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Abstract

This paper presents an online monitoring and correction method ofthreshold voltage in SiC MOSFET power
cycling test. The results of online monitoring of threshold voltage are coupled with both the effect of the
degradation of SiC MOSFET chip and the effect of junction temperature variation caused by the degradation of
the package. The proposed correction method can eliminate the influence of the junction temperature variation.
And the effect of the chip degradation on the threshold voltage can be wellreflected in the corrected results. The
experimental results prove the effectiveness of the proposed method.

1. Introduction

Wide-gap semiconductor power devices
represented by SiC MOSFET have been widely used
due to their superior performance such as high
switching frequency and high operating temperature
[1]. Meanwhile, the reliability of SiC MOSFET has
also attracted a lot of attention [2-3].

The failure of silicon power devices is mostly
caused by the degradation of the package, especially
the bonding wires and the solder layer [4]. SiC
MOSFET has a unique chip-related failure mode due
to the reliability of the gate oxide layer [5-6]. Under
positive gatebias, electrons in the channel tunnel into
the oxide and are trapped by the near-interface oxide
traps. The accumulation of electrons in the oxide
weakens the electric field. In order to form the
inversion layer, a larger gate bias is required.
Therefore, there is a positive shift in the threshold
voltage. As a result, the threshold voltage can be
utilized as anaging precursor to monitor the condition
ofthe SiC MOSFET chip.

The power cycling (PC) test passes intermittent
current to the device under test (DUT), which makes
the DUT continuously switch between heating state
and cooling state, thereby accelerating the aging of
DUT. By performing online monitoring of threshold
voltage in the PC test, the degradation mechanism and
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law of SiC MOSFET chip canbe explored.

In this paper, a novel online monitoring method
of threshold voltage in SiC MOSFET power cycling
test is proposed. In addition, a correction method is
proposed in this paper to eliminate the effect of
junction tempemature rise caused by package
degradation on online measurement.

The remainder of this paper is organized as
follows. Section II introduces the proposed online
measurement and correction method of threshold
voltage. Then, Section III introduces experimental
setup for PC test of SiC MOSFET. In Section IV, the
online measurement results of threshold voltage and
the corresponding correction results is shown. The test
results showthatthe PC test causesa 25mV increase
of threshold voltage forthe experimental 1200V/63A
SiC MOSFET and a 58mV increase of threshold
voltage for the experimental 650V/23A SiC MOSFET.
Finally, Section V concludes this article.

2. Online monitoring and correction methods for
threshold voltage

2.1. Effect of junction temperature variation on
thresholdvoltage measurement results

Threshold voltage can be measured by shorting
the gate and the drain and injectinga mA-level current



into the drain. The measurement can be arranged at
the end of cooling stage of each PC test cycle, when
the junction temperature has nearly stabilized.
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Fig. 1. Variation of junction temperature during PC test.

During the PC test, with the degradation of SiC
MOSFET chip and package, the junction temperature
fluctuation curve in a PC test cycle changes as shown
in Fig. 1. On the one hand, the degradation of the
solderlayerin the package leads to an increase in the
thermal resistance. On the other hand, due to the
degradation ofthe SiC MOSFET chip, the conduction
loss in each PC test cycle increases gradually. The
conduction loss of thedevice canbe expressed as:
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where Vps is the on-state voltage, fioad is the load
current, Lcg is the length of channel, Z is the width of
channel, uin is the channel mobility, Cox is the oxide
layer capacitance, V is the gate-source voltage and
Vi is the threshold voltage. With the degradation of
the gate oxide of SiC MOSFET chip, threshold
volta ge shifts gradually and positive threshold volktage
shift leads to higher conduction loss.

In summary, under the combined influence of
package degradation and chip degradation, both the
minimum junction temperature Timn and junction
temperature swing A T; of the device in PC test will
increase.

This phenomenon also affects the online
monitoring of threshold voltage. As shown in Fig. 1,
the measurement of threshold voltage is scheduled at
the end of the cooling stage in each PC test cycle. At
the beginning ofthe PC test, the corresponding device
tempemature during the threshold voltage
measurement is 7jmin 0. Due to the degradation of the
device, Timin gradually rises to Timinn. Therefore,
considering the temperature-sensitive characteristics
of the threshold voltage, the shift of the threshold
voltage measured online is coupled with the effect of
the degradation of chip gate oxidelayerand the effect
of temperature variation caused by degradation of
package. Therefore, in order to explore the effect of

chip degradation on the threshold voltage, the effect
of junction temperature variation should be
eliminated.

2.2. Online monitoring and correction methods of
thresholdvoltage

Since the voltage drop of body diode Vp under
mA level current injection is a temperature sensitive
electrical parameter (TSEP), the junction temperature
can be measured by measuring Vsp combined with the
Vip-T; relationship obtained by pre-calibration. Fig. 2
shows the change of device junction temperature in a
single PC test cycle. From #~T, the device is tumed
off, and 7; continues to decrease and gradually
stabilizes.
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Fig. 2. Arrangement of samplingin each PC testcycle.

Since T; changes slowly at theend ofthe cooling
stage, the corresponding junction temperature 7vy, at
the momentof threshold voltage measurement can be
obtained by measuring the junction temperature once
before and after the threshold voltage measurement
Tvin pre and Ty afe. Since the measurement interval is
short, Tva can be calculated using the following
equation:

T, +Ty,
Tvth _ Vth_pre > Vth_aft (2)

The sampling arrangement in each PC test cycle
is shown in Fig. 2.
The threshold voltage can expressedas [7]

V. o—¢ Q=N o NAEINg (3)
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where @ is the metal-semiconductor work function
difference, Oris the density of fixed charge in the
oxide layer, Ny is the interfacial charge density, pgis
the potential difference between Fermi level and
intrinsic Fermi level, ¢ is the relative dielectric
constant of silicon carbide, ¢ is theelementary charge,



and Ny isthe doping density.

Threshold voltage and temperature have a nearly
linear relationship [8]. Therefore, the threshold
voltage can be corrected by the following equation to
decouple the effectof temperature variation

a7,
dT,

]
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where k represents the number of cycles when these
data measured, 7y is the reference temperature, Vk,
To) is the threshold voltage after correcting the
tempernature to 7o, Tvm(k) is the online monitoring
results before correction, Vi(k, Tvm(k)) is the
threshold voltage measured online before correction.
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Fig. 3. States of measuring circuit.

Fig. 3 (a) shows the state of themeasuring circuit
under junction temperature measurement. A -5V gate
bias is applied to enable the reliable close of the
channel when performing junction temperature
measurement. Meanwhile, auxiliary switch S; is
turned offand S is turned on. The SiC MOSFET body
diode voltage drop can be obtained by measuring the
voltage drop Vip fromkelvin sourceto drain.

Fig. 3 (b) shows state of the measuring circuit
under threshold voltage temperature measurement. S
is turned on to short the gate and drain. The positive
gate bias and a kQ-level R; on can inject a mA level
measurement current into the drain. The path of
measurement currentis shown by thered lines in Fig,

3. (b).

3. Experimental setup

The measuring system is shown in Fig. 4. The
gate drivers and measurement current source connect
to the adapter board with pin headers. Each gate driver
controls a single SiC MOSFET chip and monitors the
agingprecursors. Theadapter board supplies power to
each gate driver through PCB trace. NI (National
Instruments) compactRIO controller sends digital
signals to control the DUT and collects aging
precursors for condition monitoring. The
measurement system connects to the DUT through the
data cable on theleft side of theadapter board.

Fig. 5 shows the connection of the DUTs.
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Fig. 4. Measuringsystem.
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Fig. 5. Device under test.

4. Experimental results

Fig. 6 to Fig. 9 are the testresults ofa 1200V/63A



SiC MOSFET.Fig. 6 (a) shows the junction
tempemature corresponding to the moment of
threshold voltage measurement (7 measure). Since the
measurement of threshold voltage is arranged at the
end of the cooling stage in each PC test cycle, 7 measre
is close to Timin. And Fig. 6 (b) shows the online
measurement results of threshold voltage (Vi measure)-
Vin_measure 18 influenced both by the degradation of the
gate oxide layer of SiC MOSFET chip and the
variation of 7j measure. In the first 40k PC test cycles,
the positive shift of Vin measure is mainly caused by the
degradation of the SiC chip and 7} measuwre Changes
slightly during this period. After 50k PC test cycles,
there is a significantly increase in 7j measure and this
results in the drop of Viy measure after S0k cycles.
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Fig. 7. Online measurementresults of Vps

Fig. 7 shows the online monitoring results of on-
state voltage Vps (voltage drop from drain to kelvin
source). Due to the positive temperature
characteristics of Vps, both the positive threshold
voltage shiftand the junction temperature rise caused
by the package degradation will increase Vp. Since
the degradation of threshold voltage is at mV level,
the evolution of Vpsis mainly caused by the junction
temperature rise caused by package degradation.
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Fig. 8. Calibration results of Vi-7jrelationship.

In order to decouple the influence of 7; measue
variation from the online measurement results of
threshold voltage, calibrations of the relationship
between Vi and T; are performed when the PC test
cycleis 0k, 20k, 40k, 60k, 80k and 94k, respectively.
And Fig. 8 shows part of calibration results (Ok, 40k
and 94k).

The temperature sensitivity coefficient of the
threshold voltage under different PC test cyclescanbe
obtained from the offline calibration results. The data
of Fig. 6 (b)is corrected usingequation (3), wherethe
junction temperature uniformly corrected to90°C, and
the correctionresults is shown in Fig. 9.
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tested. The test results are shown in Fig. 10. The o M
bonding wires of the device lift off when the test e o / /
cyclesare 39.5kand43.9k respectively, which can be — el P Affected by the lift off
obtained from the jump of bonding wire voltage drop ?' ,ﬂf 4 failure of b‘onding wire
shown in Fig. 10.(a). The package ofselected device R Vi .
is TO247-4,so0 the bonding wire voltage drop canbe 5 /
obtained by measuring the voltage drop between the mr ,/' '
kelvin source to power source [9]. The lift off failure 2 lf i
of the bonding wires increases the conduction power :
loss, thereby increasing the junction temperature. As 283 1
shown in Fig. 10. (b), the junction temperature rises 0 " " " "
after the failure of bonding wires. The online Number of cycles (k)
monitoring results of threshold voltage show a drop (c) Online measurement results of Vi

due to the increasing of junction temperature as Fig
10. (c) shows. Fig. 10. (d) shows the results after
correcting the junction temperature to 70°C. It canbe
obtained that the proposed methodis also effective n
eliminating the effect of the bonding wire lift off
failure.
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Fig. 10. Power cyclingtest for 650V/23 A SiC MOSFET.

Itcan be obtained from Fig. 8 that the changeof
dVw/dT;is only 0.0003 V/°C during PC test, which is
negligible. Therefore, dVp/d7; and dVi/dT; can be
measured in the calibration stage before the PC test
and used for online monitoring and correction for
threshold voltage in PC test. The flowchart is shown
in Fig. 11.
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Fig. 11. Proposed flowchart of online monitoring and
correction of threshold voltage in power cycling test

5. Conclusion

This paper presents a method for online
monitoringand correction of threshold voltage m PC
test. The temperature-sensitive characteristics of the

threshold voltage and the influence of the junction
temperature variation on the measurement results are
considered in this paper. The corrected results are
consistent with the offline calibration test results,
which verifies the correctness of the method proposed
in this paper.
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