, Z,, 150 ns
Frequency, f; 4 kHz

Curve tracer measurements taken every six hours from
both the switching cycling and dc-bias tests are shown in
Figs. 6-10. The measurement test conditions were compa-
rable with those listed on characteristic curves of the device
datasheet [18]. The transfer characteristics (Figs. 6 and 7)
were taken with a Vps of 20 V. A second, more sensitive
test was conducted where Vps was set to equal Vs and the
Ips current was measured as Vgs was swept. These results
(Fig 8) show the large shift in V. It can be seen that within
the first 12 hours of testing no major degradation occurred
and Vy was approximately 2.5 V, but between the 12-18
hours of testing, ¥ increased to approximately 3 V—a 20
percent increase.

Rpson measurements (Figs. 9 and 10) were taken with Vs
set to 20 V and sweeping /ps. Only at the 24-hour measure-
ment can a change be seen in the switching cycling results.
The maximum change of Rps,, in switching cycling was
calculated to be two percent. These results lend credence
to the hypothesis that switching cycling stresses the device
semiconductor to a greater extent than the device package.

m—————]

Computer :

Figure 4 Switching cycling test bench
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Figure S Vps(top) and Ips(bottom) switching events of the

DUT performed under the conditions listed in Table I
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DC-Bias Experiment
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Figure 6 Changes in transfer characteristics for dc-bias test
where Vps equals 20 V
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Figure 7 Changes in transfer characteristics for switching
cycling experiments
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Figure 8 Changes in threshold voltage of switching cycling
experiments (zoomed in of Fig. 7)
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Figure 9 Changes in ON-resistance for dc-bias experi-
ments
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Switching Cycling
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Figure 10 Changes in ON-resistance for switching cycling
experiments

3  Thermal Cycling Degradation

3.1 Introduction and Expected Degradation

Traditional thermal cycling tests allow for thermo-mechan-
ical reliability evaluation of a package. Thermal cycling is
defined here as exposing a packaged device to temperature
variations through an externally created thermal profile
[23]. Differences in coefficients of thermal expansion be-
tween the device and packaging layers will create, grow,
and propagate cohesive fractures, or cracks, within a bond-
ing layer, such as solder, or adhesive fracture between lay-
ers within the package. These cracks will expand until a
failure condition is achieved within the layer such as solder
delamination, or bond wire lift-off [5, 21].

A 1200V, 10A, TO-247 packaged SiC power MOSFET
[18] was subjected to thermal cycling in a thermal shock
chamber. Wires were soldered onto the device and con-
nected to a specially-designed measurement circuit exter-
nal to the chamber. The experimental testbed and measure-
ment circuit are shown in Fig. 11. In this way, both V;; and
Rpson measurements could be taken at both the maximum
and minimum (175°C and -40°C, respectively) cycle tem-
peratures. This results in a difference of 215°C between the
temperature extremes.

The Vi, measurements were taken with Vgs equalling Vs,
and the voltage was swept until /p reached 1.25 mA. The
Rpson measurement was taken with a Vs of 20 V and a Ips
of 3 A. Vps was then measured across the device and Rpson
was calculated by (1).

VDS(on)
IDS

While these measurements were taken for each cycle to ob-
serve progressive degradation for each cycle, a full analysis
was conducted for temperatures ranging from -50°C to
175°C in 25°C increments. Data acquisition was automated
in MATLAB to assure consistency between all measure-
ments.

)

RDSon =

4

“I_ ThermalShoEI:ChaFnber !

Fr Measurement Equipment
| p

B Control Computer

Figure 11 Thermal cycling test bench

3.2 Experimental Results

Before thermal cycling experiments were conducted, a sen-
sitivity analysis was conducted for the shock chamber and
measurement equipment. Systematic uncertainty of the test
system was calculated and incorporated in the results for
Vin; the measurement error for Rps,, was found to be negli-
gible. Experimental measurements of Vi and Rpso., were
swept at increasing temperatures every 100 cycles. The
Rpson measurements and normalized measurements are
shown in Fig. 12 and 13. ¥ measurements are shown in
Fig. 14. For each, the results are shown for every 500 cy-
cles until 1500 cycles.

Figures 12 and 13 show that after 1500 cycles, changes in
Rpson measurements have occurred. Within the first 1000
cycles, a decrease in Rps,, at low temperatures was ob-
served, along with a slight increase at higher temperatures.
However, after 1500 cycles, a large increase is seen within
the complete temperature range. Figure 13 shows the
changes in Rps,, normalized to the initial measurement; the
maximum change in Rpso, is 15 percent. It is speculated
that this change is caused by a crack propagation in the sol-
der layer, or a wire bond lift-off [14, 21].

No major changes can be seen in the V', measurements. All
results are within the statistical bounds of the measure-
ments. It is believed that the shift from initial results to 500
cycles is a result of burn-in effects. V', degradation is un-
derstood to be caused more by semiconductor stresses, like
high electric field on the gate [6, 7, 13, 15]. Overall, exper-
imental results show changes consistent with other tradi-
tional thermal cycling experiments [23].

0.8
s «Ron - Initial Increasing Cycles
- 0.7 Ron - 500 Cycles
S g . *Ron-1000 Cycles
c 0.
7 Ron - 1500 Cycles
2 05
o«
=
P 0.4

0.3

-75 -50 -25 0 25 50 75 100 125 150 175 200
Temperature (°C)
Figure 12 Experimental results for changes in Rpson
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Figure 14 Experimental results for changes in Vy,
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Conclusion and Future Work

Both cycling experiments have shown degradation of the
same type of SiC power MOSFET. The changes in Rpsox
from the thermal cycling suggest that the packaging solder
layer or the wire bonds are degrading. Because of the large
step increase, it can be mostly assumed to be a wire bond
lift-off. In comparison, the V; of the device was not
changed at all.

Comparing the dc-bias experimental results with those
from switching cycling shows negligible changes in Rpson,
but considerable changes in V. Overall, constant switch-
ing events in switching cycling cause degradation in semi-
conductor level parameters, while thermal cycling shows
degrading in the device package.

This work provides two novelties. First is the introduction
and creation of an automatic, switching cycle test where a
SiC MOSFET is stressed through switching events with
high voltage applied across the device. The second novelty
is the comparison of these results to the degradation from
a traditional thermal cycling test. Failure mechanisms,
which have previously been linked with external environ-
mental and internal electrical and thermal stresses, have
been monitored via device characteristics under varying
frequency-domain accelerated cycling tests.

Future work includes additional switching cycling experi-
ments, as well as completing additional accelerated life-
time tests. Changing the frequency domain from transient
events that occur in nanoseconds, to minutes for passive
thermal cycling, will separate and identify the dominant
failure mechanism(s) within a package. This will help build
understanding of the failures within the device and within

5

the package. This work can also lead to future work design-
ing in-situ prognostic circuits to calculate the remaining
useful lifetime of TO-247 packaged SiC MOSFETs.
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