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Abstract—Aging-related electrical parameter shifts in SiC 

MOSFETs can adversely affect the power converter 

performance. In this paper, the package degradation’s effect on 

the device’s switching loss is comprehensively investigated. Both 

the TO-packaged 3-pin and 4-pin devices are evaluated, and the 

device’s on-resistances and switching losses are compared before 

and after the package degradation. From the experimental 

results, it is observed that the wire bond degradation can 

significantly affect the switching loss of the 3-pin devices: more 

than 23.8% / 27% turn-on/off loss increase is observed, and it 

becomes more noticeable at higher current and faster switching 

conditions. The increased package resistance and electrical 

coupling to the gate loop contribute to the loss variation. In 

contrast, the switching loss in the 4-pin Kelvin connected SiC 

MOSFET is not affected by package degradation as the Kelvin-

source connection helps to decouple the package degradation’s 

impact on gate drive circuits. The findings serve as a guideline 

for SiC MOSFETs based converter designs to ensure robust 

operation and avoid potential thermal instability issues in the 

long-term operation. 

Keywords—SiC MOSFETs; switching loss; package 

degradation; reliability 

I. INTRODUCTION 

Silicon Carbide (SiC) MOSFETs are desirable for high-
efficiency and high-power-density power electronics 
converters in various industrial applications due to the low on-
resistance and junction capacitance [1]–[3]. However, its long-
term reliability has been a concern in mission-critical 
applications, and the device’s performance can be affected by 
different aging mechanisms. 

Previously, both gate oxide and package degradations have 
been observed in SiC MOSFETs [4]–[9]. Specifically, a high 
density of traps still exists in the SiC-SiO2 interface even with 
the state-of-art manufacturing process. These interface or near 
interface traps can cause threshold voltage instability after 
long-term operations [4]–[6].  

On the other hand, the package of the SiC MOSFETs also 
degrades due to the thermal-mechanical stress among the 
device and packaging materials with different coefficients of 
thermal expansion (CTE). As a result, the wire bond 
liftoff/crack and the solder joint void have been observed in 
discrete packaged devices [7] while additional baseplate solder 
crack has been reported in some power module packages [8]. 

From the application’s point of view, it is essential to 
understand these degradations’ impact on the SiC MOSFET’s 
performance such that certain design margins can be 
considered in the initial converter design stage. 

In the literature, various aspects of aging’s impact on SiC 
MOSFET performance have been investigated. It is reported 
that the gate oxide degradation induced threshold voltage shift 
can cause on-resistance variations [10]–[15] and potentially 
lead to increased conduction loss after long-time operation 
[16]. Moreover, the switching transient of the SiC MOSFETs 
can also be affected [15]–[20]. Regarding package degradation, 
the wire bond liftoff/crack can, not only causes the on-
resistance increase but also contributes to a significant 
switching loss increase [16].  

However, the previous studies only focus on the 3-pin TO-
packaged SiC MOSFETs where the gate loop and power loop 
are coupled by the common source connection. For the 
emerging 4-pin TO-package devices or power modules with 
Kelvin source connection, the package degradation’s impact on 
the device performance remains unknown. Therefore, this 
paper considers both the Kelvin and non-Kelvin connected 
packages and comprehensively evaluates the wire bond 
degradation’s impact on SiC MOSFETs’ performance.  

The paper is constructed as follows: the test procedure is 
first introduced in Section I to mimic a wire bond degradation 
in commercial 3-pin and 4-pin TO packaged SiC MOSFETs. 
The static parameter shifts and the transfer characteristic’s 
variation are explored in Section II. Afterward, the package 
degradation’s impact on the device’s switching loss is 
investigated, and the test results on Kelvin and non-Kelvin 
packaged SiC MOSFETs are discussed. Section IV 
summarizes the results and provides a design guideline to 
consider SiC MOSFET’s performance degradation in different 
packages. 

II. TEST PROCEDURE AND SETUP 

To have a complete understanding of package 
degradation’s impact on the device performance, both the TO-
247 3-pin and TO-247 4-pin packaged SiC MOSFETs are used 
in the experiments. In the 3-pin TO-package, the gate drive 
loop and power loop shares the same source connection as 
shown in Fig. 1, and it represents a non-Kelvin connection. 
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Fig. 1. Package bonding scheme for 3-pin and 4-pin TO Packages. 

TABLE I.  DEVICE INFORMATION. 

Voltage/Current 1200 V/ 30 A 1200 V/ 30 A 

𝑹𝒅𝒔,𝒐𝒏 at 25°C 70 mΩ (20 A) 70 mΩ (20 A) 

Package TO-247-3 Pin TO-247-4 Pin 

Total # of Power 

Source Wire Bonds 
3 thick wires 3 thick wires 

Gate Drive Voltages 15 V/ -4 V 15 V/ -4 V 

 

 

 

. 

 

Gate
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SourceDrain Power Source
Gate

Kelvin 
Source

 

   Fig. 2. New device with de-capsulation on the sourece-pin area. 

 

   Fig. 3. New device with de-capsulation on the sourece-pin area. 
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bond left?This package is inherited from the traditional Si power 
MOSFETs or IGBTs. However, due to the common-source 
inductance in the non-Kelvin TO-247 3-pin package, the SiC 
MOSFET’s switching speed cannot be fully exploited [21] and 
spurious voltage spikes can be generated during the switching 
transients raising concerns about the device’s robustness [22]. 
The 4-pin TO package or power module package provides an 
additional source pin and can minimize or eliminate the 
common-source inductance by decoupling the gate loop from 
the power loop. As a result, the device performance is 
optimized, and the package with Kelvin source for gate drive is 
becoming commercially available from different SiC 
MOSFETs manufacturers.  

In this study, package degradation’s impact on devices with 
different packages is considered. To have a fair comparison 
between the Kelvin and non-Kelvin packages, the devices with 
the same die are chosen in the test, and the device information 
is summarized in Table I.  

Normally, power cycling or thermal cycling is implemented 
to degrade the device’s package [23]–[25]. However, the test 
takes a long time, and additional gate oxide degradation is 
introduced in the power cycling test due to the gate voltage 
stress at elevated junction temperature [6]. To expedite the test 
and target solely at the package degradation, the wire bond on 
the power source is cut to mimic a wire bond lift-off after 
thermal-mechanical stress. Specifically, a new device is 
partially de-capsulated on the source wire bond areas as shown 
in Fig. 2, and the wire bonds can be cut manually. The partial 
decapsulation allows the device to still operate at high voltage 
switching conditions and the device’s switching characteristics 
before and after cutting the wire bonds.  

Before and after each wire bond modification, the static 
parameters and switching characteristics of the device are 
characterized. Fig. 3 shows the test procedure: the device’s 
static characteristics are obtained from the Keysight B1506A 
curve tracer while the switching loss data is measured in a 
double-pulse test (DPT) setup. 

III. STATIC PARAMETER SHIFT COMPARISON WITH 

DIFFERENT PACKAGES 

For both TO-247 3-pin and TO-247 4-pin devices 
summarized in Table I, there are three thick wire bonds on the 
power source as shown in Fig. 2. After cutting the source pad 
wire bonds, the static characteristics are compared in this 
section. 

A. Threshold Voltage Change  

The threshold voltage shifts are first shown in Fig. 4. In the 
test, the threshold voltage is defined as the gate to source 
voltage when the drain current reaches 80 mA. Since there is 
no long-time gate bias stress applied to the device, the 
threshold voltage shifts are negligible in both the Kelvin and 
non-Kelvin devices. It can be seen that the package 
modification is not affecting the device’s characteristics.  

B. Package Degradation’s Effect on Reverse Voltage Drop 

The package degradation’s effect on the reverse 
characteristics is also investigated. Initially, the reverse voltage 
at low current (100 mA) and negative gate-to-source voltage 
bias (-4 V) is considered as indicated in Fig. 5. The negative  
𝑉𝑔𝑠 ensures that all the current will go through the body diode 

of the SiC MOSFETs. At low current, the variation of reverse 
voltage drop due to the package modification is small and can 
be hardly differentiated from the experimental measurements. 

 However, when the reverse current is increased to a higher 
value (3 A),  the reverse conduction voltage 𝑉𝑆𝐷  start to 
increase as the number of source-pad wire bonds decreases, 
and the change is consistent across a junction temperature 

2259

Authorized licensed use limited to: Univ of Texas at Dallas. Downloaded on December 04,2021 at 23:59:09 UTC from IEEE Xplore.  Restrictions apply. 



 

(a) Non-Kelvin device with TO-247 3-pin package 

 

(b) Kelvin device with TO-247 4-pin package 

Fig. 6. Reverse voltage change (high current) after package modifications. 

 

(a) Non-Kelvin device with TO-247 3-pin package 

 

(b) Kelvin device with TO-247 4-pin package 

Fig. 7. On-resistance change of devices after package modifications. 
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(a) Non-Kelvin device with TO-247 3-pin package 

 

(b) Kelvin device with TO-247 4-pin package 

Fig. 4. Threshold voltage change of devices after package modifications. 

 

(a) Non-Kelvin device with TO-247 3-pin package 

 

(b) Kelvin device with TO-247 4-pin package 

Fig. 5. Reverse voltage change (low current) after package modifications. 
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range from 25 ℃ to 150℃ as shown in Fig. 6.    

C. Aging’s Effect on On-Resistance  

Similarly, the package degradation can also affect the the 
on-state resistance, and Fig. 7 illustrates the on-resistance 

𝑅𝑑𝑠,𝑜𝑛  variations over package modifications at different 𝑇𝑗 . 

The device’s on-resistance composes of the channel resistance 
𝑅𝑐ℎ , drift region resistance 𝑅𝑑 , substrate resistance 𝑅𝑠𝑢𝑏  and 

package resistance 𝑅𝑝𝑎𝑐𝑘𝑎𝑔𝑒 as expressed in (1): 

 𝑅𝑑𝑠,𝑜𝑛  ≈ 𝑅𝑐ℎ + 𝑅𝑑 + 𝑅𝑠𝑢𝑏 + 𝑅𝑝𝑎𝑐𝑘𝑎𝑔𝑒  () 
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        (a) Circuit diagram                                        (b) Setup 

Fig. 8. Double pulse test circuit diagram and setup. 
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(a) External turn-on gate resistance of 0 Ω 

 

(b) External turn-on gate resistance of 10 Ω 

Fig. 9. Turn-on loss shift in 3-pin devices due to package modification. 

 

Fig. 10. Turn-on circuit diagram considering package resistance 
degradation in a TO-247 3-pin non-Kelvin connection package. 
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As can be seen, due to the wire bond cut-off, the overall on-
resistance of both devices goes up. Specifically, at 150 ℃, the 
on-resistance of the TO-247 3-pin device increases from 113.9 
mΩ to 121.8 mΩ, while the 𝑅𝑑𝑠,𝑜𝑛  of TO-247 4-pin device 

elevated from 109 mΩ to 114.5 mΩ. Up to 6.9% on-resistance 
is observed by cutting the source-pad wirebond. In real 
applications, the on-resistance increase can be more significant 
(e.g. 20% towards the end of a lifetime) considering together 
the solder crack and wire bond crack. The increased package 
resistance can cause excessive conduction loss and end up with 
more electrical stress on the remaining wire bond.  

IV. COMPARISON OF SWITCHING LOSS VARIATION WITH 

DIFFERENT PACKAGES 

The switching loss of the same device is obtained from the 
double-pulse test, and the package degradation’s impacts on 
devices with Kelvin and non-Kelvin connections are compared 
in this section. 

The circuit diagram of the double-pulse test setup shown is 
in Fig. 8 (a), and the experimental setup is illustrated in Fig. 8 
(b). The low-side SiC MOSFET is the device under test, and a 
SiC Schottky diode is used on the high-side. The isolated gate 
driver UCC5390SC from Texas Instruments is used, and it has 
a 10 A sink/source capability. The hot plate is placed beneath 
the device such that its junction temperature can be adjusted 
through the hot plate’s temperature setting. Note that to 
achieve an accurate junction temperature setting in the device, 
the thermal resistance in between the device and hot plate is 
also considered, and the body diode’s voltage drop at low 
current and negative bias is used to calibrate the device’s 𝑇𝑗 

and hot plate’s temperature setting [15]. From the DPT setup, 
the device’s switching loss can be characterized at different 
junction temperatures. 

A. Turn-on Loss Change Over Aging 

1) Turn-on Loss Variation in Non-Kelvin Packaged 

Device:  

Fig. 9 illustrates the room temperature turn-on loss 
variation of non-Kelvin connected TO-247 3-pin device after 
the modifications. The test results at different turn-on gate 
resistances are presented. As can be seen, when the source-pad 
wire bonds start to degrade, the turn-on switching loss 

increases significantly for both the 0 Ω and 10 Ω external gate 
resistance cases. At 600V and 20 A condition, the 6.9% 
package resistance change in the source wire bond can 
introduce more than 17.7% and 13.5% turn-on switching loss’s 
increase for 𝑅𝑔,𝑒𝑥𝑡 = 0 Ω and 𝑅𝑔,𝑒𝑥𝑡 = 10 Ω respectively. Also, 

it is observed that the turn-on loss increment becomes more 
significant at higher load conditions. At 40 A and 0 Ω external 
gate resistance, more than 23.8% additional switching loss is 
observed. The increased turn-on switching loss can affect the 
device’s performance and system efficiency in the long run. In 
the worst case, thermal run-away can be induced due to the 
excessive switching loss. Therefore, it has to be taken into 
consideration in the initial converter design stage, and a 20% or 
higher thermal margin is recommended based on the testing 
results. 

As discussed in [16], the increased source-pad package 
resistance contributes to the additional turn-on switching loss. 
Specifically, Fig. 10 illustrates the circuit diagram of the DPT 
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(a) External turn-on gate resistance of 0 Ω 

 

(b) External turn-on gate resistance of 10 Ω 

Fig. 11. Turn-on loss shift in 4-pin devices due to package modification. 
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circuit considering the package resistance in the TO-247 3-pin 
non-Kelvin package. During the turn-on current rise period, the 
gate voltage of the device 𝑣𝑔𝑠  increases from the threshold 

voltage to the miller plateau voltage 𝑉𝑚𝑖𝑙𝑙𝑒𝑟  following an RC 
time constant formed by the total gate loop resistance and the 
device’s input gate capacitance 𝐶𝑖𝑠𝑠: 

 𝑉𝑔𝑠 = 𝑉𝐷𝐷 ∙ (1 − 𝑒
−

𝑡

(𝑅𝑔,𝑖𝑛𝑡+𝑅𝑔,𝑒𝑥𝑡+𝑅𝑝𝑎𝑐𝑎𝑘𝑔𝑒)∙𝐶𝑖𝑠𝑠)  () 

The gate loop resistance consists of the internal gate 
resistance 𝑅𝑔,𝑖𝑛𝑡 , the external gate resistor 𝑅𝑔,𝑒𝑥𝑡 , and the 

package resistance in the source pad 𝑅𝑝𝑎𝑐𝑘𝑎𝑔𝑒. As the package 

resistance goes up after cutting the source-pad wire bonds, the 
RC time constant is increased thus increasing the turn-on loss 
during the current rise period. Meanwhile, since the package 
resistance is shared by the gate loop and power loop, an 
additional voltage drop is introduced across the package 
resistance 𝑅𝑝𝑎𝑐𝑘𝑎𝑔𝑒 when the device’s drain current 𝑖𝑑 starts to 

commutate the load current during the current rise period. As a 
result, the equivalent gate drive voltage of the device is 
reduced. Combining with the increased RC time constant, the 
real gate-to-source voltage of the device increases more slowly 
after the package degradation, and an elevation of turn-on 
switching loss is expected during the current rise period. 

During the turn-on voltage falling or dv/dt period, the gate 
current 𝑖𝑔  is discharging the miller capacitance and can be 

described as: 

𝑖𝑔 =
𝑉𝐷𝐷−𝑉𝑡ℎ−

𝐼𝐿
𝑔𝑚

−𝑖𝑑∙𝑅𝑝𝑎𝑐𝑘𝑎𝑔𝑒

𝑅𝑔,𝑖𝑛𝑡+𝑅𝑔,𝑒𝑥𝑡+𝑅𝑝𝑎𝑐𝑘𝑎𝑔𝑒
                       () 

𝑉𝐷𝐷  is the positive gate drive voltage, and 𝑉𝑡ℎ is the 
threshold voltage of the SiC MOSFETs. In the denominator, 
the package resistance reduces the gate current. At the same 
time, the additional voltage drop term 𝑖𝑑 ∙ 𝑅𝑝𝑎𝑐𝑘𝑎𝑔𝑒  in the 

numerator makes the gate current smaller. Consequently, the 
voltage falling period is extended, and the turn-on loss tends to 
increase as the source-pad package degrades. The loss increase 
also varies with the load conditions, and a larger loss increase 
is expected at a higher load current according to (3). 

2) Turn-on Loss Variation in Kelvin Packaged Device:  

The same test procedure is applied to the TO-247 4-pin 
device with a Kelvin source connection, and its turn-on 
switching loss variation after cutting the power source wire 
bonds is summarized in Fig. 11. As can be seen, different from 
the 3-pin non-Kelvin connected device, the turn-on switching 
loss remains the same and it is not affected by the wire bond 
degradation in the power source. The main reason is: with the 
Kelvin-source connection, the gate drive loop is decoupled 
from the power loop, and the gate drive capability remains the 
same regardless of the power source wire bond modifications. 

 Meanwhile, with minimized common-source inductance 
between gate loop and power loop, the turn-on switching loss 
of the Klevin connected 4-pin device is much smaller than the 
non-Kelvin connected 3-pin device under the same gate driver 
and operating conditions.  

From the comparison with non-Kelvin connected 3-pin SiC 
MOSFETs, it can be observed that the Kelvin connected SiC 
MOSFETs not only have lower switching losses but also 
provides a more consistent turn-on switching loss without 
being affected by the package degradation. Therefore, from the 
application’s point of view, the device with Kelvin connect is 
more robust in long-term operation and requires less thermal 
margin in the converter design stage.  

B. Turn-off Loss Change Over Aging 

The turn-off loss variation over package degradation is also 
compared in between the 3-pin and 4-pin packaged devices, 
and the results are summarized in Fig. 12 and Fig. 13. 

Similar to the turn-on switching loss variation case, the SiC 
MOSFETs with a non-Kelvin connection show a turn-off loss 
increase. At 600 V, 40 A with an external gate resistance of 0 
Ω, the turn-off loss in TO-247 3-pin packaged device can 
increase from 178 µJ to 226 µJ, and more than 27% loss 
increase is observed. On the contrary, the devices with Kelvin 
connection demonstrate a consistent turn-off loss, which is 
independent of the power source package degradations. The 
package resistance, which is shared in between the gate drive 
loop and power loop in the 3-pin package case, is contributing 
to the difference in turn-off loss variation.  

V. CONCLUSIONS 

This paper experimentally evaluates the package 
degradation’ impact on the performance of SiC MOSFETs. A 
partial decapsulation is implemented to the device, and the 
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Fig. 12. Turn-off loss shift in 3-pin devices due to package modification. 

 

(b) External turn-on gate resistance of 10 Ω 

Fig. 13. Turn-off loss shift in 4-pin devices due to package modification. 
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source-pad wire bonds are cut to mimic a wire bond 
degradation. In the evaluation, both the non-Kelvin package 
(TO-247 3-pin) and the Kelvin package (TO-247 4-pin) are 
considered, and the variations of static and switching 
characteristics at different package degradation conditions are 
compared. The key findings of this paper are: 

 

• In term of static characteristics, cutting the source-pad 
wire bonds have the same impact on 3-pin and 4-pin 
devices: the on-resistance is increased and the reserse 
conduction voltage goes up especially at the high 
current region. 

• Regarding wire bond degradations’ impact on switching 
characteristics, differen behaviors are observed for the 
non-Kelvin and Kelvin packaged SiC MOSFETs. For 
the TO-247 3-pin package with non-Kelvin connection, 
the gate loop is coupled to the power loop, and both 
turn-on and turn-off switching loss increase as the 
package resistance goes up. The loss increase is more 
significant at faster switching speed (lower external gate 
resistance) and larger load current conditions. More 
than 23% and 27% loss increase are observed for turn-
on and turn-off process respectively. However, on the 
TO-247 4-pin devices with Kelvin connection, no 
switching loss variation is observed. 

• From long-term reliability’s point of view, the Kelvin 
connection is preferred for SiC MOSFETs as its 
switching loss is consistent and independ of the wire 
bond degradation status.  
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