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ABSTRACT In this work, the electrical characteristics’ failure due to the chip-level damage and its
relationship with the package-level degradation have been investigated for the Cascode GaN device under
long-term repetitive power cycling test (PCT). At first, it is found that, the device’s transfer characteristics
and threshold voltages have not changed until 8000-cycle PCT, while its on-state current decreases as the
increases in cycles number. Meanwhile, the device’s gate-to-source leakage have not changed even after
8000-cycle PCT, but there is a significant increase in drain-to-source leakage. The above phenomenon
has been attributed to the structural damage in the gate region of GaN HEMT, which has been verified by
TCAD simulation and EMMI analysis. Then, it is found that the device’s thermal resistance is increased
after the repetitive power cycling test, which is due to the package-level degradation. The increased
thermal resistance will lead to the increase of heat accumulation, which has been verified by TCAD
simulation, subsequently leading to the chip-level damage and electrical performance failure for Cascode
GaN device. The relevant results may help to improve the long-term reliability of Cascode GaN device.

INDEX TERMS GaN HEMTs, power cycling test, package degradation, chip-level degradation.

I. INTRODUCTION

Gallium nitride (GaN) has the advantages of wide band gap,
high saturated electron drift velocity, high electron mobil-
ity, and high thermal conductivity, which make it to be an
extremely ideal semiconductor material for the high-voltage,
high-frequency, high-temperature, and high-power applica-
tions [1], [2], [3], [4], [5], [6]. GaN is expected to solve
the “silicon limit” problem faced by the power electron-
ics technology, and has become a research hotspot in the
field of power electronics technology. GaN high electron
mobility transistor (HEMT) is the most attractive structure
in GaN power devices due to its mature technology, simple
process, and excellent performance [1], [2], [3]. Currently,
GaN HEMTs have gained more and more attentions in high-
power applications. However, due to the strong polarization
effect in AIGaN/GaN heterostructures, the conventional GaN

HEMTs exhibit a negative threshold voltage characteris-
tic [7], [8], [9]. In the field of power electronics technology,
the enhancement mode (E-mode, or Normally Off) transistors
with a positive threshold voltage can bring great convenience
and are necessary in some applications for the safety con-
siderations [1], [2], [3]. The enhancement technologies for
AlGaN/GaN power devices mainly include P-type gate tech-
nology [10], [11], fluorine ion implantation technology [12],
[13], [14], [15], [16], Cascode technology [17], thin barrier
layer technology [18], and recessed-gate technology [3], [19],
[20], [21]. Among them, the E-mode GaN HEMTs based
on Cascode technology have been commercialized.

In spite of their superior operation properties, the long-
term reliability of the Cascode GaN devices has drawn great
concern. Many works have been carried out to investigate the
long-term reliability of Cascode GaN device. Namely, the

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

426

VOLUME 11, 2023


HTTPS://ORCID.ORG/0000-0001-8485-1109
HTTPS://ORCID.ORG/0000-0002-0064-3626
HTTPS://ORCID.ORG/0000-0001-8471-2539
HTTPS://ORCID.ORG/0000-0002-5572-1791
HTTPS://ORCID.ORG/0000-0001-6901-3000

SHI et al.: CHIP-LEVEL AND PACKAGE-LEVEL DEGRADATION OF CASCODE GaN DEVICE

ELECTRON DEVICES SOCIETY

E-mode
S D E-mode D-mode
Si MOSFET ro[»—m Si MOSFET A pGaN HEMT
— D
G D-mode — )
Gate GaN HEMT e L
X [ N
\ AN \
Q

(b)\@m.» \\Seur.cs \Drain

FIGURE 1. Equivalent circuit (a) and internal package structure (b) of
Cascode GaN device.

power cycling test (PCT) [22], [23], [24], [25], [26], [27]
is commonly used for investigating the long-term reliabil-
ity of power devices, since it can simulate the practical
working conditions for power devices. Generally, the failure
mechanisms of Cascode GaN device can be classified as
the chip-level and package-level degradation. The chip-level
degradation of Cascode GaN device is mainly related to the
gate region of GaN HEMT, the device’s electrical charac-
teristics will be affected by the gate region’s internal and
nearby defects generated during the long-term stress test.
The package-level degradation is mainly related to solder
layer and bond wire, the degradation in solder layer and
bond wire may affect the thermal and electrical character-
istics of the device. However, quite a limited study gives
a comprehensive analysis on the relationship between the
chip-level and package-level degradation for Cascode GaN
device under long-term repetitive power cycling stress.

In this work, the electrical characteristics’ failure due to
the chip-level damage and its relationship with the package-
level degradation have been investigated for the Cascode
GaN device under long-term repetitive power cycling stress.
It is found that the increased thermal resistance due to the
package-level degradation will lead to the increase in heat
accumulation, subsequently leading to the chip-level damage
and device’s electrical performance failure. The relevant con-
jecture has been verified through TCAD simulation, EMMI
analysis and SAM analysis. The manuscript is organized
as follows: The experiment details of the long-term repet-
itive power cycling test are presented in Section II; The
electrical characteristics’ failure behavior, the package-level
degradation behavior, and the relationship between the two
are investigated in Section III; The conclusions are drawn
in Section IV.

Il. EXPERIMENT DETAILS

In this work, the commercially available Cascode GaN device
(TPH3206PSB From Transporm) is employed to carry out
relevant research. Fig. 1 gives the equivalent circuit and
internal package structure of the Cascode GaN device, which
contains a high-voltage D-mode GaN HEMT and a low-
voltage E-mode Si power device. The source electrode of
the low-voltage E-mode Si power device and the gate elec-
trode of the high-voltage D-mode GaN HEMT are shorted
together as the source electrode of the Cascode GaN device,
the drain electrode of the low-voltage E-mode Si power
device and the source electrode of the high-voltage D-mode
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FIGURE 2. Simplified diagram of the power cycling test (PCT).
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FIGURE 3. PCT setup: (a) gate voltage waveform with ton/ty of 90s/90s,
(b) load power and measurement current waveform, and (c) typical
junction temperature waveform during PCT.

GaN HEMT are shorted together, the ohmic drain electrode
of the high-voltage D-mode GaN HEMT is used as the drain
electrode of the Cascode GaN device, and the gate electrode
of the low-voltage E-mode Si power device is used as the
gate electrode of the device. At this time, the low-voltage
E-mode Si power device determines the threshold voltage
of the Cascode GaN device, and the breakdown voltage of
the Cascode GaN device is determined by the high-voltage
D-mode GaN HEMT. The E-mode GaN HEMT based on
the Cascode technology has the advantages of simple driving
circuit and high threshold voltage.

Fig. 2 shows the simplified diagram of the adoptable PCT
setup. And Fig. 3 exhibits the working waveform for the
devices under test (DUTs) during PCT. One power cycle
of a typical PCT contains an active heating phase and a
passive cooling phase. According to the duration of the
power cycle, the PCT test is generally divided into fast and
slow PCT, and the latter is adopted in this work to acceler-
ate failure and shorten the required number of cycles [22],
[23], [24], [25], [26], [27]. The time of the active heat-
ing phase (also is the on-state time of DUT, #,,) and the
time of the passive cooling phase (also is the off-state time
of DUT, o) are set to 90s and 90s, respectively. In the
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FIGURE 4. Transfer characteristics (a) and output characteristics (b) of the
Cascode GaN device before and after PCT.

active heating phase, an additional high load power (Pjoad)
is used to heat DUTs, as shown in Fig. 3(a) and Fig. 3(b).
In the passive cooling phase, the negative voltage of —5V
is used to quickly turn off DUT, and the forced air-cooling
system is employed to quickly cool down the heated DUT.
The long on-state/off-state time is employed to ensure that
the junction temperature in the heating phase is close to the
maximum operating temperature (150°C), and the maximum
junction temperature fluctuation is about 115 °C in a cycle.
At same time, a low reverse measurement current (Iyeas)
is also applied for junction temperature monitoring in the
cooling phase. The specific temperature monitoring meth-
ods are as follows [28]: Firstly, a small current is applied
(10 mA in this work) from the device’s source electrode to
drain electrode, and then the conduction voltage drop (Vsp)
between the device’s source electrode to drain electrode is
measured at different temperatures to obtain the relationship
between Vpg and temperature. Then, during the power cycle,
a small current from the source to the drain is applied to the
device again, and Vpgs is measured. The temperature at this
time is calculated based on the relationship between Vpg and
temperature. The typical junction temperature waveform of
DUT during PCT is shown in Fig. 3(c).

1Il. RESULTS AND DISCUSSION

A. THE ELECTRICAL CHARACTERISTICS’
BEHAVIOR

Fig. 4 exhibits the transfer characteristics and output char-
acteristics of the Cascode GaN device before and after
the long-term repetitive PCT. As it can be found that, the
device’s transfer characteristics and threshold voltages have
not changed significantly until 8000-cycle PCT. And after
8000-cycle PCT, there is a significant increase in device off-
state current, which demonstrates the formation of a new
leakage current channel between the source electrode and
drain electrode of the Cascode GaN device. It can also be
guessed from that no change in device’s threshold voltage,
there is no production of new electron traps in the gate region
of the cascode GaN device (also is the gate region of the
low-voltage E-mode Si power device) until 8000-cycle PCT.
And the device’s on-state current decreases as the increases
in cycles number. As shown in Fig. 4(b), the device’s on-
state current at Vpg = 4V and Vgs = 4V is decreased by
about 4A (about 17%) after 6000-cycle PCT, which may
result from the production of new electron traps [2], [3]
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FIGURE 5. The gate-to-source leakage (a) and drain-to-source leakage
(b) of the Cascode GaN device before and after PCT.

or the degradation in device’s solder layer and bond wire.
The new traps with electron trapped will increase nega-
tive charges, which will change the energy band structure
and decrease the density of two-dimensional electron gas
(2DEG), subsequently increasing the on-state resistance and
decreasing its on-state current. The delamination of the sol-
der layer and liftoff of the bond wire will also increase
the on-state resistance, subsequently decreasing its on-state
current. The GaN HEMT is a planar integrated device, the
solder layer under GaN HEMT is only used to fix devices
and increase its heat dissipation capacity. The causes for
the decrease in the device’s on-state current may be the
production of new electron traps, delamination of the sol-
der layer under the low-voltage E-mode Si power device
or the degradation in device’s bond wire. The specific rea-
sons for the decrease in the device’s on-state current will be
analyzed later.

Fig. 5 exhibits the gate-to-source leakage current and
drain-to-source leakage current of the Cascode GaN device
before and after the long-term repetitive PCT. As it can
be found, there is no change in the device’s gate-to-source
leakage even after 8000-cycle PCT, but there is a signif-
icant increase in the device’s drain-to-source leakage. So,
it can be inferred that the gate structure of the cascode
GaN device (also is the gate structure of the low-voltage
E-mode Si power device) is not damaged during the long-
term repetitive PCT. And there is a new leakage current
channel between the source electrode and drain electrode of
the Cascode GaN device, which also results in the increase
in the reverse conduction current, as shown in third quad-
rant -V characteristics of the Cascode GaN device (Fig. 6).
It can be seen from Fig. 1(a), there are two current paths
between the source electrode and drain electrode of the
Cascode GaN device. One is from the source electrode to
the gate region and drain electrode of the low-voltage E-
mode Si power device, and then to the drain electrode of
the Cascode GaN device, the other is from the source elec-
trode to the gate of the high-voltage D-mode GaN HEMT,
and then to the drain electrode of the Cascode GaN device.
As analyzed above, the gate structure of the low-voltage
E-mode Si power device is not damaged during the long-
term repetitive PCT. So, the new leakage current channel
is passed through the gate of the high-voltage D-mode
GaN HEMT.
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FIGURE 6. The third quadrant /-V characteristics of the Cascode GaN
device before and after PCT.
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FIGURE 7. EMMI images of the Cascode GaN device after 8000-cycle PCT.

To verify the above conjecture, the TCAD simulation and
emission microscope (EMMI) analysis have been carried out.
As shown in Fig. 7, the EMMI images of the Cascode GaN
device after 8000-cycle PCT have shown that there are many
light spots on the gate edge of the high-voltage D-mode
GaN HEMT, while no light spots on the gate region of the
low-voltage E-mode Si power device, which demonstrates
that there is a leakage current channel at the gate region
of the high-voltage D-mode GaN HEMT. So, the increase
in device’s drain-to-source leakage results from the struc-
tural damage in the gate region of the high-voltage D-mode
GaN HEMT. The TCAD simulated results show that there
is massive heat accumulation under the gate edge of GaN
HEMT during the on state, which will result in a hot spot
and strong thermal stress under gate edge of device. If the
device is subjected to this strong thermal stress for a long
time, its gate insulator and AlGaN barrier at the gate edge
may suffer degradation, such as the production of new elec-
tron traps. As the new electron trap gradually increases,
the device’s gate insulator is gradually damaged, and the
new leakage current channel in the gate region of the high-
voltage D-mode GaN HEMT will come into being. That is
to say, the TCAD simulated results can also demonstrate
the gate structure of the high-voltage D-mode GaN HEMT
will be damaged during the long-term repetitive PCT. On
the other hand, before the formation of a new leakage cur-
rent channel in the gate region of the high-voltage D-mode
GaN HEMT, the production of new electron traps at the
gate region of the high-voltage D-mode GaN HEMT will
decrease the 2DEG density, which will increase the on-state
resistance and decrease device’s on-state current, as shown in
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FIGURE 8. The heat distribution in GaN HEMT during the on state. The
device’s gate length, gate-to-source distance and gate-to-drain distance
are 2, 1 and 10 pm, respectively. The applied gate voltage and drain
voltage of D-mode AlIGaN/GaN HEMT are OV and 2V, respectively.

Fig. 4(b). So, the production of new electron traps is one of
the reasons for the decrease in the device’s on-state current.

B. THE PACKAGE-LEVEL DEGRADATION BEHAVIOR

The package-level degradation behavior of the Cascode GaN
device mainly involves the delamination of the solder layer
and liftoff of the bond wire. By observing the device after
unpacking, the bond wire of the Cascode GaN device did
not fall off. And the delamination of the solder layer of the
Cascode GaN device will affect the device’s thermal char-
acteristics, such as leading to the increase in the device’s
thermal resistance, which will increase the device’s work-
ing temperature. To verify if the package-level degradation
has occurred, the operating temperature of the device can
be tested. Since some device’s static parameters are strong
related to the temperature, which can be used as temper-
ature sensitive electric parameter (TSEP) to monitor the
device’s working temperature. For the Cascode GaN device,
its reverse voltage drop (Vsp) in low current is widely
accepted for its good sensitivity. So, in this work, the device’s
junction temperature is monitored through measuring its Vsp
over the PCT. To determine the relationship between Vsp
and the device’s junction temperature, related calibration is
required. In this work, the periodic calibrations between Vsp
and the device’s junction temperature are carried out at the
Ves = =5 V and Iyeas = 10 mA, and the results are given
in Fig. 9 (a). Thanks to the low current density of Iyeas,
the relationship between device’s Vsp and temperature in
this work is not changed a lot. Fig. 9 shows that the on-line
monitored junction temperature of DUT is increased with
the increase in cycle number, which implies the increase in
the thermal resistance.

To verify the above conjecture, the Cascode GaN device’s
thermal resistance has been detected before and after the
long-term repetitive PCT. The testing process for device
thermal resistance is as follows: 1) Selecting appropriate
temperature sensitive parameters and calibrate their tem-
perature relationship; 2) Obtaining transient temperature
response curve; 3) Obtaining thermal impedance response
curve; 4) Obtaining time constant spectrum; 5) Obtaining
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FIGURE 9. (a) Variations of the calibrating results (where dots mean the
testing date at various calibrating temperature along with lines referring to
linear fitting results corresponding to the dots) regarding reverse voltage
drop versus temperature. (b) The junction temperature.
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FIGURE 10. The thermal resistance (Ry,) of the Cascode GaN device
before (a) and after (b) the long-term repetitive PCT. The thermal grease is
evenly applied between the device and the cold plate.

thermal parameters in the Foster model through fitting;
6) Transforming to obtain thermal parameters in the Cauer
model; 7) Drawing structural functions based on the thermal
parameters of the Cauer model; 8) Obtaining two differ-
ent structural functions under two different heat dissipation
conditions; 9) Determining thermal resistance based on sep-
aration points of structural functions. As described in testing
process, the different heat dissipation conditions will lead to
different structural functions. Before the separating point, it
is mainly the heat dissipation characteristics of the device.
And after the separating point, it is mainly the heat dissi-
pation characteristics of the environment. So, the separating
point represents the thermal resistance of the device. As
shown in Fig. 10, the Cascode GaN device’s thermal resis-
tance is increased from 1.05 K/W to 1.25 K/W after the
long-term repetitive PCT.

To verify the delamination of the solder layer, the scan-
ning acoustic microscope (SAM) analysis has been carried
out before and after the long-term repetitive PCT. As shown
in the SAM analysis (Fig. 11), there is large area delami-
nation between chip and substrate for the device after the
long-term repetitive PCT. The delamination of the solder
layer under the low-voltage E-mode Si power device will
not only lead to the increase in the device’s thermal resis-
tance, but also result in the decrease in the device’s on-state
current. Due to that the high-voltage D-mode GaN HEMT
is a planar integrated device, the delamination of the solder
layer under the high-voltage D-mode GaN HEMT will lead
to the increase in the device’s thermal resistance. So, after
the long-term repetitive PCT, there are both the chip-level
and package-level degradation for the Cascode GaN device.
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FIGURE 11. (a) Images from the SAM analysis before (a)/(b) and after
(c)/(d) the long-term repetitive PCT, (a)/(c) topside of DUT, (b)/(d) backside
of the Cascode GaN device. The red area in (a) and (c) represents the
structural deformation between materials, the black/dark gray area of

(b) and (d) indicates good bonding of the solder, and the white/light gray
area of (b) and (d) indicates voids in the solder.
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FIGURE 12. The heat distribution in the high-voltage D-mode GaN HEMT
during the on state: (a) Low thermal resistance (1.05 K/W), (b) High
thermal resistance (1.25 K/W).

The package-level degradation (the delamination of the sol-
der layer) will lead to the increase in the thermal resistance,
and the chip-level degradation will result in the decrease in
the device’s on-state current and a significant increase in
drain-to-source leakage.

To clarify the relationship between the chip-level and
package-level degradation for Cascode GaN device under
long-term repetitive power cycling stress, the TCAD simu-
lation has been carried out. As shown in Fig. 12, the increase
in the thermal resistance due to the package-level degradation
will lead to the increase in the heat accumulation, which will
result in increase in the maximum junction temperature, sub-
sequently leading to the chip-level degradation (such as the
structural damage in the gate region of the high-voltage D-
mode GaN HEMT) and electrical performance degradation
for the Cascode GaN device. That is to say, the package-
level degradation will accelerate the electrical performance
degradation for the Cascode GaN device under long-term
repetitive power cycling stress.

IV. CONCLUSION

In this work, the electrical characteristics’ failure behavior
due to the chip-level damage and its relationship with the
package-level degradation have been investigated for the cas-
code GaN device under long-term repetitive PCT. It is found
that, the gate structure of the cascode GaN device (also is the
gate structure of the low-voltage E-mode Si power device)
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is not damaged during the long-term repetitive PCT, but
the gate structure of the high-voltage D-mode GaN HEMT
is damaged after 8000-cycle PCT, which has been verified
by TCAD simulation and EMMI analysis. Then, it is also
found that the device’s thermal resistance is increased after
the repetitive power cycling test, which is due to the package-
level degradation. The increased thermal resistance will lead
to the increase in the heat accumulation, which has been
verified by TCAD simulation, subsequently leading to the
chip-level damage and electrical performance degradation for
cascode GaN device. The relevant results may help improve
the long-term reliability of cascode GaN device.
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